Argon ne é ANL-22/27 Rev.1

AAAAAAAAAAAAAAAAAA

Cradle-to-Grave Lifecycle Analysis of
U.S. Light-Duty Vehicle-Fuel Pathways:
A Greenhouse Gas Emissions and
Economic Assessment of Current (2020)
and Future (2030-2035) Technologies

Energy Systems Division



About Argonne National Laboratory

Argonne is a U.S. Department of Energy laboratory managed by UChicago Argonne, LLC
under contract DE-AC02-06CH11357. The Laboratory’s main facility is outside Chicago,
at 9700 South Cass Avenue, Lemont, lllinois 60439. For information about Argonne

and its pioneering science and technology programs, see www.anl.gov.

DOCUMENT AVAILABILITY

Online Access: U.S. Department of Energy (DOE) reports produced after 1991 and a growing
number of pre-1991 documents are available free at OSTI.GOV (http://www.osti.gov/),
a service of the US Dept. of Energy’s Office of Scientific and Technical Information.

Reports not in digital format may be purchased by the public
from the National Technical Information Service (NTIS):

U.S. Department of Commerce

National Technical Information Service

5301 Shawnee Road

Alexandria, VA 22312

www.ntis.gov

Phone: (800) 553-NTIS (6847) or (703) 605-6000

Fax: (703) 605-6900

Email: orders@ntis.gov

Reports not in digital format are available to DOE and DOE contractors
from the Office of Scientific and Technical Information (OSTI):

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

www.osti.gov

Phone: (865) 576-8401

Fax: (865) 576-5728

Email: reports@osti.gov

Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States
Government nor any agency thereof, nor UChicago Argonne, LLC, nor any of their employees or officers, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of
document authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof,
Argonne National Laboratory, or UChicago Argonne, LLC.



ANL-22/27 Rev. 1

Cradle-to-Grave Lifecycle Analysis of
U.S. Light-Duty Vehicle-Fuel Pathways:
A Greenhouse Gas Emissions and
Economic Assessment of Current (2020)
and Future (2030-2035) Technologies

by

Jarod C. Kelly', Amgad Elgowainy’, Raphael Isaac?, Jacob Ward?, Ehsan Islam', Aymeric Rousseau’,
lan Sutherland?®, Timothy J. Wallington*, Marcus Alexander®, Matteo Muratori®, Matthew Franklin’,
Jesse Adams?, and Neha Rustagi?

'Energy Systems Division, Argonne National Laboratory
2United States Department of Energy

3General Motors

4Ford Motor Company

°Electric Power Research Institute

®National Renewable Energy Laboratory

"Chevron Corporation

November 2023

U.S. DRIVE Integrated Systems Analysis Technical Team members contributed to this report in a variety
of ways, ranging from fulltime work in multiple study areas to involvement on a specific topic, or to
drafting and reviewing proposed materials. Involvement in these activities should not be construed as
endorsement or agreement with all of the assumptions, analysis, statements, and findings in the report.
Any views and opinions expressed in the report are those of the authors and do not necessarily reflect
those of Argonne National Laboratory, other participating National Laboratories, the U.S. Department of
Energy, or the U.S. DRIVE partners.






CONTENTS

NN [0] =LA o] o TP UR PRSP Xiii
ACKNOWIBAGEMENTS ...ttt et eene e b e teeneesneenes Xvii
EXECUTIVE SUMIMATY .....viiiieiiieie ettt teeste e s e e ta e be e e e saeenneeneesneenneans XVilil
IS 1011 oo [ Tox £ o] o ISR 1
1.1, Climate and POICY CONEXL ......ccciciiiiiiieii ittt s re st st e st sresteestesre s 1

1.2, Previous LCA and C2G WOTK .......cceiiiiiiiiiii ettt sttt 2

1.3.  Overview of the Present C2G STUAY .......ccvviiviiiiiiicie ettt 3

1.4, RePOIt OrganiZAtION........coeiiiiie i ettt e e s re et be e st e teeseesbeebe e tesaeeeesbaeeesreeteenresres 5

1.5, References fOr SECHION L.....coiiiiiiieieiee ettt 6

2. Overview of MethodoIOgY .........ccviiiiiiiiie e 8
2.1. Study Scope, Definitions, and Major ASSUMPLIONS .........ccecveiiiririnenieieeeeee s 8

2.2.  Approach of GHG EMISSIONS LCA ......oiiiiiiie it 9

2.3. Vehicle Modeling APPrOACH ........cviiiiiiiiiie it 10

2.4, Fuel MOdeling APPIrOACH .......oiuiiiieieiees ettt 11

2.5. REeferenCes fOr SECUION 2 ........oiiiiieieieie ettt 12

3. Vehicle-Fuel Pathway Selection and Vehicle Technologies..........ccccooevvienencnininnnnns 14
3.1, VeENICIe-FUBI PAtNWAYS .......ooviiiieiiie ettt sttt sttt sne e sre e 14

3.2. Description of Selected Vehicle TeChNOIOGIES ........ccoveviiieiiiiieccece e 14

3.3. ReferenCes fOr SECHION 3 ......coioiiieieieee ettt e 15

4. Fuel Pathways: GHG Assumptions and Data SOUFCES .........c.ccevverieeieieeie e 16
4.1, Petroleum PathWaYS. ..ot 16
I S O 1T [N o o T 10T 1 o OSSR 17

4.1.2. GHG Emissions in Oil FIelds .........ccoovviveiiiiie e 17

4.1.3.  Crude REFINING.....ccoiiriiteieieieee et 18

4.2, NG PANWAYS ...ttt bbbttt ettt b e 18

4.3, BIOTUEIS PAtNWAYS.......c.eiiiiiiiiiiiiiite ettt 20
4.3.1. COrNEINAN0L ......ooieiece e 20

4.3.2. COrn Ethan0l STOVEN.........oii ittt sttt nne e 21

4.3.3. SOYDEANS 10 FAME ..ottt 22

4.3.4. Land Use Change from Biofuel Production............cccccooviniiiniieiiincsescse e 24

4.3.5.  Pyrolysis of CellulOSIC BIOMASS .........ccoerieriiiiieisiiiisie st 25

4.4. Electro Fuel Pathways: Fischer-Tropsch Fuel Production from Hydrogen and CO................. 25



4.5, Hydrogen PathWays .........ccovoiiiiiiic ittt sttt s ae e e ste e sreanes 27

451, SMR OF NG ..ot bbbttt bbb e 27

4.5.2. WaaLer EIECIIOIYSIS ...viiviiieiie ettt st sttt sre e 28

4.5.3. Hydrogen Delivery (Transmission, Distribution, and Refueling)..........cc.cccocevveienenn. 28
4.6, Gas TO LiqUid PatNWAYS .........ccviiiiiiiie ettt st et sttt sre st e renne s 29
4.7, EICCHICILY PAtNWAYS......ccuiciiiii ittt sttt s be et s re et e be e e e sbeeteenbenne s 30
4.8. Changes to Default Estimates from GREET2020.........cc.cccvveiiiieii i 31
4.9. ReferenCes fOr SECLION 4 ........ooiiiiiiiieiee e ettt 31
Fuel Pathways: Cost Assumptions and Data SOUICES.........cccccvververieiieeseeiesiese e 36
5.1. Approach, Assumptions, and Summary of FUEl COSLS ........cccevviveririiiiiircece e 36
5.2. Transportation Fuel Cost Estimates from AEO 2021 ...........ccooiiiiieneieieiee e 38
5.3, PYIOIYSIS FUBIS ...ttt 39
5.4. Ethanol FUEIS from COrN STOVEL .......cooiiiiiiiiiiie e st sne e 39
5.5, EIBCIIICITY ..ttt 40
TG R = 1= LSS 41
5.7, HYArOGEN FUEBL ...ttt 41
5.8. ReferenCes fOr SECLION 5 .....coiiieie et e e e e e nee e 43
Vehicle Energy Consumption and Cost ASSUMPLIONS.........ccoiveruvrirrieenesieneenieeeeseeneens 45
6.1, AULONOMIE SUMIMAIY ...cviitieiieiteeiesie et este et e e s estesteeseesteeteebesteeeesbesseeseesteensesbeeseestesneeseesrens 45
6.2.  Vehicle COMPONENTS SIZING.....c.cciiiiiiiiiii ettt be e s reeba e besae e sre e 46
6.3. Fuel Economy and Electricity CONSUMPLION ......c.coiiieiiii et 47
6.4. Vehicle Weight and COMPOSITION ........cciiiiiiiiiic e 51

6.4.1. Advanced Battery Cost ASSUMPLIONS .......ccceoviiiiiiieiiiie et sre e st 56

6.4.2. Comparison of Battery Cost Assumptions in the 2016 and 2022 C2G reports............ 57
T ST Y =1 o ol [ 1) SOOI 58
6.6. ReferenCes fOr SECLION 6 ........cce et 60
Vehicle Production PatNWayS..........ccociiiiiiiiic et 62
7.1. System Boundary for VVehicle Production PathWays .............ccocuerenineiiiiinnise e 62
7.2.  Material Composition for Each COMPONENT..........cceiiiiiiiiiiiie e 63
7.3.  Key Material Pathways for Vehicle ProducCtion.............cccviiiiiiinenineeesesce e 70

7.3.1.  Steel Production PAthWayS..........ccoveiiiiiiiie s 71

7.3.2.  Cast Iron Production PAtWaY ............ccoiiiiiiiiiiiieisce s 74

7.3.3.  Aluminum Production PatiWAaY .............ccreriieniiiieiiisesese s 74

7.3.4. Plastic and CFRP Production PatWays............ccceeueieiiiiininenieneeesesc s 77

7.3.5.  Li-ion Battery Production PathWays ...........cccooeieiriniiiiineseseeeeesc s 79



7.3.6. Other Key Materials Production PathWays ...........cccccevveieiieiiieiiieie e e 82

7.4. Vehicle Assembly, Disposal, and ReCYCIING ........cccecveiieiiiiiiiiii e 83
7.5, ReferenCes fOr SECLION 7 .....ooiiiiiieieieie ettt 84
8. Cradle-to-Grave GHG RESUITS.......ccouiiiiiiiie e 89
8.1,  GreenhouSe Gas EMISSIONS ........ccuiiviirriiieiesiesie e steeie e reestesreeseestesseesaesteeneeseeeseeneesneeneeseens 89
8.2, TOMAl ENEIQY....coiiieiiiiiiiiiitiie ettt n e 93
9. Levelized Cost Of DFIVING ANAIYSIS .....ooviiiiiiiiiiiieiece e 98
0.1, LCD ANalySiS FrAMEWOIK ........eciiiieiiiii ettt sttt sre et sne e nre e 98
0.2, LCD RESUITS....cueiiiitieiiite ittt bttt bttt ettt b bbb 99
0.3, LCD SenSItiVITy RESUILS......ccueciiiiiiciciiiee ettt st sre e b sreene 102
9.4, ReferenCes fOr SECION O .....cciiiiiiiiiices et 109
10. Cost of Avoided GHG EMIUSSIONS ......ccvoiiiiiiiiiiisieie e 110
10.1. ANalYSIS FraMEWOIK ........cviiiiiiiiiiieeeee ettt 110
10.2. Cost of Avoided GHG Emissions: Current Technology Case ..........cccceoeveivniiniineninenenienns 111
10.3. Cost of Avoided GHG Emissions: Future Technology Case..........c.coevveieiniiniinenineneienns 115
10.4. SeNSITIVILY ANAIYSIS CASES ....cviiviiiieieiieiesie sttt b b nren e 122
11. Limitations and Future IMPlICAtIONS. ..o 125
I O o] o o 01 (o] S USSP PP 126
Appendix A: Price and Efficiency Comparison of Modeled and Real-World Vehicles.... 127
Appendix B: GHG Emissions for Different Vehicle-Fuel Pathways ..............ccccccoeveiiennenn 133
Appendix C: SenSItIVITY STUAIES .......ccooiiiieiieece e 140
Appendix D: Details for Low Powertrain Technology Studies.........c.ccccoceveveiiieviiieieenns 143
Appendix E: LCD Calculation Details and EXamples .........cccocovoevivniinienienie e 165
Appendix F: Compilation of All References Used in this Report ..o 169



FIGURES

ES-1

ES-2
ES-3
ES-4

ES-5

o N o o1 A WO N P

10
11

12

13
14
15
16
17

18

19

C2G GHG emissions of various vehicle-fuel pathways for small SUVs assuming

high technology progress. Analysis was performed using GREET2020. ............c.ccen..... XXi
LCD by vehicle-fuel pathway for the CURRENT TECHNOLOGY small SUV...................... XXil
LCD by vehicle-fuel pathway for FUTURE TECHNOLOGY, small SUVS..........cc.cceceeneee. XXiii
Lifetime costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TECHNOLOGY €ase fOr SMall SUVS ... s XXIV
Lifetime cost versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY €ase TOr SMall SUVS .......cooiiiiiiiiineee e XXV
Combined fuel cycle and vehicle cycle activities included in C2G analysis..................... 10
Key stages and activities of the petroleum fuels pathway............ccccccoiveriviiiiieniesieniens 16
Key stages and activities of the CNG pathway ..........ccccceveiiriiiiine e 19
Bio-ethanol pathway activities iN GREET ... 21
Soybean pathway to produce FAME............ccoo o 23
Hydrogen production and delivery pathways............ccccovveiiiiieiicie e 27
SUMMary Of fUBL COSE FESUILS ......uviivieiicc e 38
Vehicle fuel economy relative to a CURRENT TECHNOLOGY gasoline turbo ICEV

assuming high powertrain technological Progress ..........cocevereiiniiiniieieee e 51
Midsize sedan component Weight reSUIES ..o 52
Small SUV component Weight reSUILS..........ccooviiiiiicic e 53

Battery cost estimates from different organizations: DOE/Argonne; Bloomberg
New Energy Finance; U.S. DRIVE; Massachusetts Institute of Technology;
EPA/NHTSA; UBS; BCG, International Council on Clean Transportation; Toyota;

V0 o] o PSS 56
Total battery pack manufacturing cost estimates assuming high and low progress

from DOE/Argonne in 2016 and in 2021.........cccoooeiieiieiieceece e 58
GREET vehicle manufacturing CYCle.........coooiiii i 62
Process for GREET vehicle manufacturing cycle analysis...........ccccoovvvevieviiicce e, 63
Steel PrOQUCTION STEPS. ....c.vi ittt b et 71
Wrought and cast aluminum production SEEPS .........coevvererenininisieeeeee e 74
Li-ion battery production material and energy flows in GREET, modified from

(DUNN €L AL 2014D) ...t 79
GHG emissions for midsize sedans, assuming high technological progress.

Numerical values are given iN Table 44. ..o 90

GHG emissions for small SUVs, assuming high technological progress. Numerical
values are given in TabIe 45. ... 91

vi



20

21

22
23
24
25
26

27

28

29

30

31

32

33

34

35

36

37

38

39

GREET results of energy consumption for all midsize vehicle-fuel combinations.

Each bar is segmented by energy source. Data for this figure are in Table 46. ................. 94
GREET results of energy consumption for all small SUV vehicle-fuel combinations.

Each bar is segmented by energy source. Data for this figure are in Table 47. ................. 95
LCD by vehicle-fuel pathway for the CURRENT TECHNOLOGY midsize sedan case......... 100
LCD by vehicle-fuel pathway for the CURRENT TECHNOLOGY small SUV case............. 101
LCD by vehicle-fuel pathway for FUTURE TECHNOLOGY midsize sedan case ................ 101
LCD by vehicle-fuel pathway for FUTURE TECHNOLOGY small SUV case ..................... 102
3-year and 15-year LCD results by vehicle-fuel pathway for the CURRENT

TECHNOLOGY MIASIZE SEAAN CASE ....veveeiieiieiiesieeie sttt ettt sneeneas 103
3-year and 15-year LCD results by vehicle-fuel pathway for the CURRENT

TECHNOLOGY SMAIl SUV CASE ....ocuviiiiiieieiie et 104
3-year and 15-year LCD results by vehicle-fuel pathway for the FUTURE

TECHNOLOGY MI0SIZE SEAAN CASE ....vveveerienieriesie sttt sttt sttt sbe e s 105
3-year and 15-year LCD results by vehicle-fuel pathway for FUTURE TECHNOLOGY

SIMAIT SUV CASE ...ttt sttt et et e st e sneeste e st e sneenteeneenneenes 106
Upper- and lower-bound LCD results by vehicle-fuel pathway for the CURRENT
TECHNOLOGY MIASIZE SEUAN CASE.....vvevverieieriesiesiesiesiieieie i ste sttt ee st st sbesre e snens 107
Upper- and lower-bound LCD results by vehicle-fuel pathway for the CURRENT
TECHNOLOGY SMAIl SUV CASE ....oviiiiiiiiiiie ittt 107
Upper- and lower-bound LCD results by vehicle-fuel pathway for the FUTURE
TECHNOLOGY MIUSIZE SEUAN CASE.....veivverveeiierieiieesieaeesreesieeseesreeste e e sseeseeeneeaneesseeseesneeses 108
Upper- and lower-bound LCD results by vehicle-fuel pathway for the Future

Technology SMall SUV CASE ......cceeuiiieiicie ettt 108
Cost of avoided GHG emissions calculation..............cccccoviiiiieiicc e 111

Lifetime costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TECHNOLOGY midsize sedan case for the CURRENT TECHNOLOGY case over its
LN =] TSSO P TR 113

First owner costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TECHNOLOGY midsize sedan case for the CURRENT TECHNOLOGY case during the
FIFST OWVINIET ...ttt b e et et be bt ne e 113

Lifetime costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TECHNOLOGY small SUV case for the CURRENT TECHNOLOGY case over its lifetime .... 114

First owner costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TECHNOLOGY small SUV case for the CURRENT TECHNOLOGY case during the first

Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case for the FUTURE TECHNOLOGY case over its
BT NI e, 118

vii



40

41

42

43

44

45

46

Al

A2

B.1

B.2

B.3

B.4

B.5

B.6

B.7

B.8

B.9

B.10

First owner costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case for the FUTURE TECHNOLOGY case during the first

Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TeECHNOLOGY small SUV case for the FUTURE TECHNOLOGY case over its lifetime....... 119

First owner costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY small SUV case for the FUTURE TECHNOLOGY case during the first

(011 T USRS PR PR PRROPRTPRN 119
Range of avoided GHG emissions results using 3 different analysis frameworks for

the CURRENT TECHNOLOGY MIdSIZE SEAAN CASE......ecverveeiieriesiiesieeiesiee et see e 123
Range of avoided GHG emissions results using 3 different analysis frameworksfor

the CURRENT TECHNOLOGY SMall SUV CASE ......ccccviiiiiiieieie e 123
Range of avoided GHG emissions results using 3 different analysis frameworks for

the FUTURE TECHNOLOGY MIdSIZe SEdAN CASE ......cviveeriiieieiie et 124
Range of avoided GHG emissions results using 3 different analysis frameworks for

the FUTURE TECHNOLOGY Case SMall SUV CASE .......cccccuvrveiiiieiiee e 124
Fuel Economy and Vehicle MSRP trend line of conventional midsize vehicles in the
MArket from MY 2020........couiiiiiieieie et sre st eneas 127
Fuel Economy and Vehicle MSRP trend line of conventional small SUVs in the

MArket from MY 2020........ccuiiiiiiiieie et sbe b eneas 128
Emissions for E85 ICEV, Diesel ICEV, GTL FTD ICEV, and CNG ICEV compared

with midsize gasoline ICEV CURRENT TECHNOLOGY and vehicle efficiency gains........ 133
Emissions for gasoline HEVs, and gasoline PHEVs compared with midsize gasoline

ICEV CURRENT TECHNOLOGY and vehicle efficiency gains...........ccccocevveveiieieevicceee, 134
Emissions for FCEV300 and FCEV400 compared with midsize gasoline ICEV

CURRENT TECHNOLOGY and vehicle efficiency gains...........cccocveveieeve v 134
Emissions for BEV200, BEV300, and BEVV400 compared with midsize gasoline

ICEV CURRENT TECHNOLOGY and vehicle efficiency gains...........ccocvveveienencncnennnn 135

Emissions for E85 ICEV, Diesel ICEV, GTL FTD ICEV, and CNG ICEV compared
with small SUV gasoline ICEV CURRENT TECHNOLOGY and vehicle efficiency gains... 135

Emissions for gasoline HEVSs, and gasoline PHEVs compared with small SUV

gasoline ICEV CURRENT TECHNOLOGY and vehicle efficiency gains ..........c.cccccoveeeennene 136
Emissions for FCEV300 and FCEV400 compared with small SUV gasoline ICEV
CURRENT TECHNOLOGY and vehicle efficiency gains...........ccocevriiineienese e 136
Emissions for BEV200, BEV300, and BEV400 compared with small SUV gasoline

ICEV CURRENT TECHNOLOGY and vehicle efficiency gains..........ccocoveevieiiicvie e, 137

Vehicle cycle GHG emissions by vehicle component for the Current Technology
MIASIZE SEOUAN CASE.....eetiiiieitie ittt e sttt et st e et e e b e beenbeesaesreesbeeneens 137

Vehicle cycle GHG emissions by vehicle component for the Future Technology
MICSIZE SEUAN CASE.....ecuveeivieiieecire et e sttt e ste e s e et e e s e e sbe e s teesbeessbeesbeessreesbeesnbeesseeenreens 138

viii



B.11 Vehicle cycle GHG emissions by vehicle component for the CURRENT TECHNOLOGY

SMAIT SUV CASE ...t bbbttt bbb 138
B.12 Vehicle cycle GHG emissions by vehicle component for the FUTURE TECHNOLOGY

SIMAIT SUV CASE ...ttt sttt bbbt e e e st e st e be et e e neenneeneas 139
C.1  Sensitivity analysis of vehicle cycle manufacturing stage ...........ccoceevieieieiencneneeens 141
C.2 Sensitivity analysis of utilizing wind electricity for background grid activities of

g0 YA o] oo L1 [0 {0 o OSSR SUSRTSSN 142
D.1 Vehicle fuel economy relative to a CURRENT TECHNOLOGY gasoline turbo ICEV

assuming low powertrain technological Progress ........cooveeviienenieseere e 146
D.2 Midsize sedan component WeIght reSUILS ..o 146
D.3  Small SUV component Weight reSUIES. ..........cooiiiiiiiiiie s 147

D.4 GHG emissions for midsize sedans, assuming low technological progress.
Numerical values are given in Table 44. ........cc.ooveiieii i 150

D.5 GHG emissions for small SUVs, assuming low technological progress. Numerical
values are given in Table D.6. ......ccooiiiiiiii e 151

D.6 GREET results of energy consumption for all midsize vehicle-fuel combinations.
Each bar is segmented DY €Nergy SOUICE. ..........coiiiiriiiieierene e 154

D.7 GREET results of energy consumption for all small SUV vehicle-fuel combinations.
Each bar is segmented DY energy SOUICE. .......ccviieiveiiiie i 154

D.8 3-year and 15-year LCD results by vehicle-fuel pathway for the FUTURE
TECHNOLOGY MIASIZE SEAAN CASE ....veiveeveeiieiieiiieieeiesiee e ereesiee e seesreesteeneesneesseeneesneenees 157

D.9 3-year and 15-year LCD results by vehicle-fuel pathway for FUTURE TECHNOLOGY
SMAIT SUV CASE ...ttt ettt sbe e st e e s be e s ae e sreeebeenreas 158

D.10 Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case over its lifetime assuming low technology
Q10T =SS UPRUPRTRI 161

D.11 First owner COSTS versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case for the first owner assuming low technology
PIOGIESS. ottt bbb bbb 161

D.12 Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY small SUV case over its lifetime assuming low technology progress. ..... 162

D.13 First owner costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY small SUV case for the first owner assuming low technology
O] (0] 0] £SO OTR PP PROTTPR 162



TABLES

ES-1 Fuel production pathways considered in this C2G analysisS.........ccccceveviveveiiieiieseeiennn, XiX
1 Fuel production pathways considered in this C2G analysisS..........ccccccevvvveiieeneiiesieese e, 4
2 Vehicle-fuel combinations considered in this C2G analysis..........ccccvevvveveeiesieeseese s 5
3 Vehicle scale assumptions by teChnology ..o 9
4 Overview of vehicle and fuel cost models and data SOUICES...........cevvreeieeieniniierieeee 12
5 Energy intensities of extraction and separation, upgrading, and crude transportation

15

16
17
18
19
20
21

22

23

24

25

for the four oil sands pathways, compared to those of the U.S. conventional crudes
O L1V Y SO SPS

VFF CH4 and CO2 emission factors from U.S. crude oil production...........ccccccevevivninnnns
Refinery process fuel use for major fuel products ...
Summary of CH4 emission factors by activity in GREET 2020 ..........ccccceviiviencncnnnnnnn
CHys leakage rate based on NG throughput DY Stage ........cccooeriiiiiiinieece e
Assumptions for the corn ethanol production pathway used in GREET 2020 ..................
Assumptions for the corn stover ethanol production pathway ...........c.ccccceevevieieiiieieennne
Assumptions of energy use, fertilizer use, and N2O emissions for soybean farming ........
Soybean crushing and soy oil transesterification assSUMPLIONS ..........ccccevviverierinieereenenn

Assumptions about the production of CFP-based liquid fuels from forest residue
0] =T o OSSR

Aspen Plus simulation results, input, and output energy in units of GJ/hr for the FT
fUET PrOQUCTION PIrOCESS .....vieeviiteecie ettt et e e b e be e saeeseeenee e

Energy efficiency of hydrogen production via SMR ...........cccccoeiiiiiiecin e
U.S. average generation mix in 2020 and 2035 ........ccooeiiierininireieeeee s
Energy efficiencies and generation technology shares of thermal EGUS ..............cccce....
Common assumptions used in fuel cost Modeling ..o
FUEI COSE @SSUMPLIONS. ......iiviiiieie ettt be et e e sreenesneesreeee

AEO 2021 electricity price inputs and BEV fuel costs for the CURRENT
TECHNOLOGY and FUTURE TECHNOLOGY CASES .....vecvveirrerresreeirearesseesseesesseessesssesseessesssens

Hydrogen pathway costs for the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY

Test cycle and on-road adjusted fuel economy and electricity consumption for
gasoline, CNG, and diesel ICEVs; gasoline HEVS; H, FCEVs; and BEVS ..........c..c........

Autonomie-modeled test cycle and on-road adjusted fuel economy and electricity
consumption for the gasoling PHEVS50 ..........cccviiiiiicicce e

Combined fuel economy and electricity consumption adjusted for on-road
QLT 0] 0 TV ot SRS



26
27
28
29
30
31

32

33

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53

Al

Sedan weight and COMPOSITION FESUILS .........ccviiieiieiieie e 54

Small SUV weight and composition reSUltS...........cccvevviieiiiicic e 55
Vehicle costs used in this study from the Autonomie model including 50% markups...... 59
Subcomponent weight distribution for midsize Sedans.........cccvvvviierenieneene e 64
Subcomponent weight distribution for small SUVS..........ccccoiiiiiiiiiec e 64
Material composition of components and subcomponents for midsize sedans, except

L{01 G 0= 4 (<] OSSR 66
Material composition of components and subcomponents for small SUVs, except for
DALEEIY .. bbbttt n bbb 67
Material composition for midsize sedans aggregated by component, except for

DALEEIY . bbbt n et bbb 68
Material composition for small SUVs aggregated by component, except for battery ....... 69
Material composition OF DALEIIES........cc.ciiiiiie e 70
Process assumptions for steel production.............ccccceeeiieii s 73
Process assumptions for cast iron ProduCtion .............cccveereieienenineseee e 74
Process assumptions for aluminum produCtion.............ccevereniienenisiseeee e 76
Energy use for plastic resin production and share of individual plastic in a vehicle ......... 77
Plastic transformation process asSUMPLIONS .........cocvoieiiereciie e 78
Li-ion battery production process asSUMPLIONS........c.cuccveiveiieereeriesieeseeriesee e sreseesreeeens 81
Process assumptions for lead, glass, rubber, and COPPEr........c.covevveveiicvecie e 83
Vehicle assembly, disposal, and recycling process assumptions ...........cccceeerererereneniens 84
GHG emissions for FUTURE TECHNOLOGY case shown in Figure 18 ..........ccccoceovvvnnnnnne 92
GHG emissions for the FUTURE TECHNOLOGY case shown in Figure 19 .........c.cccccvveee. 93
Total midsize sedan energy consumed, as shown in Figure 20..........cccccceevevieeieieeceenenn, 96
Total small SUV energy consumed, as shown in Figure 20 ..........ccccoveveieeieccie e e, 97
Costs and GHG emissions for the CURRENT TECHNOLOGY midsize sedan case.............. 112
Costs and GHG emissions for the CURRENT TECHNOLOGY small SUV case .................. 112
Costs and GHG emissions for the FUTURE TECHNOLOGY midsize sedan case ................ 116
Costs and GHG emissions for the FUTURE TECHNOLOGY small SUV case............c........ 117

Cost of avoided GHG emissions for CURRENT TECHNOLOGY and FUTURE
TECHNOLOGY midsize sedan cases, relative to their respective gasoline ICEVs............. 120

Cost of avoided GHG emissions for CURRENT TECHNOLOGY and FUTURE
TECHNOLOGY small SUV cases, relative to their respective gasoline ICEVS................. 121

Comparison of modeled midsize conventional turbocharged vehicle with vehicles of
high Sales IN the MArKet ..o 129

Xi



A2

A3
A4

A5
A.6
A7

D.1

D.2

D.3

D.4
D.5
D.6

D.7

D.8
D.9
D.10
D.11
D.12

D.13

E.l
E.2

E.3

Comparison of modeled small SUV conventional turbocharged vehicle with
vehicles of high sales in the Market............cccooveiiiicc e 129

Comparison of modeled midsize full HEVs with vehicles of high sales in the market... 130

Comparison of modeled small SUV full HEVs with vehicles of high sales in the
4 T4 N ST SPRSTRPRRSN 130

Comparison of modeled midsize BEVs with vehicles of high sales in the market.......... 131
Comparison of modeled small SUV BEVs with vehicles of high sales in the market..... 131
Comparison of modeled midsize fuel cell vehicles with vehicles of high sales in the

4 T4 N ST SPTR SRR 132
Test cycle and on-road adjusted fuel economy and electricity consumption for

gasoline, CNG, and diesel ICEVSs; gasoline HEVs; H>, FCEVs; and BEVS .................... 143
Autonomie-modeled test cycle and on-road adjusted fuel economy and electricity
consumption for the gasoling PHEWVS50 ..o 144
Combined fuel economy and electricity consumption adjusted for on-road

PEITOIMANCE ...ttt bbbttt e bbb bbb eneas 145
Sedan weight and COMPOSITION FESUIES ..........covriiiiiieice s 148
Small SUV weight and COmMPOSItION rESUILS..........ceveiirieriieiesirece e 149
GHG emissions for FUTURE TECHNOLOGY case for mid-sized sedans shown in

FIGUIE D4ttt et e e r et e e te e s e et e e beaneenteeteenee e 152
GHG emissions for the FUTURE TECHNOLOGY case for small SUVs shown in

FIUIE D5t bbbttt bbbt 153
Total midsize sedan energy consumed, as shown in Figure D.6.........cccccevvvivenveinnenenee. 155
Total small SUV energy consumed as shown in Figure D.7........cccccovevvevenieneenescee 156
Costs and GHG emissions for the FUTURE TECHNOLOGY midsize sedan case ................ 159
Costs and GHG emissions for the FUTURE TECHNOLOGY small SUV case............cc....... 160
Cost of avoided GHG emissions for CURRENT TECHNOLOGY and FUTURE

TECHNOLOGY midsize sedan cases, relative to their respective gasoline ICEVs............ 163
Cost of avoided GHG emissions for CURRENT TECHNOLOGY and FUTURE

TECHNOLOGY small SUV cases, relative to their respective gasoline ICEVS................. 164
Sample calculations for the LCD fuel-cost component and net vehicle cost................... 166
Sample data for the LCD vehicle-cost component showing the annual vehicle costs

ON AN NPV DASIS ...ttt sttt sb et sre e b 167
LCD cost components for tWo eXamples ..........cccooviiiiiieneee e 168

Xii



NOTATION

ACRONYMS AND INITIALISMS

ABS acrylonitrile butadiene styrene

ACC advanced combined cycle

AEO Annual Energy Outlook

API American Petroleum Institute

ASCM Automotive System Cost Model

ASTM American Society of Testing and Materials
BatPaC Battery Performance and Cost [model]
BETO United States Department of Energy, Bioenergy Technologies Office
BEV battery electric vehicle

BMS battery management system

BOL beginning of life

C2G cradle-to-grave

CcCcLuUB Carbon Calculator for Land Use Change from Biofuels
CCs carbon capture and storage

CD charge depleting

CFP catalytic fast pyrolysis

CFRP carbon fiber reinforced plastic

CHP combined heat and power

CNG compressed natural gas

COze COz-equivalent

COG coke oven gas

Cs charge sustaining

DGS distillers’ grains and solubles

DOE Department of Energy

EGU electric generating unit

EIA Energy Information Administration

EOL end-of-life

EPA Environmental Protection Agency

EPDM ethylene propylene diene monomer

EREV extended-range electric vehicle

EVSE electric vehicle supply equipment

FAME fatty acid methyl ester

FCEV fuel cell electric vehicle

FFV flexible fuel vehicle

FT Fischer-Tropsch

FTD Fischer-Tropsch diesel

GHG greenhouse gas

GPPS general purpose polystyrene

GREET Greenhouse gases, Regulated Emissions, and Energy use in Transportation [model]

Xiii



GTAP
GTL
GTLFTD
GVvWwW
GWP

H2A

H. FCEV
HDPE
HDSAM
HEV
HIPS
HRD
HVAC
HWFET

ICE
ICEV
IEA
IRR

LCA
LCD
LDPE
LDV
LFP-G
LHV
LLDPE
LMC
LMO-G
LMO-LTO
LPG
LUC

MSFP
MSRP
MY

NCAG
NG
NHTSA
NMC
NMC-G
NMP
NPV
NREL

PAN
PC
PE
PET

Global Trade Analysis Project
gas-to-liquid

gas-to-liquid Fischer-Tropsch diesel
gross vehicle weight

global warming potential

Hydrogen Analysis

hydrogen FCEV

high-density polyethylene

Hydrogen Delivery Scenario Analysis Model
hybrid electric vehicle

high-impact polystyrene

hydroprocessed renewable diesel

heating, ventilation, and air conditioning
Highway Federal Emissions Test

internal combustion engine
internal combustion engine vehicle
International Energy Agency
internal rate of return

life cycle analysis

levelized cost of driving

low-density polyethylene

light-duty vehicles

lithium iron phosphate with a graphite electrode

lower heating value

linear low-density polyethylene

land management change

lithium manganese oxide spinel with a graphite electrode
lithium manganese spinel with a titanium dioxide electrode
liquefied petroleum gas

land-use change

minimum selling fuel price
manufacturer’s suggested retail price
model year

lithium nickel cobalt aluminum oxide with a graphite electrode
natural gas

National Highway Traffic Safety Administration

nickel manganese cobalt oxide

lithium nickel manganese cobalt oxide with a graphite electrode
N-methyl-2-pyrrolidone

net present value

National Renewable Energy Laboratory

polyacrylonitrile
polycarbonate
polyethylene

polyethylene terephthalate

Xiv



PHEV
PP
PUR
PV
PVC
PVDF

R&D
RNG
RPE

SAE
SBR
SCO
S

SMR
SOC

TEA
TRL
TTW

UDDS
USGS

VFF
VMT
voC

WTT
WTW

ZEV

plug-in hybrid electric vehicle
polypropylene

polyurethane

photovoltaic

polyvinyl chloride
polyvinylidene fluoride

research and development
renewable natural gas
retail price equivalent

Society for Automotive Engineers International
styrene-butadiene rubber

synthetic crude oil

spark-ignition

steam methane reforming

soil organic carbon

techno-economic analysis
technology readiness level
tank-to-wheels

Urban Dynamometer Driving Schedule
U.S. Geological Survey

vented, flaring, and fugitive
vehicle miles travelled
volatile organic carbon

well-to-tank
well-to-wheels

Zero-Emission Vehicle

XV



UNITS OF MEASURE

bbl
Btu

°C
°F

g
gal

gge
GJ

in

kg
kJ
KWh

MMBtu
mpg

mpgge
mph

ppm
psi

ton
tonne

Wh

barrel(s)
British thermal unit

degree(s) Celsius
degree(s) Fahrenheit

gram(s)

gallon(s)

gallon gasoline equivalent
gigajoule(s)

inch(es)

kilogram(s)
kilojoule(s)
kilowatt-hour(s)

liter(s)
pound(s)

cubic meter(s)

milliampere-hour(s)

mile(s)

megajoule(s)

million Btu

mile(s) per gallon

miles per gallon gasoline equivalent
mile(s) per hour

part(s) per million
pound(s) per square inch

second(s)

short ton (2,000 Ib)
metric ton (1,000 kg)

volt(s)

watt hour(s)

XVi



ACKNOWLEDGEMENTS

The research effort by Argonne National Laboratory was supported by the Hydrogen and Fuel Cell
Technologies Office and the Vehicle Technologies Office of the U.S. Department of Energy’s Office of
Energy Efficiency and Renewable Energy under Contract Number DE-AC02-06CH11357.

The authors credit this report to the U.S. DRIVE Partnership Integrated Systems Analysis Technical
Team. U.S. DRIVE, which stands for United States Driving Research and Innovation for Vehicle

efficiency and Energy sustainability, is a government-industry partnership among the U.S. Department of

Energy; USCAR, representing Stellantis, Ford Motor Company, and General Motors; five energy
companies — BP America, Chevron Corporation, Exxon Mobil Corporation, Phillips 66 Company, and
Shell; four utilities — Southern California Edison, Michigan-based DTE Energy, American Electric
Power, and the Electric Power Research Institute.

U.S. DRIVE Integrated Systems Analysis Technical Team members contributed to this report in a variety

of ways, ranging from fulltime work in multiple study areas to involvement on a specific topic, or to

drafting and reviewing proposed materials. Involvement in these activities should not be construed as
endorsement or agreement with all of the assumptions, analysis, statements, and findings in the report.
Any views and opinions expressed in the report are those of the authors and do not necessarily reflect
those of Argonne National Laboratory, other participating National Laboratories, the U.S. Department of
Energy, or the U.S. DRIVE partners.

Integrated Systems Analysis Technical Team Members

Jesse Adams

Marcus Alexander
Magaly C. Barroeta
Amgad Elgowainy

Matthew Franklin
Xiaoyi He

Tim Heinrich
Ehsan Islam
Raphael Isaac

Jarod C. Kelly
Matteo Muratori

Aymeric Rousseau
Neha Rustagi

Herie Soto

lan Sutherland

Brad M. Taylor
Timothy J. Wallington

Jacob Ward

Systems Analysis Project Manager, Fuel Cell
Technologies Office
Manager, Vehicle Systems Analysis

Advanced Fuels Advisor, Regulatory Development

Life Cycle Analysis Team Lead/Principal Energy
Systems Analyst, Energy Systems Division
Senior Decision Analyst

Life Cycle Assessment Engineer

Senior Manager, Advanced Technical Strategy
Vehicle Systems Engineer

Technology Development Manager, Analysis

Principal Energy Systems Analyst
Distinguished Researcher

Section Manager, Vehicle and Mobility Systems
Systems Analysis Lead

Technology Advisor — Hydrogen, Shell

Staff Researcher, Strategic Energy and Mobility
Director, Technology Analysis & Advancement

Senior Technical Leader, Environmental Sciences
& Sustainability
Program Manager for Operations and Analysis

Xvii

U.S. Department of Energy

Electric Power Research Institute

ExxonMobil Product Solutions
Argonne National Laboratory

Chevron Corporation

Phillips 66 Company
Stellantis

Argonne National Laboratory

Vehicle Technologies Office,
U.S. Department of Energy
Argonne National Laboratory

National Renewable Energy
Laboratory
Argonne National Laboratory

U.S. Department of Energy
Shell

General Motors

Phillips 66 Company

Ford Motor Company

Vehicle Technologies Office,
U.S. Department of Energy



EXECUTIVE SUMMARY

This study provides a comprehensive life cycle analysis (LCA), or cradle-to-grave (C2G) analysis, of the
cost and greenhouse gas (GHG) emissions of a variety of vehicle-fuel pathways, the levelized cost of
driving (LCD) and cost of avoided GHG emissions. The C2G analysis assesses light duty midsize
sedans and small sport utility vehicles (SUVs) across a variety of vehicle-fuel technology pathways,
including conventional internal combustion engine vehicles (ICEVS), flexible hybrid electric vehicles
(HEVs), plug-in hybrid electric vehicles (PHEVSs), battery electric vehicles (BEVs) with varying vehicle
ranges, and fuel cell electric vehicles (FCEVS).

Coming at a timely manner, given the marked increase, since 2016, in climate aspirations announced by
governmental institutions and private firms both in the US and across the globe, this analysis builds on a
previous comprehensive life cycle analysis, updating that study’s 2016 assumptions and methods
(Elgowainy et al. 2016). These updates incorporate technological advances and changes in energy supply
sources that have emerged during the intervening period. Utilizing these updated assumptions and
methods, alongside more recent data, the present report accounts for a broader range of vehicle
technologies and considers both current (2020) and expected future (2030-2035) conditions. Reflecting
increased research interest in synthetic liquid fuels produced using renewable low-carbon electricity and
CO; sources, electro-fuels (a.k.a. e-fuels) were added to the potential future fuel technologies that are
evaluated.

This study takes a “pathway” approach rather than a “scenario” approach; hence distinct, technically
feasible, routes or sequences of processes starting with one or more feedstocks and ending with an
intermediate or a final product are examined, not necessarily constrained by practical feedstock,
economic, policy, and market considerations.

The fuel pathways considered in this study are shown in Table ES-1. The selected fuel pathways were
constrained to those deemed to be nationally scalable in the future. Additional concerns, such as
consumer choice, regional variability, and infrastructure availability for FCEV and BEV, were not
directly accounted for. Unless otherwise specified, all cases assume large scale for both fuel and vehicle
technologies (i.e., high production volume is assumed unless explicitly specified). The electricity mix
used in stationary processes in FUTURE TECHNOLOGY pathways (unless otherwise specified) comes from
the 2035 U.S. grid generation mix projected by the U.S. Energy Information Administration (EIA) in the
Annual Energy Outlook (AEO) 2021 (EIA 2021a).

The C2G greenhouse gas emissions evaluation was carried out by expanding and modifying the
GREET™ (Greenhouse gases, Regulated Emissions, and Energy use in Transportation) model suite
(2020 version) with inputs from industrial experts. This C2G GHG assessment includes both fuel and
vehicle production life cycles. Cost assessments represent a final cost/price to the consumer, excluding
taxes on the final product (e.g., fuel sales tax) and/or credits (e.g., vehicle subsidies). Cost estimates for
both vehicles and fuels are based on high-volume production (“at/above optimal scale”), the definition of
which is intentionally not standardized across vehicle-fuel pathways, since scale is recognized as
inherently a function of the technology/production pathway.
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Table ES-1. Fuel production pathways considered in this C2G analysis

Fuel

CURRENT TECHNOLOGY CASE

FUTURE TECHNOLOGY CASE

Gasoline
(E10)

U.S. average crude mix
(blended with 10% corn ethanol)

Pyrolysis of forest residue (no ethanol blending)

E-fuels (Nuclear electricity + CO,)

E-fuels (Renewable electricity + COy)

Diesel

U.S. average crude mix

Bio-renewable diesel (pyrolysis of forest
residue)

Hydroprocessed renewable diesel (HRD) from
soybeans

20% fatty acid methyl ester (FAME) drop-in bio-
based diesel (B20) from soybeans?

Gas-to-liquid Fischer-Tropsch diesel (GTL FTD)

E-fuels (Nuclear electricity + COy)

E-fuels (Renewable electricity + CO,)

CNG

U.S. average of conventional and
shale gas mix

Renewable natural gas (NG) (from landfill gas)

Ethanol (E85)

85% corn ethanol
(blended with 15% petroleum
gasoline blendstock)

85% cellulosic from corn stover
(blended with 15% petroleum gasoline
blendstock)

Centralized production from Steam

Low temperature electrolysis from wind/solar

High-temperature electrolysis using nuclear

generation mix in 2020

Hydrogen Methane Reforming (SMR) energy
NG SMR with carbon capture and storage (CCS)
NG Advanced Combined Cycle (ACC)
. EIA-AEO U.S. average electricity ~ |NG ACC with CCS
Electricity

Wind

Solar photovoltaic (PV)

& American Society for Testing and Material (ASTM) specifications for conventional diesel fuel (ASTM D975) allows for
biodiesel concentrations of up to 5% (B5) to be called diesel fuel (ASTM 2010). B20 (20% biodiesel, 80% petroleum diesel) is
a biodiesel blend available in the U.S. that represents the maximum allowable concentration of biodiesel in ASTM D7467.
FAME is also known as biodiesel. Percentage blending values are by volume.

The framework used in this study intentionally omits policy interventions to address technology or market
challenges or opportunities. Costs are reported in 2020$ using the U.S. Bureau of Labor Statistics
Consumer Price Index Inflation Calculator to convert costs to consistent 2020 dollars (BLS). Levelized
cost estimates are based on financial inputs, technology parameters, and operational parameters, such as
the price of energy feedstock, the capital cost of technology, process efficiency, capacity utilization, and
operations and maintenance costs.

For transportation fuels currently at large-scale production levels—gasoline, diesel, CNG, corn-based
ethanol (E85), and electricity—current and future fuel cost estimates come from the EIA AEO 2021
(EIA 2021). Otherwise, cost assessment is based on publicly available data and models, such as techno-
economic analysis (TEA) models developed by DOE and its national laboratories. For example, the
hydrogen fuel pathways and several of the bio-derived fuel pathways were evaluated using a variety of
techno-economic analysis (TEA) models developed by DOE and its national laboratories (DOE H2A
Production Analysis, 2015; Elgowainy et al. 2015).
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The electricity mix used in stationary processes in FUTURE TECHNOLOGY pathways (unless otherwise
specified) comes from the 2035 U.S. grid generation mix projected by the EIA in the AEO 2021 (EIA
2021a). The CURRENT TECHNOLOGY case assumes the AEO 2021 average electricity grid mix for all
pathways. For the FUTURE TECHNOLOGY case, production of electricity for electric vehicles and hydrogen
for FCEVs is based on EIA 2021 estimates of the levelized cost of electricity from new generation
resources. For electricity to EVs, this includes estimates for solar electricity and wind electricity which
includes a “Green Premium”, and electricity from ACC generation with and without CCS, which utilizes
AEO 2021 and modified analysis from EIA AEO 215. Electricity for the other FUTURE TECHNOLOGY
case pathways is based on the AEO 2021 projected average grid mix for 2035.

Vehicle fuel economies (see Section 6) and component sizes were estimated using Argonne National
Laboratory’s vehicle simulation tool, Autonomie, using a consistent set of vehicle performance criteria
across vehicle-fuel combinations. Each vehicle is presumed to be optimized for the fuel on which it
operates. Inputs to Autonomie were based on vehicle manufacturer’s information and assumptions made
by the authors along with specific technology assumptions provided by DOE VTO-HFTO, which reflect
vehicle performance improvements that are in line with targets set by these DOE offices for advanced
vehicles. All vehicle platforms were evaluated using standard EPA regulatory drive cycles, UDDS and
HWFET. Vehicles modeled in Autonomie met the following criteria: (1) vehicle acceleration from 0 to
60 mph in 8 s (£0.1 s), (2) gradeability of 6% at 65 mph at gross vehicle weight (GVW), and

(3) maximum vehicle speed >100 mph.

The component sizes and vehicle fuel economy results were incorporated into the GREET® (Greenhouse
gases, Regulated Emissions, and Energy use in Transportation) model suite (2021 version) to evaluate
GHG emissions of vehicle production (“GREET2” model) and fuel cycles (‘GREET1” model),
respectively. Meanwhile, a range of future vehicle cost estimates (with vehicles modeled in 5-year time
steps) were developed based on a range of technology progress (more optimistic and less optimistic),
resulting in a low- to high-cost range, and these vehicle costs were used to evaluate the LCD.

The main case presented in this Executive Summary and in the body of the report is the high powertrain
technology progression pathway with the central cost cases for each fuel. The ranges presented in the cost
analyses include the low technology progression vehicle coupled with the high fuel cost (when available,
and the central case when not), and the low range is the high technology progress with the lowest fuel cost
(when available).

By far the largest and the most consequential change in the input assumptions between the 2016 study and
this current update is in battery costs for BEVs. The past 5-10 years have seen dramatic reductions in the
cost of EV batteries while, similarly, battery cost projections have also changed significantly over the past
5 years. It is hard to overstate the importance of the improvements in battery costs on this analysis.

Figure ES-1, below, represents a sub-set of the study results. The figure demonstrates that for the gasoline
ICEV small SUV pathway, potential vehicle efficiency gains would bring emissions down from 429 g
CO.e/mi (indicated by the black line, which represents CURRENT TECHNOLOGY ) to 322 g CO.e/mi
(indicated by the red line, which shows GHG emissions reductions in a FUTURE TECHNOLOGY case
resulting from such potential future vehicle efficiency gains as higher powertrain efficiency); these
emissions could be further reduced using a low-carbon fuel to between 91 and 52 g CO.e/mi as
represented by the endpoint of the grey arrows. We further see that the burden of vehicle production
(indicated by the blue line, which represents the case in which the vehicle is operated on a 0 g COze/mi
fuel) for the ICEV accounts for 40 g CO.e/mi of the FUTURE TECHNOLOGY emissions. Note that these
vehicle production emissions do not include potential emissions reduction technologies for vehicle
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material production (these are considered in Appendix C). DOE and industry are pursuing technologies
that reduce GHG emissions from the manufacturing sector, so it is expected that vehicle production
emissions will decrease over time.

Figure ES-1 shows that by combining vehicle gains with low-carbon fuels GHG emission reductions
more than double in most cases compared to vehicle gains alone. Note that the down-arrows show a
plausible reduction of the carbon footprint of the vehicle-fuel pathway from low-carbon fuels and
electricity, but the feasibility of achieving the indicated GHG emission reductions were not considered.
More broadly, these results demonstrate that large GHG reductions for LDVs are challenging and require
consideration of the entire life cycle, including vehicle manufacture, fuel production, and vehicle
operation. Achieving a net life cycle reduction in GHG emissions is a challenging task and must
overcome technological, cost, and market acceptance hurdles.
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Figure ES-1. C2G GHG emissions of various vehicle-fuel pathways for small SUVs assuming high technology
progress. Analysis was performed using GREET2020.

To better understand ownership costs of the vehicle-fuel platforms relative to one another and relative to
gasoline ICEV baseline, Figures ES-2 and ES-3 show the LCD estimates for the CURRENT TECHNOLOGY
and FUTURE TECHNOLOGY cases, respectively. LCD is defined as the sum of the amortized net vehicle
cost per mile (after considering residual resale value) and the fuel cost per mile. The results shown are for
the midsize sedan, using a base case vehicle and fuel costs over a 5-year analysis period using a 5%
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discount rate. The uncertainty bars in Figure ES-3 reflect the range of LCD results for each vehicle-fuel
pathway if low and high estimates are used for the vehicle and fuel costs.

Levelized Cost of Driving, Current Technology
Analysis Window = 5 years; discount rate = 5%; Vehicle = SUV

BEV400-2020 Avg US Grid Mix
BEV300-2020 Avg US Grid Mix
BEV200-2020 Avg US Grid Mix
FCEVA00-NG SMR
FCEV300-NG SMR

PHEV50-Conventional Gasoline

Arrows indicate LCD at

HEV-Conventional Gasoline low-volume H2 cost
CNG
Diesel-Conventional

B Vehicle

E85-Corn

“ Fuel
Gasoline-Conventional

$0.00 $0.20 $0.40 $S0.60 $0.80 $1.00

Figure ES-2. LCD by vehicle-fuel pathway for the CURRENT TECHNOLOGY small SUV (2020$)
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Levelized Cost of Driving, Future Technology
Analysis Window = 5 years; discount rate = 5%; Vehicle = SUV

BEV400-Wind/Solar PV [
BEV300-Wind/Solar PV 1 —
BEV200-Wind/Solar PV ] —
FCEVAQO-LT elec wind/solar 1 —
FCEV300-LT elec wind/solar 1 [
PHEVS0-EF(R) + Wind | .
PHEV50-Conv. + 2035 Avg US Grid 1 —
HEV-E-fuels (Renewable) 1 (I
HEV-E-fuels (Nuclear) 1 —
HEV-Pyr. — Vehicle
HEV-Corn Stover 1 —
HEV-Conv. Gasoline ] _ Fuel
CNG-RNG | -
CNG-Conv. 1 (I
Diesel-E-fuels (Renewable) 1 IE—
Diesel-E-fuels (Nuclear) 1 PR
Diesel-Conv. 1 [
E85-Corn Stover 1 —
Gasoline-E-fuels (Renewable) 1 (I—
Gasoline-E-fuels (Nuclear) 1 —
Gasoline-Pyr. 1 —
Gasoline-Conv. ] _
$0.00 $0.20 $0.40 $0.60

Figure ES-3. LCD by vehicle-fuel pathway for FUTURE TECHNOLOGY, small SUVs (2020%)

As seen in these two figures, for all vehicle-fuel pathways, the vehicle cost (less residual value) represents
a significant portion of the total LCD. For the CURRENT TECHNOLOGY case, the more commercially
established vehicles (gasoline, diesel, E85, and HEV) have LCDs below $0.50/mi for small SUVs.
Emerging vehicle technologies, such as BEVs, PHEVS, and FCEVs for small SUVs have LCDs
exceeding $0.55/mi. As shown in Figure ES-3, the FUTURE TECHNOLOGY case, improvements in
technology and cost suggest that most vehicles will be below $0.50/mi in the baseline conditions for small
SUVs, with BEVs demonstrating the largest cost reductions.

For the FCEV a CURRENT TECHNOLOGY low-volume hydrogen fuel cost estimate was developed for
hydrogen fuel to better understand the impact of hydrogen fuel cost in the near term, shown as a black
arrow in Figure ES-2. For FCEVs in the CURRENT TECHNOLOGY case, the low-volume cost of hydrogen
increases the small SUV FCEV LCD from $0.85/mi to $0.93/mi, depending on the range.

Note that the cost analysis here does not provide a quantitative estimate of potential maintenance cost
savings. However, other studies suggest that light-duty BEVs reduce maintenance costs compared to
ICEVs by approximately 40% (Burnham, et al. 2021).

To allow for comparison of cost-effectiveness of potential emissions reductions across different strategies
for GHG mitigation, a “cost of avoided GHG emissions™ analysis is used. This analysis presents the total
CO.e emitted and total cost during the vehicle lifetime as a point on a two-dimensional plot. Additionally,
the percent reduction in COze from the gasoline ICEV is also presented.
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The cost of avoided GHG emissions for the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases for
small SUVs are shown in Figures ES-4 and ES-5. Total emissions, over the noted time frame, are shown
on the primary x-axis, and percent reduction from the conventional gasoline vehicle on the secondary
x-axis, while lifetime vehicle cost is shown on the y-axis. The results indicate opportunities for GHG
reduction with all powertrains. While cost reductions are not observed for the CURRENT

TECHNOLOGY case, we find that several FUTURE TECHNOLOGY cases offer both cost and emission
reduction opportunities.

The modeled costs of avoided GHG emissions for the majority of FUTURE TECHNOLOGY cases,
considering the full 15-year vehicle lifetime, are below $200/tonne CO2e with many options below zero
(i.e., they cost less than the ICEV and emit fewer emissions). Additionally, the BEV400 and FCEV
pathways are markedly different from the CURRENT TECHNOLOGY case. The cost of those technologies,
though still a major component of overall vehicle cost, is modeled to improve significantly over the
intervening period, leading to a much lower total vehicle cost.

For the FUTURE TECHNOLOGY case, HEV, PHEV, and BEV platforms offer the lowest modeled costs of
avoided GHG emissions, with many options having a negative cost (i.e., the cost is less than that of the
gasoline ICEV). The FCEVs offer lower cost GHG emissions opportunities than the ICEV technologies
with the exception of the E85 vehicle operating on corn stover and the CNG vehicle operating on RNG.

The vehicle technologies considered in this analysis differ, of course, not only in their lifetime GHG
emissions but also in other important attributes, such as local air quality-related emissions, reliance on
different fuels, functionality, and scalability. Factors other than cost of avoided GHG emissions, such as
air quality, reliance on different fuels, vehicle functionality (range, refueling time, packaging), and
scalability (other than being able to meet at least approximately 10% of demand), are important but are
not fully incorporated into this study.

Lifetime Cost vs. GHGs, Current Tech
15 yr Vehicle Lifetime; 5% discount rate [SUV]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure ES-4. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TeEcHNOLOGY case for small SUVs (2020%)
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Lifetime Cost vs. GHGs, Future Tech
15 yr Vehicle Lifetime; 5% discount rate [SUV, High tech]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure ES-5. Lifetime cost versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY case for small SUVs (2020%)

The following observations are drawn from this report:

Emissions:

Cost:

Large GHG reductions for LDVs are achievable through low-carbon fuel pathways, with vehicle
efficiency improvements also playing an important role.

FUTURE TECHNOLOGY costs for advanced technologies reduce faster than incumbent
technologies compared to their CURRENT TECHNOLOGY counterparts, reflecting estimated R&D
outcomes.

Low-carbon fuels can have significantly higher costs than conventional fuels.

Vehicle cost is the major (60-90%) and fuel cost the minor (10-40%) component of LCD.
Treatment of residual vehicle cost is an important consideration. Many alternative vehicles and/or
fuels cost significantly more than conventional gasoline vehicles for the CURRENT TECHNOLOGY
case.

Several vehicles (HEV, PHEV, and BEVS) in the FUTURE TECHNOLOGY case had lower costs
and lower GHG emissions than the conventional gasoline ICEV.

Cost of carbon abatement:

For the CURRENT TECHNOLOGY case, carbon abatement costs are generally on the order of $100s
per tonne CO- to $1,000s per tonne CO; for alternative vehicle-fuel pathways compared to a
conventional gasoline vehicle baseline.
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FUTURE TECHNOLOGY carbon abatement costs vary significantly by technology and fuel
pathway, with several pathways, mostly electric vehicle, that are below zero (i.e., there is a cost
reduction for carbon abatement). The pathways that do have a carbon abatement cost are
generally in the range $100-$1,000/tonne COs.

Technology feasibility:

Significant technical barriers still exist for the introduction of some alternative fuels. Further,
market transition barriers — such as low-volume costs, fuel or make/model availability, and
vehicle/fuel/infrastructure compatibility — may play a role as well.

Limitations:

AEQ 2021 data for prices of crude oil, gasoline, and diesel fuel used in the CURRENT
TECHNOLOGY case differ from subject data reported for early 2022. Because these data are
different and because they are among several factors considered in this analysis, the calculated
CURRENT TECHNOLOGY LCD for gasoline and diesel and the CURRENT TECHNOLOGY cost of
avoided GHG emissions for the other alternative pathways relative to gasoline would be different
if 2022 prices were used. One of the consequences of using AEO 2021 data for the CURRENT
TECHNOLOGY cases is that the prices of crude oil, gasoline, and diesel fuel used in this report are
lower than actual market prices for those products in the first quarter of 2022 (the time this report
was written).

This study evaluated GHG emissions and cost of individual pathways and assumed common
vehicle platforms for comparison. The cost estimates in this study are subject to uncertainties due
to their dependence on technology advancement for the FUTURE TECHNOLOGY case.
Furthermore, market scenario analysis is important to explore the realistic ramp up potential of
the mix of different pathways to achieve GHG emission targets in different regions.

Key GHG emission parameters influencing the results of various pathways are subject to different
degrees of uncertainty. For example, methane emissions of the CURRENT TECHNOLOGY natural
gas pathway vary greatly between the various studies. Land use change attributed to large-volume
biofuel production is another example of uncertainty and varies greatly between studies.

Factors other than cost of avoided GHG emissions, such as air quality, vehicle functionality
(range, refueling time and infrastructure availability, packaging), and fuel production scalability,
are important but not captured in this study.
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1. INTRODUCTION

This study builds on our previous life cycle analysis (LCA) of greenhouse gas (GHG) emissions and costs
of light-duty midsize sedans for a variety of vehicle-fuel pathways (Elgowainy et al. 2016). We update the
2016 assumptions and methods to consider both current (2020) and expected future (2030-2035)
conditions. This approach to LCA, often referred to as a cradle-to-grave (C2G) analysis, considers vehicle
and fuel cycles starting from raw material extraction as well as fuel production and transport, vehicle
manufacturing, vehicle use, and vehicle end-of-life (EOL), but not supporting infrastructure systems

(e.g., refineries end-of-life or LCA of roads and bridges). A C2G analysis provides a holistic view of the
sustainability performance of vehicle-fuel technologies across multiple metrics. This evaluation is
intended to provide a thorough and up-to-date understanding of the sustainability performance of vehicle
technologies and fuels to inform policymaking, investments, and analyses.

1.1. CLIMATE AND PoLICY CONTEXT

Energy access and security, climate change, greenhouse gas (GHG) emissions, and water use are
important long-term challenges for industry and governments. The U.S. transportation sector consumed
24.3 quadrillion Btu of primary energy sources in 2020, representing 35% of the total national energy
consumption (EIA 2021d, Tables 1.3 and 2.1-2.6). In 2020, petroleum supplied 90% of U.S.
transportation energy consumption. In marked contrast to 2016, when the U.S. was a major net importer
of petroleum, the U.S. was a net exporter of petroleum in 2020 (EIA 2021d, Tables 2.5 and 3.3). GHG
emissions attributed to the U.S. transportation sector in 2020 were 1.6 billion metric tons (tonnes) of CO--
equivalent (COze), representing 36% of the total national GHG emissions (EIA 2021d, Tables 11.1-11.6).

It is well established that the changes in global climate observed over the past 50-100 years are largely
attributed to increasing levels of GHGs in the Earth’s atmosphere resulting from human activities
(Masson-Delmotte, et al. 2021). The largest contributor of radiative forcing is the release of CO, during
fossil fuel combustion (Masson-Delmotte, et al. 2021). Light-duty vehicles (LDVs), the focus of this
study, were responsible for approximately 58% of GHG emissions from the U.S. transportation sector in
2019 (EPA 2021). The U.S. Department of Energy (DOE) has supported substantial research,
development, and demonstration of vehicle and fuel technologies to improve energy efficiency and reduce
GHG emissions in the transportation sector. Advanced vehicle technologies include more efficient
internal combustion engine vehicles (ICEVs), hybrid electric vehicles (HEVs), plug-in hybrid electric
vehicles (PHEVs), battery electric vehicles (BEVs), and fuel cell electric vehicles (FCEVs). Advanced
fuel technologies include advanced biofuels, renewable electricity, and hydrogen.

Since our 2016 report, there has been a marked increase in the scope of climate aspirations announced by
governmental institutions and private firms, with many organizations adopting carbon neutrality goals by
2040-2050. The U.S. rejoined the Paris Agreement in 2021 and submitted an Intended Nationally
Determined Contribution to the United Nations, which outlines the economy-wide target of reducing
GHG emissions by 26-28% below its 2005 level by 2025, and to make best efforts to reduce its emissions
by 28%. The Biden Administration has set ambitious federal climate targets: a 50-52% reduction in
economy-wide net GHG emissions from 2005 levels by 2030, 100% carbon-free electricity by 2035, and
a 50% light-duty zero-emission vehicle sales share in 2030 (White House 2021a; White House 2021b).
California passed the Global Warming Solutions Act of 2006 with a goal of reducing GHG emissions to
1990 levels by 2020, which it met in 2016. California aims to achieve a 40% reduction in GHG emissions
below 1990 levels by 2030 and carbon neutrality by 2045. The European Union set goals of a



55% reduction in GHG emissions by 2030 from a 1990 baseline and carbon neutrality by 2050, with
many countries aiming to achieve the goal earlier. China has committed to carbon neutrality by 2060.

Large reductions in emissions from the transportation sector will be needed to meet national and state
climate targets, and reductions of LDV emissions will play a major role in achieving these goals. The
adoption of zero-emission LDVs has increased exponentially in the past few years, highlighting the
potential for a major emissions reduction in the next decade (Muratori et al. 2021; IEA 2021). However,
zero-emission vehicles (ZEV) remain a small share of U.S. LDV sales (~5% in 2021). Technological
assessments of life cycle GHG emissions and costs for different vehicle-fuel combinations are critical for
informing near and long-term actions and policy decisions. The aim of the present work is to analyze such
emissions and costs in the context of U.S. LDVs in the present (2020) and future (2030-2035).

1.2. PREVIOUS LCA AND C2G WORK

Previous LCAs of energy use and GHG emissions from LDVs in the U.S. have focused on vehicle fuel
from extraction to consumption (also called the transportation fuel cycle). Such LCAs are also termed
well-to-wheels (WTW) analyses, which can be further broken down into well-to-tank (WTT) and tank-to-
wheels (TTW) stages. The WTT stage includes fuel production from the primary source of energy
(feedstock) to its delivery to the vehicle’s energy storage system (fuel tank, onboard battery, etc.). The
TTW stage includes fuel consumption during the operation phase of the vehicle. The results from WTT
and TTW analyses are summed to give the WTW GHG emissions and energy use associated with each
vehicle-fuel technology combination.

LCAs of conventional petroleum-powered ICEVs show that approximately 80% of WTW GHG
emissions and energy use are associated with fuel combustion during vehicle operation (Elgowainy et al.
2014, 2016). In advanced vehicle technologies, the amount of fuel used by the vehicle is typically less
than that of ICEVSs, but the energy used to produce the vehicle is greater. Thus, for advanced vehicle
technologies, it is important to also consider the emissions and energy use associated with the vehicle
manufacturing cycle. Combining the vehicle and fuel cycle analyses produces a C2G assessment that
encompasses resource extraction (“cradle”), transformation of resources into fuels and vehicles, and fuel
use in vehicle operation and vehicle EOL scrappage and recycling (“grave”). The boundary here does not
include the construction or EOL of infrastructure systems that support the vehicles or energy pathways.
The carbon footprint for energy infrastructure is typically trivial compared to energy generated/handled
by the infrastructure as documented by Beath et al. 2014 for U.S. oil and gas production and processing.

In 2014, the DOE published a C2G analysis that was comprised of two GHG emissions bookend
pathways for various vehicle-fuel systems (Joseck and Ward 2014). The high GHG bookend pathway
represented “currently” available fuel and vehicle technologies (in this case 2010), such as gasoline-
ICEVs, E85! for use in ICEVs, compressed natural gas (CNG) use in ICEVs, diesel ICEVS, gasoline
HEVs, gasoline PHEVs, BEVs, and hydrogen (H2) FCEVs. The low GHG bookend pathway represented
fuels and vehicles in a low-carbon world. The C2G results were produced with Argonne’s Greenhouse
gas, Regulated Emissions, and Energy use in Technologies (GREET®) model (version 2014) with inputs
that were vetted by experts from other national laboratories and from the energy and auto industries.

In 2016, Elgowainy et al. updated the model assumptions, expanded the scope of the initial DOE study
(Joseck and Ward 2014), and documented the results in two publications (Elgowainy et al. 2016; 2018).

! EB85is a term that refers to high-level ethanol-gasoline blends containing 51%-83% ethanol by volume,
depending on geography and the season (AFDC 2015). This study assumes an 83% ethanol blend in E85.



In the period following the 2016 study, there were substantial technological advances and changes in
energy supply sources, particularly in vehicle electrification and renewable electricity generation, which
warrant an update of the previous work. In the present study, we updated and expanded the analysis to a
broader range of vehicle technologies that now includes small SUVs, BEVs with 400-mile range
(BEV400), and PHEVs with 50-mile all-electric range (PHEV50). We also evaluated electro-fuels (a.k.a.
e-fuels) as a potential future fuel technology to reflect increased research interest in synthetic liquid fuels
produced using renewable low-carbon electricity and CO; sources.

1.3. OVERVIEW OF THE PRESENT C2G STUDY
The present study assesses future vehicle-fuel pathways that are similar, but not identical, to those in the
previous study. As in the previous study we assess GHG emissions and costs of the pathways.

This C2G study focuses on the LDV market, particularly the midsize sedan and small SUV segments, and
evaluates a variety of conventional and alternative vehicle technologies and fuels. In evaluating the
vehicle-fuel combinations, we consider a “CURRENT TECHNOLOGY” case (nominally 2020) and a
“FUTURE TECHNOLOGY” lower-carbon case (nominally 2030-2035).2 We use a “pathway” rather than a
“scenario” approach. A pathway is defined as a distinct, technically feasible route or sequence of
processes starting with one or more feedstocks and ending with an intermediate or final product. A
pathway is not necessarily constrained by practical feedstocks or economic, policy, and market
considerations. This approach contrasts with the definition of a scenario, which is a postulated vehicle-
fuel production pathway or a mix of pathways that factors in real or hypothetical/perceived feedstocks
and economic, policy, and market considerations. This study focuses strictly on possible vehicle-fuel
combination pathways (i.e., no scenario analysis was conducted).

The fuel pathways considered in this study are shown in Table 1. We note that the selected fuel pathways
are constrained to those deemed to be nationally scalable in the future. Additional concerns, such as
consumer choice, regional variability, and infrastructure availability for FCEVs and BEVs, were not
considered. Unless otherwise specified, all cases assume large-scale production for both fuel and vehicle
technologies (i.e., high production volume is assumed unless explicitly specified). The electricity mix
used in the stationary processes in the FUTURE TECHNOLOGY pathways comes from the 2035 U.S. grid
generation mix projected by the U.S. Energy Information Administration (EIA) in the Annual Energy
Outlook (AEO) 2021 (unless otherwise specified) (EIA 2021a).

2 Throughout this report, the cases studied will be denoted in a Small Caps typeface for consistency and clarity.



Table 1. Fuel production pathways considered in this C2G analysis

Fuel

CURRENT TECHNOLOGY CASE

FUTURE TECHNOLOGY CASE

Gasoline
(E10)

U.S. average crude mix
(blended with 10% corn ethanol)

Pyrolysis of forest residue (no ethanol blending)

E-fuels (Nuclear electricity + CO,)

E-fuels (Renewable electricity + COy)

Diesel

U.S. average crude mix

Bio-renewable diesel (pyrolysis of forest
residue)

Hydroprocessed renewable diesel (HRD) from
soybeans

20% fatty acid methyl ester (FAME) drop-in bio-
based diesel (B20) from soybeans?

Gas-to-liquid Fischer-Tropsch diesel (GTL FTD)

E-fuels (Nuclear electricity + COy)

E-fuels (Renewable electricity + CO,)

CNG

U.S. average of conventional and
shale gas mix

Renewable natural gas (NG) (from landfill gas)

Ethanol (E85)

85% corn ethanol
(blended with 15% petroleum
gasoline blendstock)

85% cellulosic from corn stover
(blended with 15% petroleum gasoline
blendstock)

Centralized production from Steam

Low temperature electrolysis from wind/solar

High-temperature electrolysis using nuclear

generation mix in 2020

Hydrogen Methane Reforming (SMR) energy
NG SMR with carbon capture and storage (CCS)
NG Advanced Combined Cycle (ACC)
. EIA-AEO U.S. average electricity ~ |NG ACC with CCS
Electricity

Wind

Solar photovoltaic (PV)

& American Society for Testing and Material (ASTM) specifications for conventional diesel fuel (ASTM D975) allows for
biodiesel concentrations of up to 5% (B5) to be called diesel fuel (ASTM 2010). B20 (20% biodiesel, 80% petroleum diesel) is
a biodiesel blend available in the U.S. that represents the maximum allowable concentration of biodiesel in ASTM D7467.
FAME is also known as biodiesel. Percentage blending values are by volume.

The vehicle technologies matched with the Table 1 fuel pathways are shown in Table 2. We note that
each vehicle is presumed to be optimized for the fuel on which it operates. The PHEV50, BEV200,
BEV300, and BEV400 technologies are defined to have 50, 200, 300, and 400 miles of range,

respectively, from a single full charge in real-world driving. The PHEV50 was modeled as an extended-
range electric vehicle (EREV) (Islam et al. 2021). The EREV propulsion system includes a fully capable
electric drive unit that uses battery energy to satisfy vehicle torque and speed demands under all
circumstances. When energy remains in the battery (i.e., when the vehicle is in “charge-depleting” (CD)
mode), assistance from the internal combustion engine (ICE) is not required. Once the battery energy is
depleted, the vehicle switches to a “charge-sustaining” (CS) mode. In this mode, net energy consumed
(engine output less electric regeneration from braking) is supplied by the onboard internal combustion
fuel (e.g., gasoline). Torque applied to the wheels in CS mode may be fully supplied through the electric
drive unit, or it may be supplied partially through the electric drive unit and partially through a
mechanical connection from the engine output.



Table 2. Vehicle-fuel combinations considered in this C2G analysis

Vehicle Technology Gasoline* | Diesel | CNG | E-Fuels | E85" | Hz | Electricity
ICEV X X X X X | - -
HEV X - - - - | - -

Hz FCEV300° - - - - - | X -
H, FCEV400¢ - - - - - | X —
BEV200¢ - - - - - | - X
BEV300° - - - - - | - X
BEV4009 - - - - - | - X
PHEV50 (EREV)" 30%! - - - il 70%!

2 Gasoline (E10) is assumed to contain 10% corn ethanol by volume.

® Blend of ethanol fuel grade with gasoline, as explained in footnote 1.

¢ Hz FCEV300 has a 300-mi “on-road” driving range.

4 H, FCEV400 has a 400-mi “on road” driving range.

BEV200 has a 200-mi “on road” driving range.

T BEV300 has a 300-mi “on road” driving range.

9 BEV400 has a 400-mi “on road” driving range.

PHEV35 has a 50-mi “on road” electric range and is modeled as an EREV.

" The fraction of total miles driven on fuel or electricity is assumed per the Society for Automotive Engineers
International (2010). The exact fraction for the nominal PHEV50 depends on its on-road range, as described in
Section 3.2.

1.4. REPORT ORGANIZATION

The remainder of this report is organized into 11 sections (2-12) and 5 appendices (A-E). Section 2
provides an overview of the methodology for modeling fuel pathways and vehicle technologies. Section 3
describes the selected vehicle technologies for each vehicle-fuel pathway. Section 4 describes the selected
fuel pathways and the assumptions and data sources for calculating GHG emissions of these pathways in
GREET. Section 5 provides cost assumptions for various fuels and the relevant data sources. Section 6
describes the Autonomie modeling approach and assumptions for each vehicle’s fuel economy, cost, and
weight/material composition. Section 7 explains the life cycle stages of vehicle manufacturing and
relevant data sources in GREET. Section 8 provides the C2G GHG emissions results. Section 9 provides
the levelized cost of driving (LCD) results. Section 10 provides the projected costs of avoided GHG
emissions for various vehicle-fuel systems. Section 11 identifies limitations in the current study for
consideration in future studies. Section 12 provides brief conclusions about this work.

Appendix A compares vehicles modeled in this report with vehicle sales data. Appendix B provides more
detailed GHG emissions results. Appendix C analyzes the sensitivity of GHG emission to key parameters.
Appendix D provides parameters and results for the low powertrain technology progression scenarios.
Appendix E provides example calculations of the LCD to clarify how these costs were developed. Finally,
Appendix F compiles all the references used in this study by aggregating the references provided at the
end of each section.
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2. OVERVIEW OF METHODOLOGY

This study is intended to provide a better understanding of the GHG emissions and costs associated with
the vehicle and fuel combinations described in (Elgowainy et al. 2016). Note that in this context cost
represents the cost to a consumer to purchase the vehicle and energy for the vehicle; it does not include
maintenance, insurance, and other costs necessary in vehicle ownership. There are numerous vehicle-fuel
combinations considered in this analysis, thus a consistent set of parameters and a common analytical
framework was employed to allow comparative evaluations. This section provides an overview of the
data, assumptions, and analytical framework used in this study.

2.1. STUDY SCOPE, DEFINITIONS, AND MAJOR ASSUMPTIONS

This study focuses on the LDV sector in the U.S. Specifically, it focuses on vehicle models classified as
midsize sedans (such as the Honda Accord, Kia Optima, Mazda 6, and VVolkswagen Passat) and small
SUVs (such as the Chevrolet Equinox, Ford Escape, Mazda CX-5, and Toyota RAV4). While the results
for different vehicle classes (e.g., compact cars or large SUVs) will differ from these results, general
trends from the midsize and small SUV evaluations should provide directional insights and deepen life
cycle understanding across vehicle classes.

Table 1 and Table 2 outline the vehicle and fuel technologies considered in this analysis, which include
ICEVs, HEVs, PHEVS, BEVs, and FCEVs utilizing several different fuel (energy) pathways.

The C2G analysis contains two primary evaluations: an evaluation of the life cycle GHG emissions
associated with each vehicle-fuel combination, and a determination of the associated driving costs for
each combination. Within the respective vehicle classes, this evaluation utilizes a consistent vehicle
platform with equivalent performance parameters for both conventional and alternative powertrain
platforms. Those vehicle properties, as described in Section 6, are developed using the Argonne National
Laboratory vehicle system simulation tool, Autonomie, with support from the DOE (Islam et. al., 2021).
The outputs of those vehicle simulations provided vehicle characteristics, such as vehicle fuel economy,
component costs, and component weights. The analysis also utilizes evaluations and cost modeling of fuel
technologies.

This analysis treats “cost” as a policy-neutral final transaction cost. Thus, costs are the final cost/price to
the consumer, excluding taxes on the final product (e.g., fuel sales tax) and/or credits (e.g., vehicle
subsidies). The framework intentionally omits policy interventions to address technology or market
challenges or opportunities. In this report, costs are reported in 2020$ using the U.S. Bureau of Labor
Statistics Consumer Price Index Inflation Calculator to convert costs to consistent 2020$ (U.S. Bureau of
Labor Statistics 2021.

Cost estimates for both vehicles and fuels are based on high-volume production (“at/above optimal
scale”), which is intentionally not standardized across vehicle-fuel pathways, since scale is recognized as
an inherent function of the technology/production pathway. Some examples of fuel and vehicle
technology scale/volume assumptions used in the study are shown in Table 3. A current technology case,
CURRENT TECHNOLOGY, was modeled to represent the vehicle model year (MY) 2020 and to characterize
fuel production technologies available in 2020, with costs projected at high volume. A sensitivity low-
volume case was evaluated for the production and distribution of current hydrogen. The FUTURE
TECHNOLOGY case represents MY2030-2035 vehicles and fuels projected at high volume for all vehicle
and fuel technologies.



Though the study does consider low-volume costs in some instances, the primary evaluation is of vehicles
and fuels at high-volume production, and the costs of transitioning to high-volume production are not
considered.

Table 3. Vehicle scale assumptions by technology

Pathway Element Parameter Volume/Scale Assumption
Engines 200,000+ vehicles/year
Vehicle Energy storage | 100,000+ batteries/year
Fuel cell stack 500,000+ fuel cell vehicles/year
Production Electrolysis at 50,000 kg/day; SMR at 384,000 kg/day
Hydrogen fuel Distribution 100 tonnes/day
2,000 dry tonnes of feedstock per day to yield 6,000—
Bio-derived fuel Production 9,000 bbl/day of ethanol or ~4,000 bbl/day of gasoline/diesel
by pyrolysis

2.2. APPROACH OF GHG EMiIssIONS LCA

The research approach of this analysis closely follows the methodology used in the 2016 C2G study
(Elgowainy et al. 2016). As this text builds upon and updates that report, no distinction is made between
that original text and updates within this report.

In assessing life cycle emissions, this study considers emissions associated with the fuel and the vehicle
cycle. The C2G GHG emissions assessment was carried out by expanding and modifying the GREET
model suite with inputs from industrial experts®. Figure 1 shows the main life cycle stages covered by the
fuel cycle model (GREET1) and the vehicle cycle model (GREET2). The GREET1 model calculates the
energy use and emissions associated with the recovery (or growth in the case of biofuels) of the primary
feedstock; transportation of the feedstock; production of the fuel from the feedstock; and transportation,
distribution, and use of the fuel during vehicle operation. The GREET2 model calculates the energy use
and emissions associated with the production and processing of vehicle materials, the manufacturing and
assembly of the vehicle, and the EOL decommissioning and recycling of vehicle components.

GREET1 contains more than 100 vehicle-fuel system combinations. Fuel types include gasoline, diesel,
biofuels, hydrogen, NG-based fuels, and electricity. See Figure 1 for a GREET1 fuel production pathway
example. Vehicle technologies in GREET1 include ICEVs, HEVs, PHEVs, BEVs, and FCEVs.

GREET?2 calculates the vehicle-cycle energy use and emissions for various vehicle types and material
compositions. The vehicle cycle for each vehicle type and material composition includes the following
processes: (1) raw material recovery and extraction, (2) material processing and fabrication, (3) vehicle
component production and vehicle assembly, and (4) vehicle disposal and recycling. The model does not
include the energy use and emissions from the transportation of raw and processed materials for each
process step. Future versions of the model will likely address this issue because the location of each
process step is important in determining urban air quality impacts. Material production can take place
outside of the U.S.

3 This analysis uses the GREET 2020 release from Argonne National Laboratory (Wang 2020a).
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Figure 1. Combined fuel cycle and vehicle cycle activities included in C2G analysis

The first step in the vehicle-cycle analysis is to estimate the vehicle component weight. This estimate
takes into account the weight of the major components of a vehicle, such as the body (including body-in-
white?, body interior, body exterior, and glass), chassis, batteries, fluids, powertrain (e.g., a spark-ignition
(SI) engine or a fuel cell stack and auxiliaries), and transmission or gearbox. The detailed weights of
vehicle components weight are provided by Autonomie simulations. Depending on the vehicle type, the
component weight could include the weight of a motor, controller, and generator. The second step in the
vehicle-cycle model is to consider the material composition for each major vehicle component

(i.e., breakdown the total component weight into steel, aluminum, iron, plastic, rubber, and any other
materials).

For components that are subject to replacement during a vehicle’s lifetime (e.g., batteries, tires, and
various vehicle fluids), the model develops replacement schedules. For disposal and recycling, the model
takes into account the energy required and emissions generated during the recycling of scrap materials
back into original materials for reuse. Finally, the estimates of energy used during the processes from raw
material recovery to vehicle assembly (e.g., mining taconite and processing it into sheet steel to be
stamped) are used for vehicle-cycle simulations.

2.3. VEHICLE MODELING APPROACH

As in our prior analysis, the evaluation of vehicle technologies is conducted using publicly available data
and models. Vehicle fuel economies and component sizes are estimated using Autonomie, with a
consistent set of vehicle performance criteria across fuel-vehicle combinations. Each vehicle is presumed

4 Body-in-white refers to the welded assembly of a car body's structural sheet metal components.
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to be optimized for the fuel on which it operates. Inputs to Autonomie are based on vehicle manufacturer
information and assumptions made by the authors, along with specific technology assumptions provided
by DOE Vehicle Technologies Office (VTO) and Hydrogen Fuel Technology Office (HFTO); these
inputs are detailed in Islam et al., (2021).

A full suite of vehicle powertrain technologies is considered for both the midsize sedans and small SUVs
evaluated. This includes conventional ICEVs, HEVs, PHEVs, BEVs, and FCEVs, and the fuels that
power them (petroleum, NG, ethanol, e-fuels, hydrogen, and electricity). These analyses only consider
differences in fuel pathways and vehicle operation, not other potential confounding factors (e.g., aesthetic
differences in vehicle design), and vehicles are modelled to have the same capability and performance.
Vehicles are modeled with the presumption of a common vehicle “glider” coupled with specific
components for each vehicle platform (transmission, engine/motor, energy storage/fuel tank, emission
controls, etc.) and vehicle class (midsize sedan and small SUV).

Vehicle energy consumption is the most critical attribute in determining all other metrics of interest. In
this study, vehicle efficiency is expressed as fuel economy. For the set of vehicles examined, fuel
economies are expressed in gge terms and as a percentage of the baseline vehicle. The baseline midsize
vehicle (SI ICEV) has an assumed fuel economy of 30.7 mpg, while the baseline small SUV (SI ICEV)
has an assumed fuel economy of 27.5 for the CURRENT TECHNOLOGY case.® Fuel economy assumptions
are based on scenario results from Autonomie, with all vehicle platforms evaluated using standard
Environmental Protection Agency (EPA) regulatory drive cycles, Urban Dynamometer Driving Schedules
(UDDS), and Highway Federal Emissions Tests (HWFET). The accurate Society for Automotive
Engineers International (SAE) procedures for electrified vehicles (HEVs, PHEVs, and BEVs) are
performed accordingly. Autonomie modeling reflects vehicle performance improvements in line with
DOE VTO-HFTO targets for advanced vehicles. A range of future vehicle cost estimates from low to
high are developed based on a range of technological progress (more optimistic and less optimistic). The
base vehicle platform costs are based on the more optimistic progression in technology.

2.4. FUEL MODELING APPROACH

The fuels evaluated in this study are similar, but not identical, to those used in the 2016 study. They
include conventional gasoline and diesel; NG-based fuels; biofuels, including ethanol, pyrolysis fuels, and
various biodiesel fuels; hydrogen for FCEVs; and electricity produced from various pathways for BEVs
and PHEVs. Specifically, feedstocks and fuel production pathways include:

Corn and corn stover for E85

Fast pyrolysis forest residue for renewable gasoline and diesel

GTL FTD for diesel with and without CCS

CNG and renewable NG (from landfill)

Soybeans (soy oil to FAME)

Electrolysis—NG reforming with CCS and woody biomass gasification—for hydrogen
E-fuels for gasoline and diesel

Electricity for PHEVs and BEVs (as described below)

A complete list of fuel pathways considered is presented in Table 1. Overall, fuel pathways selected are
considered to be scalable, which we define as capable of meeting 10% of fleet demand.

5 Combined 43/57 UDDS-HWFET EPA two-cycle (adjusted) fuel economy. Note that the baseline ICEV uses a
turbo-charged powertrain system.
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As with the vehicle modeling, fuels investigated in this study are assessed based on publicly available
data and models, and assumptions made by the authors. For transportation fuels currently at large-scale
production levels (gasoline, diesel, CNG, corn-based ethanol (E85), and electricity) current and future
fuel cost estimates come from the EIA AEO 2021(EIA 2021a). The CURRENT TECHNOLOGY case
assumes the AEO 2021 average electricity grid mix for all pathways. For the FUTURE TECHNOLOGY case,
production of electricity for electric vehicles and hydrogen for FCEVs is based on Annual Energy
Outlook 2021estimates of the levelized cost of electricity from new generation resources. For electricity
to BEVs and PHEVs, this includes estimates for solar and wind electricity that include a “Green
Premium”, and electricity from ACC generation with and without CCS, which utilizes AEO 2021 and a
modified analysis from EIA (EIA 2015). Electricity for the other FUTURE TECHNOLOGY case pathways is
based on the AEO 2021 projected average grid mix for 2035.

For the remaining fuels (hydrogen, advanced biofuels, e-fuels), this study bases its cost assessment on
publicly available data and models. The hydrogen fuel pathways and several of the bio-derived fuel
pathways are evaluated using a variety of techno-economic analysis (TEA) models developed by DOE
and its national laboratories. These TEA models use a discounted cash flow, rate-of-return analysis
methodology to return a minimum cost of producing, delivering, and dispensing hydrogen and liquid
biofuels, accounting for capital, feedstock, and operating and maintenance costs as a function of feedstock
composition, operation conditions, and process conversion efficiency. In most instances, rather than
relying on published costs for these fuels, we use publicly available TEA models to generate fuel costs
using a standard set of assumptions chosen specifically for this study. This approach ensures that fuel
evaluations are consistent across fuel pathways. Common parameters for TEA models include internal
rate of return (IRR), finance rate, (facility) depreciation rate, overall (federal and state) tax rate, and
feedstock price inputs. Finally, some of the biofuels (pyrolysis and ethanol from corn stover) are
evaluated using external models and reports, which are described in greater detail in Section 5.

Details on the data sources and models for each of the fuel pathways are found in Sections 4 and 5.
Table 4 provides an overview of the data and models used in this study.

Table 4. Overview of vehicle and fuel cost models and data sources

Vehicle Data Fuel Data Source
Technology Source Gasoline \ E85 \ Diesel \ CNG Electricity
EIA AEO (and TEA models for FUTURE
ICEV
DOE vehicle TECHNOLOGY pathways)
.~ HEV. | costing
.~ PHEV_ | analysis EIA AEO
BEV (Autonomie)
FCEV

2.5. REFERENCES FOR SECTION 2
EIA, 2021a. Annual Energy Outlook 2021 with Projections to 2050. U.S. Energy Information
Administration. https://www.eia.gov/outlooks/aeo/pdf/AEO Narrative 2021.pdf.

EIA, 2015. Levelized Cost and Levelized Avoided Cost of New Generation Resources in the Annual
Energy Outlook 2015, U.S. Energy Information Administration.
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3. VEHICLE-FUEL PATHWAY SELECTION AND VEHICLE
TECHNOLOGIES

This analysis considers the coupling of multiple vehicle-fuel pathways with different vehicle technologies
to estimate their associated costs and GHG emissions. This study does not investigate the technology
readiness levels of either the vehicle technologies or the fuel pathways.

3.1. VEHICLE-FUEL PATHWAYS

A wide spectrum of LDV powertrains (conventional ICEVs, HEVs, PHEVs, BEVs, and FCEVs) and
fuels (petroleum, CNG, ethanol, hydrogen, and electricity) for both midsize sedans and small SUVs are
considered. Our primary intent is to understand energy use and emissions ranges for each vehicle-fuel
combination and allow for comparisons across these combinations. In all cases, vehicles are presumed to
be optimized for the fuel on which they operate. Table 2 shows the 12 vehicle-fuel combinations that are
analyzed for each vehicle type.

Vehicles are assumed to be identical in size, shape, weight, capability, and performance within their
respective vehicle class (except for changes to the powertrain) to ensure that the analysis results only
reflect differences in fuel pathways and vehicle operation, rather than confounding factors. A consistent
parameter set is chosen to compare a broad spectrum of powertrain types and fuel options. The baseline
vehicle (“gasoline ICEV”) is a typical midsize sedan or small SUV operating on conventional gasoline
(E10) with a conventional Sl turbocharged engine.

The fuel pathways considered are limited to those that, in the opinion of the authors, could plausibly meet
the demand of approximately 10% of the U.S. LDV fleet. The fuel pathways (Table 1) are chosen to span
the range of current mainstream offerings to low-carbon fuel cases in the future. The generation of
electric power from wind and solar PV is assumed to be zero-carbon in the baseline scenario, meaning
that this analysis may underrepresent GHG emissions by not accounting for those associated with
infrastructure construction. This is methodologically consistent with other electricity generating assets in
this analysis, but a recent system review of the literature indicates that the GHG emissions associated with
wind and solar infrastructure have a median value of 13 g CO.e/kWh and 43 g CO.e/kWh, respectively
(National Renewable Energy Laboratory 2021). A detailed description of vehicle technologies and fuel
pathways is given in the following sections.

3.2. DESCRIPTION OF SELECTED VEHICLE TECHNOLOGIES

CURRENT TECHNOLOGY (MY 2020) technologies are estimated based on recent state-of-the-art
technology lab demonstrations. FUTURE TECHNOLOGY (MY 2030-2035) estimates consider a range of
possible technology pathways and explicitly recognize uncertainty (low being business-as-usual, high
being DOE VTO-HFTO goals) in technological progress, as discussed in Section 6. It is important to
emphasize that Autonomie models generic vehicles that employ particular technologies, rather than
specific makes and models. Variability in the market is not reflected, by design; this uniform approach
allows us to compare across technologies without confounding effects. Further details on the methods and
assumptions used in the Autonomie model to derive the generic vehicles are available in Islam et al.
(2021).

This analysis includes four types of plug-in vehicles: BEVs with ranges of 200 mi (BEV200), 300 mi
(BEV300), and 400 mi (BEV400), and PHEVs with a CD range of 50 mi (PHEV50). These vehicles are
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taken from Islam et al. (2021). There is no universally accepted naming system for PHEVSs, and this can
often lead to confusion. Care needs to be taken in the interpretation of the battery and/or CD driving
ranges indicated by the numbers following “BEV” and “PHEV.” These values can refer to ranges
measured on EPA Corporate Average Fuel Economy combined regulatory drive cycles of UDDS and
HWFET, adjusted for real-world driving. Furthermore, they refer to ranges measured at the vehicle
battery energy beginning-of-life (BOL). In this report, we refer to estimates of real-world ranges, which
are most relevant to customers. By reflecting higher speed, more aggressive driving, and the use of
accessories (e.g., air conditioning) that are not accounted for in the EPA regulatory drive cycles, the real-
world fuel economy achieved by modern vehicles is typically less than that measured in the EPA
regulatory drive cycles. This gap generally increases with the efficiency of the vehicle (use of accessories
such as air conditioning has a larger relative impact) and for highly efficient vehicles, such as electric
vehicles, the real-world fuel economy, and hence driving range, can be 30% less than that measured using
EPA regulatory drive cycles and procedures.

To avoid complications with estimates of battery deterioration over the vehicle lifespan, and for
consistency with the marketplace, we quote BOL ranges. In the Autonomie report, BOL is used for all
BEVs and PHEVs (Islam et al. 2021).

The breakdown of total miles driven on gasoline and electricity for the PHEV50 is calculated using the
fleet utility factor coefficients in SAE (Society for Automotive Engineers International 2010). The
calculated value is approximately 30% for gasoline and 70% for electricity and is assumed to be constant
over the lifetime of the vehicle.

Vehicle fuel economies and component sizes are calculated by Autonomie using a consistent set of
vehicle performance criteria across vehicle-fuel combinations. Each vehicle is presumed to be optimized
for the fuel on which it operates. Inputs to Autonomie are based on vehicle manufacturer’s information
and Argonne assumptions. Vehicles modeled in Autonomie meet the following criteria: (1) vehicle
acceleration from 0 to 60 mph in 8 s (0.1 s), (2) gradeability of 6% at 65 mph at gross vehicle weight
(GVW), and (3) maximum vehicle speed >100 mph.

Since all vehicle powertrains considered in this analysis are already commercially available, vehicle
technology is not seen as a limiting factor for the overall technology readiness of any vehicle-fuel
pathway considered. However, it should be noted that the relatively high incremental cost of electric-drive
and fuel cell technologies (PHEV50, BEV200, BEV300, BEV400, and H2 FCEV) may still pose a market
barrier in the near term.

3.3. REFERENCES FOR SECTION 3

Islam, E. S., Vijayagopal, R., Kim, N., Moawad, A., Dupont, B., Nieto Prada, D., & Rousseau, A., 2021.
A Detailed Vehicle Modeling & Simulation Study Quantifying Energy Consumption and Cost
Reduction of Advanced Vehicle Technologies Through 2050 (ANL/ESD-21/10). Argonne National
Laboratory.

National Renewable Energy Laboratory, 2021. Life Cycle Greenhouse Gas Emissions from Electricity
Generation: Update. United States. https://www.osti.gov/servlets/purl/1820320.

Society for Automotive Engineers International, 2010. Utility Factor Definitions for Plug-In Hybrid
Electric Vehicles Using Travel Survey Data. http://standards.sae.org/j2841 201009/.

15


https://www.osti.gov/servlets/purl/1820320
http://standards.sae.org/j2841_201009/

4. FUEL PATHWAYS: GHG ASSUMPTIONS AND DATA
SOURCES

4.1. PETROLEUM PATHWAYS

The life cycle of petroleum fuels begins with petroleum recovery in oil fields and ends with fuel
combustion in vehicles. The key stages in the WTW pathway of petroleum fuels are: (1) petroleum
recovery in oil fields, (2) petroleum refining, and (3) fuel use in vehicles. In addition to recovery and
production-related activities, all transportation-related activities involved in moving goods from one
location to another (e.g., crude oil from oil fields to petroleum refineries and fuel from refineries to
refueling sites) are included. Infrastructure-related activities (e.g., construction of drilling rigs and
petroleum refineries) have much smaller GHG emissions contributions compared to WTW GHG
emissions per unit of fuel produced, and thus are not the focus of this study. Figure 2 shows the LCA
system boundary and key stages and activities associated with the petroleum fuel pathway.
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Figure 2. Key stages and activities of the petroleum fuels pathway (showing gasoline as an example) (figure
originally appeared in Elgowainy, et al. 2016)

The petroleum recovery stage includes oil extraction and pretreatment. In some fields, associated gas is a
byproduct of crude oil recovery that contains significant amounts of methane (CH4), which is a potent
GHG with a global warming potential 30 times that of CO, (assuming a 100-year time horizon) (Myhre et
al. 2013). While the calculated energy efficiency for petroleum recovery does not account for the energy
in the portion of gas flared or vented because it is not an intended energy product, the emissions
associated with gas flaring and venting are taken into account in GREET life cycle emissions models.

In 2020, for the first time since 1949, the U.S. became a net petroleum exporter with domestic petroleum
production and consumption averaging 18.4 and 18.1 million barrels per day, respectively (EIA 2021a).
U.S. petroleum consumption, production, imports, exports, and net imports is covered in Table 3.1 (EIA
2021a). Argonne annually updates the regional shares of U.S. crude oil supply based on the AEQ. In
GREET 2020, the U.S. domestic crude oil production shares were updated based on the AEO projection
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(E1A 2021a), while the crude oil import shares from Canada, Mexico, the Middle East, Latin America,
and Africa were estimated using company-level import data (EIA 2020b). Further details on domestic
shale oil production shares and the split between Canadian conventional crude and Canadian oil sands are
provided in the Summary of Expansions and Updates in GREET® 2020 (Wang et al. 2020a).

4.1.1. Crude Production

Crude oil resources around the world vary significantly in quality and production methods, resulting in
significant variation in GHG emission intensities associated with crude recovery (Masnadi et al. 2018).
The average petroleum recovery efficiency in GREET is 98% based on estimates provided by Brinkman
et al. (2005). The energy efficiencies of extraction and upgrading of bitumen from oil sands via surface
mining and in situ production are estimated by Argonne based on a detailed characterization of the energy
intensities of 27 oil sands projects, representing industrial practices from 2008 to 2012 (Englander and
Brandt 2014). Four major oil sands production pathways are examined, including bitumen and synthetic
crude oil (SCO) production from both surface mining and in situ projects. These four pathways are
surface mining SCO (M+SCOQ), in situ bitumen (IS+B), surface mining bitumen (M+B), and in situ SCO
(1IS+SCO). They are considered separately to evaluate the impact of differences in oil sands production
technologies and types of products on energy and emission intensities. Table 5 shows the energy
consumption intensity for these four pathways, along with that for conventional crude (Cai et al. 2014).

Table 5. Energy intensities (MJ/MJ) of extraction and separation, upgrading, and crude
transportation for the four oil sands pathways, compared to those of the U.S. conventional
crudes pathway (Cai et al. 2014)

Conventional
Activity M+B | M+SCO | IS+B | IS+SCO Crude

Bitumen extraction and 0080 | 0080 | 020 | 020 0.020
separation

Cyclic steam stimulation

(47%) - - 0.23 0.23 -

Steam-assisted gravity

drainage (53%) - - 0.17 0.17 -
Bitumen upgrading — 0.23 0.20 —
Crude transportation 0.026 0.018 0.026 0.018 0.015

4.1.2. GHG Emissions in Oil Fields

Methane associated with crude oil production may be used as fuel on site, separated and captured for sale,
reinjected into the formation, converted to CO; in a flare, or vented directly to the atmosphere. Vented,
flaring, and fugitive (VFF) GHG emissions associated with crude oil production are based on 2018 GHG
Emission Inventory (EPA 2018), with details provided in Ou and Cai (2018). Table 6 shows the VFF CH4
and CO, emission factors from U.S. crude oil production in g/MMBtu of crude.
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Table 6. VFF CH4 and CO2 emission factors from U.S. crude oil
production (g/MMBtu of crude)

CHg4 CO;
VFF emission 80 1083

4.1.3. Crude Refining

Energy consumption by the refining industry in 2012 represented approximately 10% of the total

energy supplied to U.S. refineries, with about 90% of the energy retained in the final refined products
(EIA 2013). Elgowainy et al. used a linear programming model to conduct an in-depth analysis of

43 large U.S. refineries, each with a refining capacity greater than 100,000 bbl/day. Although the

43 refineries represent only 31% of the total 139 operating refineries in the U.S., they represent 70% of
the total U.S. refining capacity and span a wide range of crude sources and qualities, product slates, and
refinery complexities in different Petroleum Administration for Defense District regions (Elgowainy et al.
2014). Refinery energy inputs and their derivatives propagate through successive process units to produce
intermediate products and, eventually, the final products. Thus, each stream’s energy through a process
unit carries certain energy and emissions burdens associated with the overall refinery inputs. By
estimating the production energy intensity of all streams and aggregating them for the different streams
that make various final product pools (e.g., gasoline pool, distillate pool), they estimated the product-
specific efficiencies for each product pool. The methodology for distributing the overall refinery energy
use and emissions among various refinery products to calculate each product-specific energy and GHG
emission intensities is described in Elgowainy et al. (2014). Table 7 shows the details of process fuel use
per unit fuel produced for major refinery fuel products based on Elgowainy et al. (2014). Depending on
the crude slate fed to U.S. refineries each year, these energy intensities are adjusted in GREET based on
average crude quality (i.e., American Petroleum Institute (API) gravity and sulfur content).

The energy use and emissions associated with each transportation mode for conventional crude and oil
sands products to U.S. refineries, and the transportation and distribution of refined products to refueling
stations are provided in Dunn et al. (2013). Vehicle fuel use and the associated GHG emissions are
determined by the vehicle fuel economy (see Section 6).

Table 7. Refinery process fuel use for major fuel products (kJprocess fuet/MJtuel product)

Process Fuel Gasoline Diesel LPG (Propane)

NG - SMR 8.81 17.2 8.49
Purchased | NG — combustion 54.1 35.1 36.1
fuels Electricity 4.01 3.24 2.98

H: 6.33 13.0 7.10
Internally | Fuel gas combustion@ 38.5 22.9 25.1
?ngiuwd Catalytic coke combustion 225 8.74 28.2

& Fuel gas is combined with NG in GREET and defined as “still gas.”

4.2. NG PATHWAYS

The life cycle of NG for use in CNG vehicles begins with gas recovery in fields and ends with fuel
combustion in vehicles. The key stages in the WTW pathway of CNG are: (1) recovery and gathering in
gas fields, (2) processing, (3) transmission and distribution, and (4) fuel use in vehicles. Infrastructure-
related activities (e.g., construction of drilling rigs, pipelines, and processing plants) are not included in

18



this study. Figure 3 shows the WTW system boundary and key stages and activities associated with the
CNG pathway.

Shale Gas
Conventional Gas

Pipeline

Hydrofrac
Zone

NG Production

Compression

End Use and Refueling

Figure 3. Key stages and activities of the CNG pathway (figure originally appeared in
Elgowainy, et al. 2016)

In gas fields, NG is extracted from underground and transmitted to processing plants via gathering
pipelines. At processing plants, NG liquids and impurities are removed from the wet gas to produce
pipeline-quality gas. The gas recovery stage includes the extraction of gas from underground and its
transportation to processing plants. During this stage, fugitive CH, is emitted to the atmosphere. The gas
processing stage includes cleaning the raw gas to meet specifications of transmission pipelines. Based on
published data and previous inputs from energy companies, the energy efficiencies for both gas recovery
and processing are assumed to be 97.2%, accounting for feedstock losses in the energy efficiency
calculation (Brinkman et al. 2005), which translates to 97.5% and 97.4% for gas recovery and processing,
respectively, if losses are not counted in the denominator of the energy efficiency calculations.

Burnham used CH. emissions data from the EPA 2020 GHG inventory (EPA 2020) to estimate the life
cycle GHG emission impacts of various stages and activities of the NG pathway (2020). Several studies
demonstrated shortcomings in the EPA CH,4 inventory, which has discrepancies with atmospheric
measurements (top-down approach) of CH4 emissions from gas fields. However, the EPA inventory
remains the best publicly available data source for emissions from specific activities.

Table 8 summarizes CH, fugitive emissions for both shale and conventional gas in GREET based on the
EPA inventory (2020). Table 9 shows the corresponding CH4 leakage rate based on NG throughput by
stage (Burnham 2020).
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Table 8. Summary of CH4 emission factors by activity in GREET 2020
(g CH4/MMBtu NG) (Burnham 2020)

Conventional

Sector Process Shale Gas Gas
Completion 4.82 0.530
Production Workover 0.974 0.007
Liquid unloading 5.03 5.034

Well equipment 71.9 71.9

Processing | Processing 5.2 5.2
Transmission | Transmission and storage 38.7 38.7
Distribution | Distribution (station pathway) 16.7 16.7
Total 143.3 138.1

Table 9. CH4 leakage rate based on NG throughput by stage (%)

Stage Shale Gas (2020) Conv. Gas (2020)
Gas field 0.40% 0.37%
Completion/workover 0.03% 0.0%
Unloading 0.02% 0.02%
Other sources 0.35% 0.35%
Processing 0.03% 0.03%
Transmission 0.19% 0.19%
Distribution 0.08% 0.08%
Total 0.70% 0.67%

4.3. BIOFUELS PATHWAYS

GREET examines the production of biofuels from a variety of feedstock sources, including corn,
cellulosic ethanol via fermentation of sugar in starch and cellulose, bio-gasoline via fast pyrolysis of
cellulosic biomass, and the production of biodiesel or FAME from soybeans. The life cycle of biofuels
includes multiple elements, such as fertilizer production, farming, and conversion of feedstock to biofuel,
all of which consume fossil energy and produce GHG emissions. According to DOE’s BillionTon Report
(2016), the total potential annual non-food, sustainable biomass resources available in the US by 2040 for
energy products and co-products is at least 1 billion dry tons. Assuming a fuel production yield of

80 gal/dry ton, the annual potential capacity for annual biofuel production is in the order of 80 billion gal.

4.3.1. Corn Ethanol
Figure 4 shows the system boundary of the bio-ethanol pathway in the GREET model. Corn farming and

ethanol production are the two major, direct GHG emission sources in the corn ethanol pathway. In the
farming stage, N2O emissions from the nitrification and denitrification of nitrogen fertilizer in cornfields
is a major GHG emissions source. NG use for fertilizer production and fossil fuel use by farming
machinery are also significant GHG emission sources. In corn ethanol plants, GHG emissions result from
the use of fossil fuels, primarily NG. GREET takes into account GHG emissions from NG production and
distribution to fertilizer and ethanol plants.
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Figure 4. Bio-ethanol pathway activities in GREET

In GREET 2020, ethanol yield with and without corn extraction is assumed to be 2.93 and 2.95 gal/bushel
in dry mill plants, respectively, based on extrapolation from previous data (Wang et al. 2012). Distillers’
grains and solubles (DGS) are a valuable coproduct from corn dry milling ethanol plants. GREET
allocates the ethanol plant energy use and emissions to ethanol (main product) and uses the displacement
(substitution) method to calculate credits of the DGS coproduct, assuming that it displaces animal feed
(corn, soybean meal, and urea). Approximately 80% of dry mill plants coproduce corn oil at an average
production rate of 0.188 Ib/gal of ethanol (Wang et al. 2014). Table 10 shows the assumptions for key
parameters in GREET for corn-based ethanol (Wang et al. 2012; Wang et al. 2014; Liu et al. 2021).

4.3.2. Corn Ethanol Stover

Corn stover, an agriculture residue of growing corn, can be used as a cellulosic feedstock for biofuels
production. The yield of corn stover in cornfields is consistent with corn grain yield on a dry matter basis.
A corn grain yield of 10 tonnes (with 15% moisture content) per hectare results in a corresponding corn
stover yield of about 8.5 tonnes (dry) (Wang et al. 2012). Several studies concluded that about /3% of
corn stover can be sustainably removed (i.e., without causing erosion or deterioration of the soil quality;
(Sheehan et al. 2008; DOE 2014; Wang et al. 2012). Stover removal results in the removal of N, P, and
K nutrients, thus the nutrients lost with stover removal are typically replenished with synthetic fertilizers.
The replacement rates are estimated by Han et al. (2011) based on data for nutrients contained in
harvested corn stover. We account for the N,O emissions associated with the use of supplemental N
fertilizer. We also account for energy used for corn stover collection and transportation to the ethanol
plant (see Table 11 for key parameters of corn stover pathways in GREET 2020).
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Table 10. Assumptions for the corn ethanol production pathway used in GREET 2020

Parameter Value
Corn farming: per bushel of corn (except as noted)
Energy use for corn farming 6,588 Btu
N fertilizer application 364 g
P2Os fertilizer application 133¢g
KO fertilizer application 139¢
Limestone application 1,228 g
N in N2O as % of N in of N fertilizer and biomass 1.225%
Corn ethanol production (dry mill plants)
Share of dry mill plants with oil extraction 80%
Ethanol plant energy use (with oil extraction) 26,400 Btu/gal of ethanol
DGS yield (with oil extraction) 5.36 Ib/gal of ethanol
Corn oil yield (with oil extraction) 0.19 Ib/gal of ethanol
Enzyme and yeast assumptions
Enzyme use 0.001 ton/dry ton of corn
Yeast use 0.00036 ton/dry ton of corn

Table 11. Assumptions for the corn stover ethanol production pathway

Parameter Value Source
Corn stover collection per dry ton of biomass
Energy use for collection 195,500 Btu Wang et al. (2014)
Supplemental N fertilizer 7,000 g Wang et al. (2014)
Supplemental P fertilizer 2,000 g Wang et al. (2014)
Supplemental K fertilizer 12,000 g Wang et al. (2014)
Cellulosic ethanol production per dry ton of biomass (except as noted)
Ethanol yield 79 gal Elgowainy et al. (2020)
Electricity yield 142 kWh Elgowainy et al. (2020)
Enzyme use 10 g/kg of dry substrate Dunn et al. (2012a)
Yeast use 2.49 g/kg of dry substrate Wang et al. (2012)

In cellulosic ethanol plants, feedstocks go through pretreatment with enzymes that break cellulose and
hemicellulose into simple sugars for fermentation. The lignin portion of cellulosic feedstocks is assumed
to be combusted to generate steam and power using a combined heat and power (CHP) generator. The
CHP generator provides process heat and power, while surplus electricity is assumed to be exported to the
grid.

4.3.3. Soybeans to FAME

The soybean-based biofuels pathway consists of soybean farming, fertilizer production, transportation and
crushing for oil extraction, soy oil transesterification to produce FAME, and biofuel transportation for use
in vehicles (see Figure 5). The yield of intermediate products, such as soy oil and soybean meal, are
employed to estimate the energy and emissions burden of the product (i.e., FAME).
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Figure 5. Soybean pathway to produce FAME

The key parameters for soybean farming, soy oil extraction, and vegetable oil transesterification processes

Fertilizer Soy Farming, Harvesting, Bio Oil Extraction Biodiesel FAME
Production & Transportation & Transportation Production T&D
Meal Glycerin

associated with the soybean biodiesel pathway in GREET 2020 are documented in Chen et al. (2018).
Table 12 and Table 13 summarize the key parameters for FAME production processes.

For the FAME pathway, oil extraction and processing are two key life cycle stages that contribute to
energy use and GHG emissions. Qil yield is important and depends on the lipid content of the oil seeds.
The lipid content of soybean (21% by mass) is low, since a large amount of soy meal (79% by mass) is
coproduced. Soy meal is valuable animal feed and produces large GHG emission credits. Soybean
crushing and soy oil transesterification assumptions are provided in Chen et al. (2018).

Table 12. Assumptions of energy use, fertilizer use, and N20 emissions for

soybean farming

Soybean (per bushel)

Farming energy use: Btu 18,433
Fertilizer use

Grams of N 48.1

Grams of P05 186.7

Grams of K;0 299.1

Grams of CaCO; 0.0
N2O emissions from N fixation: grams N,O 7.3
N2O emissions: N in N,O as % of N in N fertilizer 1.325%
N0 emissions: N in N,O as % of N in biomass 1.225%

Table 13. Soybean crushing and soy oil transesterification assumptions

Parameter

Value

Soybean crushing for soy oil
production

1.01 Ib oil/lb FAME

Energy input

3,073 Btu/lb soy oil

Oil extraction

Oil yield

0.215 Ib oil/lb dry soybeans

Soy meal yield

3.63 dry Ib/lb oil

Soy oil transesterification for FAME production

Energy input

1,516 Btu/lb FAME

Yield of FAME

1.038 Ib /1b oil

Glycerin coproduct yield

0.091 Ib/lb FAME

23




The treatment of coproducts (such as meal and glycerin) can have a significant impact on the WTW
results (Wang et al. 2011). Commonly applied coproduct handling methods for fuel production processes
are the energy allocation method and the displacement method (also known as the substitution or system
expansion method). In the energy allocation method, energy and emissions burdens are allocated to each
coproduct based on the energy content in each product stream. However, the energy allocation method
may not provide meaningful results when the characteristics of the various coproducts and their
applications are distinct (e.g., co-producing meal and fuel). In contrast, the displacement method burdens
all energy and emissions to the main product while crediting all energy and emissions associated with the
displaced products. Therefore, the displacement method requires that emissions associated with an
alternative production pathway be well-defined for the coproducts being displaced.

The allocation boundary for coproduct handling methods is another important issue for oil-based biofuels
because coproducts are produced in two stages: oil extraction and FAME production. The oil extraction
stage produces meal along with the extracted oil and the FAME production process coproduces glycerin
along with FAME. A system-level approach aggregates the two stages into one, thus combining all
energy/chemical inputs and coproducts into a single process. In this method, vegetable oil is considered to
be an intermediate (internal product), thus the uncertainty of its properties (such as heating or market
values) does not affect WTW results. Alternatively, in a process-level approach, energy/chemical inputs
and coproducts for each stage are treated separately (Han et al. 2013). The impacts of the different
allocation methods and system boundary selection are discussed in detail in Wang et al. (2011). GREET
uses the process-level approach.

4.3.4. Land Use Change from Biofuel Production

Large-scale biofuels production directly influences domestic land use, which may directly or indirectly
induce global land-use change (LUC). LUC and other indirect effects of biofuel-related agriculture carry
inherently high uncertainties related to supply and demand. These effects are usually estimated using
global economic models, such as the Global Trade Analysis Project (GTAP) developed at Purdue
University (Taheripour and Tyner 2013). When land is converted to produce feedstock for biofuel,
aboveground and belowground (or soil) carbon content often changes. The changes in aboveground
biomass are of particular importance when considering the conversion of land to or from forests. Soil
organic carbon (SOC) content may also decrease or increase depending on the nature of the crop, soil
type, weather, and prior land use. We estimate domestic and international LUC GHG emission impacts
for use in GREET by developing the Carbon Calculator for Land Use Change from Biofuels Production
(CCLUB) emissions model (Dunn et al. 2014a). In CCLUB, we combine the LUC data generated by
GTAP and carbon stocks of land types from three sources. First, aboveground carbon stock data for
forests comes from the Carbon Online Estimator developed by the U.S. Department of Agriculture and
the National Council for Air and Stream Improvement (Van Deusen and Heath 2013; Dunn et al. 2014a).
SOC changes for the relevant land transitions are estimated with a parameterized version of the process-
based CENTURY model (Kwon et al. 2013). The international carbon emission factors for various land
types are based on Winrock data for international carbon stock (Dunn et al. 2014a).

The timescale of SOC changes warrants some discussion. SOC for most mature land types is in
equilibrium with adjacent carbon stocks (atmospheric, marine, etc.). Conversion of land may cause the
SOC equilibrium to change. A negative change from the SOC equilibrium position results in carbon
release into the atmosphere until a new equilibrium is reached. The time to reach an SOC equilibrium
depends on many factors but is likely to occur within several decades up to 100 years (Wang et al. 2012).
A near-term approach (two or three decades) emphasizes near-term events that are more certain.
Alternatively, some LCA standards advocate for a 100-year time horizon for the LCA of any product
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(British Standards Institution 2011). When long time horizons are adopted, future emissions may be
discounted, although the methodology for these discounts can vary. Qin et al. (2015) showed that, after
most transitions, SOC returns to equilibrium within 20-30 years. CCLUB assumes a 30-year period for
both soil carbon modeling and amortizing total LUC GHG emissions over the biofuel production volume
during the same period (Dunn et al. 2014a). This approach aligns with the EPA LCA methodology for the
renewable fuel standard (Regulation of Fuel and Fuel Additives 2010).

For this analysis, GREET 2020 and Kwon et al. (2020) (i.e., CCLUB) are used to calculate LUC GHG
emissions associated with corn and corn stover ethanol production, which includes the impacts of land
management change (LMC) on SOC changes when corn stover is harvested as cellulosic ethanol
feedstock. Similar to LUC, SOC modeling employs CCLUB to estimate LMC-driven SOC changes
associated with U.S. corn grain and cellulosic feedstock production (Qin et al 2015, 2018).

In the 2020 version of CCLUB, the LUC estimates were updated with a weighted average based on
county-level corn harvested areas as the U.S. national emission factor, resulting in 7.4 and -0.6 g
CO,e/MJ for corn and corn stover ethanol, respectively. For soy biodiesel production, CCLUB estimates
9.3 g CO2e/MJ (GREET?2020; Kwon et al. 2020). However, CCLUB does not include LUC GHG
modeling for HRD production, hence it is not included in this analysis.

4.3.5. Pyrolysis of Cellulosic Biomass

The renewable liquid hydrocarbon fuels produced from ex-situ catalytic fast pyrolysis (CFP) are included
in this study as a drop-in replacement for conventional fuels used in internal combustion engines. A joint
national lab team developed a design case for a conversion process that uses a blend of logging residues
and clean pine as the feedstocks. The design case is a major improvement in terms of biofuel yield and
energy efficiency over the fast pyrolysis case in the previous C2G study (Elgowainy et al. 2016), where
significant hydrogen is needed to deoxygenate, stabilize, and upgrade the pyrolysis oil. Details of the
environmental LCA and techno-economics of the CFP design case are provided in Cai et al. (2020) and
Dutta et al. (2015 and 2020) and summarized in Table 14.

Table 14. Assumptions about the production of CFP-based liquid fuels from forest residue blend

CFP of Forest Residue Blend

Farming / Collection Energy 139,910
Use (Btu/dry ton)
Plant Energy Use 45,000 (Btu/gge™)
Fuel Product Yield (gg(S%i'r?/Gton)
3.54 kWh electricity/gge
Co-products 1.1 Ib/gge (Methyl Ethyl Ketone +Acetone)
Land Use Change (LUC) None

* gge=gallon of gasoline equivalent

4.4. ELECTRO FUEL PATHWAYS: FISCHER-TROPSCH FUEL PRODUCTION FROM

HYDROGEN AND CO2
E-fuels are synthetic hydrocarbon fuels (e.g., Fischer-Tropsch fuels) produced by utilizing waste CO;
streams, with electricity as the primary source of energy, for replacing or blending with their fossil
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counterparts. Electrolysis and synthesis are key technologies for e-fuels production, in which water is split
via electrolysis into oxygen (O.) and hydrogen (Hz), which then reacts with the CO; to form
hydrocarbons. There is an abundant supply of high-purity CO; in the U.S., with around 44 million metric
tons produced in ethanol plants each year. In this study, we select high-purity CO- as the carbon source
for e-fuel production to avoid the cost and energy consumptions for CO- capture from flue gas.

Hydrogen is an energy carrier proposed for energy storage to enable higher penetration of renewables in
the power sector, and to decarbonize the transportation and industrial sectors through clean and efficient
use of its chemical energy. In particular, e-fuels provide the opportunity to decarbonize transportation
applications that may be difficult to electrify through battery electric or fuel cell technologies

(e.g., aviation, marine, and rail), while also overcoming the near-term need for building new H»
distribution infrastructure.

Fischer-Tropsch (FT) fuel is compatible with conventional transportation fuels (e.g., for diesel and jet
engine applications), and thus can be used for both on-road and off-road applications. FT fuel can be
synthesized by using the reverse water-gas shift reaction followed by the FT synthesis process, with
syngas (a mixture of CO and H) as an intermediate. Zang et al. simulate the FT production process from
H> and corn ethanol byproduct CO; using Aspen Plus (2021a). The process is modeled for a capacity of
350 tonne/day, utilizing pure CO; supplied at a rate of 2,390 tonne/day by a corn ethanol plant, while also
receiving hydrogen produced via water electrolysis using solar or wind energy and transported to FT
plant.

The energy inputs and efficiencies of the stand-alone FT fuel production process, with and without H;
recycling, are shown in Table 16. The energy inputs are H, and electricity (for process power needs), and
the system energy outputs are FT liquid fuels (a mixture of naphtha, jet fuel, and diesel).

Table 15. Aspen Plus simulation results, input,
and output energy in units of GJ/hr (LHV) for
the FT fuel production process

Energy type GJ/hr
H ener 1,112
Input ’ . gy
Electricity 13
Naphtha 168
Output
P Jet fuel 302
Diesel 177
FT fuel production efficiency? 57.5%

& The FT fuel production efficiency is defined as the
ratio of total fuel energy output (i.e., the energy
summation of naphtha 26%, jet fuel 47%, and
diesel 27%) to the total energy input

The WTW GHG emissions of the FT fuel production process using GREET for the CO, and H; sources
considered is 9 g CO.e/MJ when using a nuclear electricity pathway, whereas it is 4 g CO.e/MJ when
using a renewable electricity pathway.
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4.5. HYDROGEN PATHWAYS

Hydrogen is an energy carrier that can be produced from various feedstocks and converted into electricity
with high efficiency in fuel cells to power electric motors for vehicle propulsion. Although H, FCEVs
emit no GHG or pollutants from the tailpipe, the production of hydrogen, such as from NG via SMR or
from grid electricity via electrolysis, can result in emissions upstream of the FCEVs. Furthermore, the
low molecular weight of hydrogen requires significant compression and/or cooling to increase its
volumetric energy density for transportation, distribution, onboard storage, and refueling (Figure 6). The
compression and conditioning of hydrogen requires electricity use, which may generate emissions at the
power plant depending on the energy source. These emissions are accounted for in the WTT stage of the
fuel cycle. The hydrogen analysis (H2A) models for H, production (DOE 2015), developed by the
National Renewable Energy Laboratory (NREL), and the Hydrogen Delivery Scenario Analysis Model
(HDSAM), developed by Argonne, are used for the pathways considered in this study for FCEVs
(Elgowainy et al. 2015). The H production models focus on the production processes after biomass, NG,
or electricity are delivered to H, production plants. The delivery model includes the compression of H, for
transmission and distribution, and the subsequent compression for vehicle refueling. Data for these
processes are incorporated into the GREET 2020 model to evaluate WTW GHG emissions of various H»
production and delivery pathways. An NREL report suggested that ample domestic, low-carbon energy
resources are available in terms of technical production potential and the proximity of adequate resources
to future hydrogen demand centers (Connelly et al. 2020).
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Figure 6. Hydrogen production and delivery pathways

45.1. SMR of NG

In SMR, the most common H; production process today, high-temperature steam (700-1,000°C) is used
to produce H; from NG. In the first stage of the process, methane reacts with steam in an endothermic
reaction at 325 bar pressure in the presence of a catalyst to produce H, CO, and a relatively small
amount of CO». Subsequently, the CO and steam are reacted by using a catalyst to produce CO, and more
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H,. Carbon dioxide and other impurities are typically removed from the gas stream by using pressure
swing adsorption, leaving essentially pure Ho.

Hydrogen production via the NG SMR pathway in GREET 2020 is based on a recent study by Sun et al.
(2019). Sun et al. (2019) investigated U.S. stand-alone SMR facilities and reported criteria air pollutant
and GHG emissions per unit of hydrogen produced, using SMR facility emission data reported in the
National Emissions Inventory and the Greenhouse Gas Reporting Program databases, respectively. The
study summarized CO- emissions from combustion and chemical conversion processes. The reported
median CO;emission normalized for SMR hydrogen production was 9 kg CO/kg H,. The SMR energy
efficiency was calculated based on a report from the industrial gas supplier Praxair (Bonaquist 2010)
which provided CO; emissions for each operation step at a large central hydrogen production plant
producing ~ 240 metric ton/day. Bonaquist (2010) reported that about 6.4 1b steam was exported per 1b of
hydrogen, and that about 290 ton/day CO, was emitted from NG combustion for steam export, but the
thermodynamic state of exported steam was not reported. Thus, we traced the reported CO, emissions for
steam export to NG and assumed a 90% boiler efficiency to estimate the amount of steam coproduct at
145,000 btu per mmBtu of produced hydrogen.

The SMR efficiency calculated by Bonaquist (2010) was 72% (LHV based), which is consistent with the
efficiency calculated by the H2A H, production model. The H; production efficiency and coproducts in
GREET 2020 for the NG SMR pathway is provided in Table 16. The SMR with CCS case is based on
H2A H; production model version 3.0 (DOE 2015). The energy for CCS from the H2A model is

357 kWh/ton of carbon.

Table 16. Energy efficiency of hydrogen production via SMR

Production Efficiency
(LHYV basis) Steam Byproduct Fueling Electric Energy Use*

145,000 3 (kWh/kgn2) for compression to
(Btu/mmBtuH2) 950 (bar) and precooling to -40°C

* GHG emissions associated with electricity use for fueling of FCEV is based on US grid average generation mix

NG SMR 72%

4.5.2. Water Electrolysis

Hydrogen can be produced via the electrolysis of water. However, the electrolysis process requires a
significant amount of electricity, which exceeds the energy in the produced hydrogen. The production
efficiency of H; via low-temperature electrolysis using polymeric exchange membrane is 66.8% based on
the H2A model (Elgowainy et al. 2013). The GHG emissions intensity of hydrogen production via water
electrolysis depends mainly on the carbon intensity of the electricity. The desire to minimize GHG
emissions associated with H, production via electrolysis requires electricity to be generated from clean
sources. Wind power has entered the mainstream utility market because currently available government
incentives make it competitive with conventional alternatives. Without a major breakthrough or shift in
incentives, wind is likely to remain the lowest-cost source of renewable electricity for H, production. This
study also evaluates hydrogen production via high-temperature electrolysis using nuclear power and
steam in solid oxide electrolysis cell, using a conversion factor of 14.2 MWh of H; per gram of U-235 in
GREET 2020.

4.5.3. Hydrogen Delivery (Transmission, Distribution, and Refueling)
Today and in the near future, assuming on low FCEV adoption, H, transmission and distribution to
refueling stations will likely be via trucking, while long-term, high-volume transportation economics
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should favor H; pipeline transmission and distribution. GREET assumes that production plants generate
H. at a pressure of 300 psi (20 bar).

For pipeline delivery, it is assumed that the hydrogen pressure is increased to 1,200 psi, similar to current
H and NG transmission pipeline pressures, with a compressor to overcome frictional and other losses in
the pipeline network. The pipeline transmission and distribution distance is assumed to be 100 miles. For
vehicle refueling, the onboard storage pressure is 10,000 psi (700 bar) at standard temperature. The
compressor usually produces pressures that are at least 1.25 times those of storage pressures to account
for higher back pressures as the vehicle onboard storage temperature rises due to heat of compression.
GREET assumes that the refueling station compressor pressurizes hydrogen from 300 psi to 14,000 psi,
resulting in a pressure ratio of 47. The compressor energy per unit mass of H; is calculated using
Equation (1):

)
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where:
Z is the mean compressibility factor;
R is the gas constant for hydrogen, in kg—K;
T is the inlet gas temperature, in K;
n is the number of compression stages;
7 is the isentropic efficiency of compression;
k is the ratio of specific heats;
P, t1e¢ is the compressor discharge pressure, in bar or psi; and
P;p1et 1S the compressor inlet pressure, in bar or psi.

For large compression ratios, such as those for vehicle refueling, compression is assumed to occur in
stages, with intercooling of H, between stages to keep the compression discharge temperature below a
practical limit. The compression pressure ratio per stage is assumed to be 2.1 for H,. The compression
energy equation assumes that the intercooler outlet temperature is equal to the ambient temperature,
assumed to be 70°F. The isentropic efficiency for station compressors is assumed to be 65%.
Additionally, the efficiency of the electric motor driving the refueling compressor is estimated at 92%.
The resulting H refueling compression and precooling electric energy consumption is estimated at

3 kWhlkg.

While Hz is not a greenhouse gas, it can impact global warming by competing with CH4 for the OH-
radical in the atmosphere. Literature reports show preliminary estimates for indirect global warming
potential (GWP) over 100 years of H; in the range of 3-20. Future versions of GREET will incorporate
GWP for H; to assess the potential impact of H, leakage throughout the supply chain. However, that is
not included in this present analysis.

4.6. GAsS To LIQuID PATHWAYS

The FT synthesis process produces diesel-like hydrocarbon fuel (i.e., FTD) from syngas. Since syngas is
produced from NG using SMR, this pathway is called gas-to-liquid (GTL). The properties of FTD are
similar to those of conventional petroleum diesel. A LCA of FTD shows that CCS is needed to achieve
significant WTW GHG emissions reductions compared to petroleum diesel. Goellner et al. (2013)
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conducted a detailed study of GTL FTD production. Based on that study, and using default GREET
inputs (e.g., heating values), we calculate a thermal efficiency for GTL production of 61.5% (LHV based)
and an overall efficiency of 62.4%, when accounting for exported electricity (4.16 kWh/MMBtu of GTL).
In the case with CCS, we deduct the electricity required for compression of CO; (for injection into a
geologic storage) from the exported electricity. The compression energy for CO; is calculated using
Equation (1) for compression and assuming that CO- is compressed from 15 psi to 2,175 psi (supercritical
state), with a pressure ratio of 1.7 per stage. The compression isentropic efficiency is assumed at 80% and
the electric motor efficiency at 95%. The CO, capture ratio (ratio of captured CO; to produced CO>) can
reach 91% (Xie et al. 2011). GREET assumes a 90% CO; capture ratio to calculate a CCS electricity
consumption of 335 kWh/ton of carbon captured.

4.7. ELECTRICITY PATHWAYS

Total electricity generation in the U.S. has historically increased but remained relatively stable over the
past two decades. However, the recent trend of fuels consumed for electricity generation show increased
shares of NG and renewable power generation, and a reduced share of coal power generation.
Furthermore, recently installed power generation technologies (e.g., NG ACC) have improved energy
efficiencies and reduced environmental impacts. Ou and Cai analyze generation unit-level data for
thermal performance and emissions of electric generating units (EGUSs) (2020). GREET estimates unit-
level CO; emissions using the carbon balance method based on the quantity and carbon content of the fuel
consumed by each EGU. The carbon content of the fuels is based on U.S. Geological Survey (USGS) data
(U.S. Geological Survey 2006), as documented by Cai et al. (2012).

The electricity generation mix used in this study represents the aggregate average generation from all U.S.
EGUs. The generation technology shares averaged at the national level for each fuel type are summarized
in Table 17 for the years 2020 and 2035 for use in this analysis (GREET 2020, which uses AEO 2020).
Generation technology shares are determined by the ratio of the amount of electricity generated by each
technology to the total electricity generation. Table 18 The LHV-based energy efficiencies and generation
technology shares (for each fuel type) of thermal EGUs. The electricity transmission and distribution
losses are assumed to be 4.9% (Ou and Cai, 2020).

Table 17. U.S. average generation mix in 2020 and 2035 (%)

Fuel 2020 2035
Residual oil 0.4 0.2
NG 36.8 36.0
Coal 22.8 17.1
Nuclear power 20.3 15.0
Biomass 0.3 0.3
Other renewables 194 314
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Table 18. Energy efficiencies and generation technology shares of thermal EGUs (%)

Generation Share of Generation
Fuel Combustion Technology Efficiency Technology by Fuel
Steam cycle 345 100
Coal Integr_ated gasification 39.0 0
combined cycle
Steam cycle 33.8 7.1
NG Combustion turbine 32.9 8.8
ACC 51.6 83.1
Internal combustion engine 41.0 1.0
Steam cycle 32.6 76.6
Oil Combustion turbine 26.9 13.5
Internal combustion engine 34.9 9.9
Biomass | Steam cycle 21.7 100

4.8. CHANGES TO DEFAULT ESTIMATES FROM GREET2020
The following changes were made to the public release of GREET 2020 for this study.

E-fuels GHG emissions factors: The life cycle GHG emissions for e-fuels were derived from Zang et al.
(2021a). That analysis determined that GHG emissions for e-fuels from the nuclear pathway were

9 g CO.e/MJ, whereas it was 4 g CO.e/MJ for the renewable pathway. Those values are used in this
study.

GHG emissions factors for pyrolysis, E85 from corn, and E85 from corn stover: The life cycle GHG
emissions for gasoline from forest residue pyrolysis, E85 from corn, and E85 from stover were discussed
in Section 4.3 and derive from Elgowainy et al. (2020). The resultant GHG emissions associated with
pyrolysis gasoline, E85 from corn, and E85 from corn stover are 50.1 g CO2e/MJ, 12.4 g CO.e/MJ, and
16.2 g CO2e/MJ, respectively.

GREET employs time-series tables for many of the key parameters to reflect changes in market shares
and technologies over time (e.g., electricity generation mix and electricity generation efficiency). As such,
many of the parameters listed above may slightly change with the year selected for simulation in GREET.
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5. FUEL PATHWAYS: COST ASSUMPTIONS AND DATA
SOURCES

The cost analysis of the various fuel pathways in this study builds from approaches established in the
2016 C2G report (Elgowainy et al. 2016). Below we provide an updated description of cost assumptions
and data sources to reflect changes made in the current analysis. As in the 2016 study, this cost analysis is
developed from several sources of publicly available data and models: (1) the EIA 2021 AEO

(EIA 20214a), (2) external cost assessments, and (3) publicly available alternative fuel costing models run
using a consistent set of parameters developed by the C2G study group.

5.1. APPROACH, ASSUMPTIONS, AND SUMMARY OF FUEL COSTS

The fuel cost analysis uses a variety of models and external sources to determine the cost of dispensed
fuel to final consumers (not at the production-plant gate), less federal and state fuel taxes, reported on a
$/gge (gasoline gallon equivalent) basis in 2020$.° Fuel costs are developed for both the CURRENT
TECHNOLOGY and FUTURE TECHNOLOGY cases (MY2020 and MY2030-2035, respectively). For
hydrogen, which is still at low volumes today as a retail fuel, a CURRENT TECHNOLOGY, Low VOLUME of
hydrogen cost is also estimated.

In general, fuel cost data are taken from the 2021 AEO (EIA 2021a), if available, and from various TEA
models developed by DOE to assess the cost of alternative and renewable fuels for fuel not included in
AEOQ. Costs in AEO 2021 account for feedstock costs, capital costs, operating cost, and return on capital
commensurate with risk factors (EIA 2021c). Where possible, TEA models are revised by the C2G team
to use a consistent set of assumptions and financial parameters (see Table 19).

The remainder of this section provides details on how cost modeling is conducted for the fuel pathways
investigated in this study, as well as the resulting fuel cost estimates for these pathways. An overview of
the key assumptions, data sources, and cost results is provided in Table 20 and Figure 7. The resulting
fuel costs are used in Section 9 as inputs to the LCD assessments.

Table 19. Common assumptions used in fuel cost modeling

Metric Assumption

IRR 10%
Dollar value year 2020
Finance rate All equity
[Facility] depreciation rate 20-year Modified Accelerated Cost Recovery System
Inflation rate N/A (analysis in real dollars)
Overall tax rate 38.9%
Analysis period (facility life) 40 (30-70) years
[Internal] electricity scenario AEQ 2021 (average U.S. grid mix and new generation sources)
[Internal] NG AEQ 2021

; $100+ per short ton (CURRENT TECH
Biomass feedstock(s) $80 |c?er short ton ((FUTURE TECH) )
Assumed scale/volume At/above optimal scale except where noted

& Gasoline gallon equivalent (gge) is a measure based on energy content. In this study, gge is defined as 112,194
Btu of energy on an LHV basis, based on a mix of 90% gasoline blendstock and 10% (denatured) ethanol on a
volume basis.
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Table 20. Fuel cost assumptions (2020$/gge)2

CURRENT FUTURE TECH
Fuel / Feedstock TECH (low/base/high) Notes
. $/barrel to EIA AEO 2021 average price to refinery (Low Oil
Crude oil refinery 40 42/81/156 case, Reference case, High Oil case)
Petroleum 1.69 1.56/2.37/3.7 SEO 2021 (Low Oil case, Reference case, High
il case), taxes removed
Dutta, A. et al. (2021); costs reported in 2020%
Pyrolysis 3.60 (converted from 2016$ basis in the reference),
Gasoline distribution and dispensing costs added
E-fuels (nuclear) 519 Ejli;?j(;\cljvainy et al. (2020), distribution and delivery
E-fuels 5.19 Elgowainy et al. (2020), distribution and delivery
(renewable) ) added
AEO 2021 (Low Oil case, Reference case, High
Petroleum 1.67 1.65/2.47/3.85 Oil case), taxes removed
Dutta, A. et al. (2021); costs reported in 2020$
Pyrolysis 3.60 (converted from 2016$ basis in the reference),
Diesel distribution and dispensing costs added
E-fuels (nuclear) 519 aIiljf]}lz\c/jvainy et al. (2020), distribution and delivery
E-fuels 519 Elgowainy et al. (2020) distribution and delivery
(renewable) ) added
Alternative Fuels Data Center for CURRENT
TECHNOLOGY with taxes removed, AEO 2021 for
CNG 157 1.8/1.44/1.49 | FUTURE TECHNOLOGY (Low Qil case, Reference
case, High Oil case), compression cost included,
CNG
taxes removed
Renewable Gasper and Searchinger (2018), compression, and
natural gas 185 distribution and delivery added
(RNG)
AEO 2021 (Low Oil case, Reference case, High
E85 (corn) 2.08 2.04/3.06/4.76 Oil case), taxes removed
Ethanol Tao, L., etal. (2014); updated costs to 2016$ and
E85 (corn stover) 383 updated feed§tocks costs, onstream factor, 80
' gal/dry ton biomass ethanol yield and tax rate;
distribution and dispensing costs added
ﬁ‘i’;rage grid 4.01 4.10 AEO 2021 (average U.S. grid mix)
NG ACC w/CCS - 4.04 EIA 2015, EIA 2020
Electricity | wind ] 476 AEO 2021 (average grid mix, 4.11 $/gge) + 2
(with storage) ' c/kWh for integration of intermittent renewables
Solar PV i 476 AEO 2021 (average grid mix, 4.11 $/gge) + 2
(with storage) ) c/kWh for integration of intermittent renewables
7.30 (HIGH-
NG SMR VoL) /11.80 - H2A + HDSAM
(Low-VoL)
NG SMR w/CCS 4.00 Based on DOE HFTO Target of $1.00/kg H.
Hydrogen | LOW-Temp
Electrolysis 4.00 Based on DOE HFTO Target of $1.00/kg H.
Wind/Solar PV
High-Temp
Electrolysis 4.00 Based on DOE HFTO Target of $1.00/kg
Nuclear

@ The central value is the base case for this study when multiple costs are listed, and low/high values are used for sensitivity
analyses. For AEO 2021-sourced data, the base case corresponds to the AEO 2021 reference case value for 2020.
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Figure 7. Summary of fuel cost results

5.2. TRANSPORTATION FUEL COST ESTIMATES FROM AEO 2021

Fuel costs for conventional gasoline, conventional diesel, ethanol (E85) from corn (starch), and CNG are
based on AEO 2021. Specifically, the AEO 2021 reference case “Energy Prices by Sector and Source”
data are used to provide base case fuel costs in the C2G study for the CURRENT TECHNOLOGY (2020) and
FUTURE TECHNOLOGY (2030-2035) cases. For the FUTURE TECHNOLOGY cases, AEO 2035 projections
are used. High and low fuel costs for the FUTURE TECHNOLOGY case are based on the AEO 2021 “High

Oil Price” and “Low Oil Price” cases, respectively, and are used for sensitivity analysis in Sections 9.3
and 10.4.

AEO 2021 cost data are provided in 2020$, with fuel costs provided in $MMBtu. AEO cost estimates
also include fuel taxes. To obtain fuel prices in $/gge excluding taxes (basis for this study), AEO fuel
prices were revised as follows:

e Prices are converted from $/MMBtu to $/gge based on a LHV Btu/gge conversion factor.

e Federal Tax, State Tax, and Energy Tax/Allowance Fee cost components from AEO 2021 are
removed. (This differs slightly from the approach of the 2016 report, in which only Federal Tax
and State Tax were removed.)

As AEO 2021 costs represent the cost for fuel delivered to consumers, no additional costs for distribution
and dispensing are included.
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5.3. PYROLYSIS FUELS

This section includes projections for both gasoline and diesel fuels from pyrolysis pathways for the
FUTURE TECHNOLOGY, HIGH VOLUME case. The benchmark pathway used as a reference point for the
cost projection assumes a catalytic pyrolysis derived-intermediate is finished at a petroleum refinery via
coprocessing with fossil-derived hydrocarbons in a hydrotreater. Pyrolysis fuel costs are based on Dutta et
al. (2021), which includes projections based on the scale-up of 2020-21 bench-scale experimental
performance in a modeled conceptual process with 2000 dry tons/day of woody biomass throughput. The
projected base case cost of production (without dispensing and distribution added) was $3.24/GGE in
20203 (reported as $2.83/GGE in 2016$ in Dutta et al. 2021). This fuel pricing for the FUTURE
TECHNOLOGY, HIGH VOLUME case of $3.24/GGE is based on model assumptions for a scaled-up mature
or n" plant design, with financial assumptions consistent with analyses performed under DOE Bioenergy
Technologies Office (BETO) and detailed in Dutta et al. Note that the assumed GGE LHV basis for Dutta
et al. was 116,090 Btu/gal, while the basis in this study is for blended gasoline used in the market
(112194 Btu/gal). Thus, the cost is adjusted to $3.13/GGE in 2020$.

The $3.13/GGE projection is a plant-gate cost; this C2G study includes an additional cost for distribution
and dispensing. The distribution and dispensing cost is based on a 2013 International Energy Agency
(IEA) study on the production costs of alternative fuels (Cazzola et al. 2013). The IEA study provides
transport and storage and dispensing costs for a variety of alternative transportation fuels, with estimates
for a low oil price case (US$60/bbl) and a high oil price case (US$150/bbl). We use the average of these
cost estimates for the distribution and dispensing cost. For biomass pyrolysis fuels, the distribution cost is
$0.47/GGE in 2020$. Together with the plant-gate production cost, this yields a dispensed cost of
pyrolysis-derived gasoline or diesel of $3.60/GGE in 2020$.

Note that the modeled costs for pyrolysis gasoline and pyrolysis diesel are the same, though the estimated
costs of conventional gasoline and conventional diesel, which are based on AEO 2021 data, differ. While
AEOQO modeling of conventional gasoline and diesel costs take into consideration both supply and demand,
the models for pyrolysis products did not consider product slates or market forces. Therefore, pyrolysis
gasoline and pyrolysis diesel were assumed to have equal costs on an energy (lower heating value) basis.

5.4. ETHANOL FUELS FROM CORN STOVER

An ethanol (E85) from corn stover pathway is included as part of the Future Technology case analysis’.
We assume that the E85 pathway is actually 83% neat ethanol (100% ethanol) mixed with 17% gasoline
blendstock, by volume, based on the high end of the ASTM D5798 range (ASTM 2015). To develop
ethanol costs, we rely on publicly available DOE-supported R&D, design cases, and economic
evaluations (Humbird et al. 2011; Tao et al. 2014). Model parameters were revised to reflect consistent
C2G financial assumptions, described in Section 5.1. In addition to these financial parameters, data from
a variety of public sources were used to develop key input parameters to the TEA model, including
feedstock cost, feedstock yield, capital investment, capacity utilization, and a project contingency factor
for the ethanol facility construction.

For the corn stover E85 cost estimation, feedstock costs were assumed to be $84.45/dry short ton (in
2016$), which is consistent with the assumptions used in BETO (DOE 2019). Facility capacity utilization
(on-stream factor) was assumed to be 90%, consistent with BETO-supported hydrocarbon pathways

7 The CURRENT and FUTURE TECHNOLOGY cases consider E85 from corn ethanol using costs from AEO 2021, as
noted in Section 5.2.
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design cases (Davis 2013), as well as USDA reporting on the capacity utilization of starch-based ethanol
plants (USDA 2015).

Using these assumptions, coupled with those detailed in Section 4.3.2, results in a neat ethanol cost of
$2.52 per gallon of ethanol (Tao 2014). This is then converted to the GGE basis for this study, resulting in
a cost of $3.70/GGE for neat ethanol. But does not include costs associated with distribution and delivery,
thus those costs are adapted from Cazzola et al. (2013) as noted in Section 5.3 ($0.47/GGE) and added to
the neat ethanol cost to yield a total of $4.17/GGE. This neat ethanol is blended at 83% by volume with
17% gasoline to result in E85 at a cost of $3.87/GGE 2020$.

5.5. ELECTRICITY

Electricity used as an upstream energy source is assumed to be U.S. grid mix electricity based on AEO
2021 data. Similarly, electricity for electric vehicle charging in the CURRENT TECHNOLOGY case is based
on AEO 2020 residential cost data for the U.S. AEO cost data in $/MMBtu are converted to $/gge using
the conversion factor of 112,194 Btu/gge (32.88 kWh per gge). The resulting 2020 cost of residential
electricity for electric vehicle charging is $4.01/gge.

For the FUTURE TECHNOLOGY case, several advanced and renewable electricity generation pathways are
investigated for charging, electric vehicles.2 Advanced electricity generation pathways include:

e NG ACC with CCS
e Solar PV electricity
e Wind electricity

The cost for NG ACC with CCS is derived from a 2015 EIA study on new generation (EIA 2015) and
then scaled to align with a similar 2021 report by EIA (EIA 2021a). The reason for the scaling was
because the 2021 report only included NG ACC, but not NG ACC with CCS. Thus, the relative
relationship between NG ACC and NG ACC with CCS cost components (levelized capital cost, fixed
operation and maintenance, variable operations and maintenance including fuel, and transmission
investment) from the 2015 study are applied to the NG ACC costs in 2021 to estimate the cost of an NG
ACC with CCS. This generation cost is then combined with transmission and distribution costs, as
specified in AEO (EIA 2021a). For solar and wind, while levelized costs at the source (solar PV array or
wind turbine) are often lower than typical wholesale rates, the intermittency of these sources imposes a
cost burden onto the distribution system as a whole. To account for this burden, which will include load
management and energy storage, an additional $0.02/kWh was added to the AEO2021 2035 projected
residential electricity cost. The additional cost was based on the research team’s internal analysis of EIA
AEO 2020 generation mix cases and levelized cost of electricity (EIA 2020a).

Infrastructure costs associated with residential charging (e.g., charging infrastructure, or electric vehicle
supply equipment (EVSE), equipment and installation costs) are not included in these electricity costs,
but have been added as an up-front cost. However, that cost is not combined with the vehicle cost when
presenting the cost of the vehicle. The assumed residential charging cost was $1,836 per BEV, and half of
that—$918—for PHEV based on Borlaug et al. (2020). We do not include non-residential EVSE costs in
this analysis.

8 This section describes the cost of electricity as a transportation fuel on a $/gge basis. While BEVs will use only
electricity as a fuel, PHEVs will use both electricity and gasoline, based on an assumed utility factor. This
specialized case of fuel costing for PHEVs is covered in Section 9 as part of the LCD analysis.
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Table 21. AEO 2021 electricity price inputs and BEV fuel costs for the CURRENT TECHNOLOGY and FUTURE

TECHNOLOGY cases?@

Final Electric
Generation | Distribution Green Price to Vehicle
Cost and Markup | Premium® | Consumer | Fuel Cost
Electricity Pathway ($/kWh) ($/kWh) ($/kWh) ($/kWh) ($/9ge)
CURRENT TECHNOLOGY case (2020)
Average AEO 2020 grid mix | 0.068 | 0054 | | 0122 | 401
FUTURE TECHNOLOGY case (2035)
Average AEO 2035 grid mix 0.064 0.061 0.125 4.10
NG ACC with CCS 0.046 0.061 0.016 0.123 4.04
Wind (US mix + green
premium) 0.064 0.061 0.020 0.145 4.76
Solar PV (US mix + green
premium) 0.064 0.061 0.020 0.145 4.76

& Cost data is expressed in 20203.
b Green premium is an add-on cost for CCS (NG ACC) or integration of intermittent renewables (wind/solar)

5.6. E-FUELS

We conduct a detailed TEA to estimate the minimum selling fuel price (MSFP) of FT fuels produced
from carbon dioxide and hydrogen (Zang et al., 2021b). The MSFP of FT fuels strongly depends on the
cost of delivered CO- and H, in addition to the capital cost of the FT plant and other economic and
financial assumptions. The H; price has the largest impact on the MSFP of FT fuel. The H; cost from
water electrolysis depends on three key factors: (1) the electrolyzer price, (2) the electrolyzer capacity
factor, and (3) the electricity price. The CO; price depends mainly on its purity level, scale of production,
and distance from the FT plant. FT fuel production, with a CO; price of $17.3/metric ton (consistent with
a high purity source from corn-ethanol plant), requires a H, cost of $0.8/kg to be cost-competitive with
the pre-tax petroleum diesel price of $3.1/gge. The breakeven H, cost is a function of the FT plant carbon
conversion ratio and energy efficiency (i.e., FT product yield) and the untaxed price of the incumbent
baseline fuel. FT plants with higher yields and energy conversion efficiencies, and untaxed diesel prices
higher than $3.1/gge, allow the breakeven H. cost to be higher than $0.8/kg. When the H, cost is $2/kg
from central water electrolysis (consistent with the H; cost target), the MSFP of the FT fuel mixture is
$5.4/gge.

5.7. HYDROGEN FUEL
This report analyzes life cycle GHG emissions and LCD for various hydrogen pathways assuming current
(2020) technology and fuel pathways, and pathways assumed to be viable by 2035.

To estimate costs in the CURRENT TECHNOLOGY scenario, this analysis uses two publicly available TEA
models developed for DOE to estimate the levelized cost of hydrogen production, delivery, and
dispensing: H2A Production Models (DOE H2A Production Analysis, 2015) and the HDSAM
(Elgowainy et al. 2015). H2A is a set of models that use discounted cash flow analysis to estimate the
levelized cost of hydrogen production. Levelized cost estimates are based on financial inputs, technology
parameters, and operational parameters, such as the price of energy feedstock, the capital cost of
technology, process efficiency, capacity utilization, and operations and maintenance costs. Similarly,
HDSAM is a discounted cash flow model that evaluates the levelized cost of hydrogen delivery and
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dispensing in a wide range of scenarios, based on parameters such as delivery mode, station capacity,
manufacturing volume, equipment efficiency, system utilization rate, and operating and maintenance
costs.

The C2G analysis evaluates two CURRENT TECHNOLOGY and three FUTURE TECHNOLOGY cases for
hydrogen technology pathways, described in the bulleted list below. In the CURRENT TECHNOLOGY cases,
hydrogen delivery is assumed to occur via gaseous tube trailer, and hydrogen dispensing is assumed to
occur using 300 kg/day stations. In the FUTURE TECHNOLOGY cases, the cost of hydrogen fuel
(production, delivery, and dispensing) is assumed to be $4/kg, consistent with the DOE target. Emissions
analysis of the FUTURE TECHNOLOGY cases is conducted assuming that hydrogen is supplied to stations
via pipelines, and that stations dispense hydrogen at 700 bar. In both CURRENT TECHNOLOGY and
FUTURE TECHNOLOGY cases, the emissions profile of electricity supplied to hydrogen fueling stations is
assumed to represent 2020 and 2035 grid mixes in the EIA’s 2021 AEO (2021a).

e CURRENT TECHNOLOGY cases (2020):
o  Centralized hydrogen production via SMR, assuming current manufacturing volumes
(i.e., mature market for SMR, low-volume manufacturing for delivery and dispensing)
o Centralized hydrogen production via SMR, assuming high-volume manufacturing for all
production, delivery, and dispensing technologies
e FUTURE TECHNOLOGY cases (2035):
o  Centralized hydrogen production via SMR with CCS, assuming high-volume manufacturing
for all production, delivery, and dispensing technologies
o  Centralized low-temperature electrolysis using wind/solar electricity, assuming high-volume
manufacturing for all production, delivery, and dispensing technologies
o Centralized high-temperature electrolysis using nuclear energy, assuming high-volume
manufacturing for all production, delivery, and dispensing technologies

The costs of hydrogen production, delivery, and dispensing assumed in the CURRENT TECHNOLOGY and
FUTURE TECHNOLOGY cases are summarized in Table 22 below.

Table 22. Hydrogen pathway costs for the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases (2020%)

Production Delivery and Total Dispensed
Hydrogen Pathway Cost ($/gge) | Dispensing Cost ($/gge) | H2 Cost ($/gge)
CURRENT TECHNOLOGY case (2020)
SMR (NG SMR) 1.15 6.15 7.30
SMR Low-VOLUME case 1.15 10.65 11.80
FUTURE TECHNOLOGY case (2035)
Low-temp. electrolysis (wind/solar) - - 4.00
High-temp. electrolysis (nuclear) - - 4.00
NG SMR with CCS - - 4.00
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6. VEHICLE ENERGY CONSUMPTION AND COST ASSUMPTIONS

6.1. AUTONOMIE SUMMARY

Vehicle fuel consumption and vehicle technology cost are critical inputs to estimate C2G energy use,
GHG emissions, and LCD for each vehicle-fuel combination. To calculate vehicle fuel consumption and
technology costs, an automotive control-system design and simulation tool is needed. This study uses
Autonomie (Argonne National Laboratory, n.d.), a MATLAB®-based software environment and
framework for automotive control-system design, simulation, and analysis. Autonomie, sponsored by the
DOE VTO and developed by Argonne in collaboration with General Motors, is designed for the rapid and
easy integration of models with varying levels of detail (low to high fidelity) and abstraction (from
subsystems to systems and entire architectures), as well as processes (e.g., calibration, validation). It is
designed to serve as a single tool that meets the requirements of automotive engineers throughout the
development process—from modeling to control. Several Autonomie powertrain models across varying
vehicle classes have been validated using Argonne’s Advanced Mobility and Technology Laboratory
vehicle test data (Cao et al. 2007; Kim et al. 2009; Pasquier et al. 2001; Rousseau 2000; Rousseau et al.
2006).

To evaluate the fuel consumption and cost of a given vehicle architecture (ICEV, FCEV, HEV, PHEV,
and BEV), a vehicle model is built based on data for each component in the main Autonomie database.
Vehicle components are sized by internal algorithms to meet the same vehicle technical specification, as
given in Section 6.2. After the vehicle component sizes are determined, the vehicle cost is estimated from
the cost of the components. Finally, fuel consumption is simulated on the UDDS and HWFET cycles. The
assumptions and results used in this report are documented in detail in Islam et al. (2021). A comparison
of vehicle cost and fuel economy of the modeled and commercially available vehicles is presented in
Appendix A: .

Autonomie is designed to assess vehicle technologies for five laboratory timeframes: 2015 (reference),
2020, 2025, 2030, and 2045. Laboratory year is assumed to precede market introduction by 5 years.
Hence, 2015 laboratory technology and cost points are expected to appear in the market in 2020. The
reference laboratory 2015 and 2025 vehicles in Autonomie are selected as CURRENT TECHNOLOGY
(MY2020) and FUTURE TECHNOLOGY (MY2030-2035) vehicles, respectively. For laboratory years 2020
and beyond, uncertainties in both component performance and cost are taken into account by considering
two progress levels for technology performance and cost: low (business-as-usual) and high (DOE VTO-
HFTO goals). Background information on various vehicle attributes and assumptions are specified in
Islam et al. (2021).

For each vehicle considered in Islam et al. (2021), the performance and cost follow an uncertainty
distribution. Assumptions of technological progress affect component costs within the model (but
assumptions of progress in component costs do not affect technological progress). As an example, high
technical progress in lightweighting the glider leads to an increased cost of the glider, reflecting use of
more expensive, lighter-weight materials. The lighter-weight glider can enable substantial powertrain cost
savings for some vehicle technologies (e.g., smaller battery required for BEVSs). For total vehicle costs,
the output of the Autonomie model consists of the appropriate technology progress and cost uncertainty
combination. For this analysis, we use the low and high powertrain technological progress cases for

MY 2020 and beyond. The high powertrain technological progress case corresponds to high technological
progress values for all technologies, except lightweighting. The low technological progress values for
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lightweighting are carried into the high technology powertrain technological progress cases. Detailed
combinations of technological progress and cost cases are outlined in Islam et al. (2021).

Autonomie includes the following vehicle classes, powertrain configurations, and fuel options:

o Five powertrain configurations: ICEV, HEV, PHEV, FCEV, and BEV
e Three fuels for ICEs: gasoline, diesel, and CNG
e Five vehicle classes: compact car, midsize car, small SUV, medium SUV, and pickup truck

Fuel economy results from Autonomie for gasoline, diesel, and CNG vehicles are used in this study. For
HEV, a power-split configuration is used, while a series configuration is used for FCEV and PHEV50.

The PHEV50, BEV200, BEV300, and BEV400 vehicles in this study are taken from, and are identical to,
the vehicles labeled PHEV50, BEV200, BEV300, and BEV400 in the Autonomie model (Islam et al.
2021). For details on the different nomenclature used in the two studies, see Section 3.2.

6.2. VEHICLE COMPONENTS SIZING
Vehicle components are sized through an iterative process to meet the following technical specifications:

e Initial vehicle movement to 60 mph in 8 s 0.1 s,
e Maximum grade of 6% at 65 mph at GVW, and
e Maximum vehicle speed >100 mph

In addition to the vehicle technical specifications, the following rules are applied to electric vehicles:

o For HEVs, the electric-machine and battery powers are determined to capture the regenerative
braking energy during a UDDS cycle. The engine and generator are then sized to meet the
gradeability and performance requirements.

o For PHEV50s, the main electric-machine and battery powers are sized to be able to follow the
aggressive US06 drive cycle (duty cycle with aggressive highway driving) in electric-only mode.
The battery-usable energy is defined to follow the combined UDDS & HWFET cycle electric
range of 50 miles, based on EPA adjustment factors.9

e For H, FCEV300 and 400, the hydrogen storage system is sized to yield a driving range of
300 and 400 miles, respectively, to follow the combined UDDS & HWFET cycles, based on EPA
adjustment factors.

The detailed process of vehicle component sizing and EPA procedures for different powertrains are
specified in detail in Islam et al. (2021).

® A detailed discussion of battery sizing and the corresponding driving range is presented in Section 3.2.
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6.3. FUEL ECONOMY AND ELECTRICITY CONSUMPTION

The primary analysis of this study assumes the high powertrain technology progression pathway for the
FUTURE TECHNOLOGY midsize sedan and small SUV. The low powertrain technology progression
parameters and results are available in Appendix D. Table 23 and Table 24 list the Autonomie projections
of fuel economy and electricity consumption over the UDDS and HWFET driving cycles (and the
corresponding on-road adjusted results). Note that the electricity consumption of plug-in electric vehicles
(BEVs and PHEVS) is from battery to wheels, excluding the battery charging efficiency. A battery
charging efficiency (85% for CURRENT TECHNOLOGY and 88% for FUTURE TECHNOLOGY) is applied to
calculate charging electricity consumption. Laboratory fuel economy testing is conducted under much
milder conditions than “real-world” driving, with a maximum speed of 60 mph, mild climate conditions
(75°F), mild acceleration rates, and no use of fuel-consuming accessories, such as air conditioning. To
reflect the actual “on-road” fuel and electricity consumption that occurs during “real-world” driving, we
apply mpg-based formulas developed by the EPA to estimate on-road fuel economy based on a five-cycle
testing method from laboratory test results (EPA 2015), as shown below.

On-road city fuel economy = 1/(0.004091+1.1601/ UDDS fuel economy)
On-road highway fuel economy = 1/(0.003191+1.2945/ HWFET fuel economy)

Note that the regression lines for these mpg-based formulas are based on test data for vehicles, the vast
majority of which are gasoline ICEVs. Thus, the validity of extrapolating the mpg-based formulas to
vehicles that offer much higher fuel economy (e.g., FCEVs and BEVS) is questionable. In this study, the
adjustment factor is capped at 0.7, following the method described by Elgowainy et al. (2010) and
Stephens et al. (2013), and used by the EPA (EPA 2015).

PHEVs have two operating modes: CD and CS modes. During the CD mode, the vehicle uses electricity
stored into its battery from previous charging at a wall outlet until the state-of-charge is depleted to a
predetermined level. For the EREV (PHEV50), the CD mode is all-electric. When the state-of-charge
reaches a predetermined level, the vehicle switches to the CS mode, where it operates like a regular HEV.

Because there are two sources of energy and two driving modes, on-road adjustments for PHEVs are
more uncertain than those for conventional vehicles. We follow the same procedure of on-road
adjustment for PHEVs as Elgowainy et al. (2010) and Stephens et al. (2013) and EPA 2015. For the
PHEV50, the fuel economy in the CS mode is adjusted using the EPA mpg-based formulas, with the
adjustment factor capped at 0.7 because the mode of operation is similar to that of a regular HEV. For the
CD mode of the PHEV50, we adjust fuel and electricity consumption by a factor of 0.7 since the on-road
load is mostly met by battery power, with minor assistance from the engine. A detailed discussion of the
on-road adjustment is provided in Elgowainy et al. (2010) and Stephens et al. (2013).

Note that there is a small difference (~2%) in the gasoline LHVs assumed in the Autonomie

(114,453 Btu/gal) and GREET (112,194 Btu/gal) models. To account for this difference, mpgge results
are multiplied by the ratio of the gasoline LHVs in the GREET and Autonomie models. With this
gasoline property adjustment, the fuel consumption in Btu/mi is consistent between the GREET and
Autonomie models. Finally, the combined fuel economy and electricity consumption values are calculated
as a weighted average of UDDS (43%) and HWFET (57%) results. Note that the EPA applies the

43/57 split with respect to mpg-based fuel economy values, while the 55/45 split is applied for the
(unadjusted) test cycle fuel economy values (EPA 2006). The EPA (2015) assumed the 55% city/45%
highway weighting gradually changed to a 43% city/57% highway weighting in a linear fashion over the
period of 1986 to 2005.
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Table 23. Test cycle (lab) and on-road adjusted fuel economy and electricity consumption for gasoline,
CNG, and diesel ICEVs; gasoline HEVs; H2 FCEVs; and BEVs (units are in the first column)

Test Cycle On-road Adjusted
CURRENT | FUTURE | CURRENT | FUTURE
Vehicle and Test TECH TECH TECH TECH
Gasoline SI Turbo ICEV UDDS 37.1 51.1 28.3 37.3
(mpgge) HWFET 49.6 72.1 34.1 47.3
. UDDS 423 54.6 317 395
Diesel CI ICEV (mpgge) HWEET 54.6 67.2 37.2 44.6
UDDS 334 451 25.8 33.6
CNG SHICEV (mpgge) HWFET 43.9 62.1 30.6 416
. UDDS 72.3 92.1 49.7 59.9
c line SI HEV
£ Gasoline S (mpgge) HWEET 67.4 87.0 447 55.3
A UDDS 86.5 104.1 60.6 72.9
© | Hy FCEV
& | H:FCEV300 (mpgge) HWFET 106.8 1295 74.8 90.7
=)
2 UDDS 84.8 102.2 59.4 715
S
H FCEV400 (mpgge) HWEET 105.8 1285 74.0 89.9
. UDDS 139 120 199 172
BEV200 (Wh/mi) HWEET 171 148 245 212
. UDDS 145 122 207 175
BEV300 (Wh/mi) HWEET 181 154 258 219
. UDDS 169 139 241 199
BEV400 (Wh/mi) HWEET 103 161 276 231
Gasoline SI Turbo ICEV UDDS 33.7 46.3 26.0 34.3
(mpgge) HWFET 42.8 62.1 29.9 41.6
. UDDS 38.7 50.1 20.3 36.7
Diesel CI ICEV (mpgge) HWEET 477 63.6 33.0 425
UDDS 304 40.8 23.7 30.7
CNG SICEV (mpgge) HWEET 38.6 53.6 27.2 36.6
. UDDS 615 79.0 436 53.2
> Gasoline SIHEV (mpgge) HWEET 56.6 72.8 38.4 477
3 UDDS 72.8 88.2 50.9 61.7
E H FCEV300 (mpgge) HWEET 85.9 103.9 60.1 727
& UDDS 713 86.4 49.9 60.5
Hz FCEV400 (mpgge) HWEET 85.1 103.1 59.6 72.2
. UDDS 166 143 237 205
BEV200 (Wh/mi) HWEET 214 186 306 266
. UDDS 173 147 247 209
BEV300 (Wh/mi) HWEET 225 103 321 275
. UDDS 202 166 288 237
BEV400 (Wh/mi) HWEET 240 200 342 286
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Table 24. Autonomie-modeled test cycle and on-road adjusted fuel economy and electricity consumption
for the gasoline PHEV50

Test Cycle On-road Adjusted
CURRENT | FUTURE | CURRENT | FUTURE
Vehicle and Test Mode and Units TECH TECH TECH TECH
UDDS CD electric (Wh/mi) 177 156 253 223
Midsize PHEV50 CS engine (mpgge) 70 95 49 66
EREV i i
( ) HWEET CD elec_trlc (Wh/mi) 205 180 293 257
CS engine (mpgge) 64 83 45 58
UDDS CD electric (Wh/mi) 206 182 295 259
Small SUV PHEV50 CS engine (mpgge) 59 80 42 56
EREV i i
( ) HWEET CD elec_trlc (Wh/mi) 252 221 360 315
CS engine (mpgge) 52 68 36 48

We adopted a harmonic average weighting of 43% city/57% highway fuel economies because it
correlated with the driving activity studies underlying the 5-cycle methodology and mpg-based formula,
as reported by the EPA (2015).

Table 25 summarizes the combined fuel economy and electricity consumption adjusted for on-road
performance. The right two columns express the combined fuel economy as ratios relative to gasoline SI
ICEVs. The CD distance of PHEV50s is calculated from the CD electricity consumption and the usable
battery energy estimated by Autonomie. As mentioned earlier, the mpgge fuel economy ratios for E85
and liquefied petroleum gas (LPG) ICEVs are assumed to be the same as those for gasoline ICEVs.
Figure 8 presents the fuel economy ratios relative to the CURRENT TECHNOLOGY gasoline ICEV case for
each vehicle class.

Note that the CURRENT TECHNOLOGY ICEV fuel economy case is based on a conventional turbocharged
engine efficiency map. Our baseline vehicle is a conventional vehicle with a turbocharged inline four-
cylinder engine with variable valve timing and variable valve lifting, a 6-speed automatic transmission,
and vehicle characteristics averaged over the entire fleet (aerodynamic coefficients, rolling resistance,
glider mass, etc.) for both the midsize sedan and small SUV vehicle classes. Additionally, Appendix A
addresses the comparison of fuel economy and cost of the modeled vehicles from this report with
MY2020 midsize cars and small SUVs sold in the retail market.

The BEV/ICEV fuel economy ratios in the present C2G study are significantly more favorable towards
BEVs than in our previous study. For example, in the present study the CURRENT TECHNOLOGY BEV200
is approximately 4 times more energy efficient than the gasoline ICE (405% in Table 25) while in our
previous study the BEV210 was approximately 3.2 times (324% in Table 36 of Elgowainy et al., 2016)
more efficient than the gasoline ICEV. There are a number of assumptions that were different in the
present Autonomie runs compared to those in 2016 which led to this improvement in the relative
performance of BEVs. These changes included: (i) using a faster 0-60 mph performance time (8 instead
of 9 seconds) which does not affect the energy consumption of BEVs because they already exceed this,
but does affect the conventional vehicles, (ii) updated component weights (electric machine, engine,
batteries, etc.) and glider weight which generally favored BEVs, and (iii) updated component
performance (electric machine, engine, transmission) with the increased efficiency of the electric machine
being significant.
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Table 25. Combined fuel economy and electricity consumption adjusted for on-road performance

Fuel Economy Fuel Economy Ratio
Adjusted for On-road (relative to baseline
Performance® gasoline ICEV) (%)
CURRENT | FUTURE | CURRENT FUTURE
Vehicle, Mode, and Unit TECH TECH TECH TECH
Gasoline SI Turbo ICEV (mpgge) 31 42 100 100
Diesel CI ICEV (mpgge) 34 41 110 100
CNG SI ICEV (mpgge) 28 37 90 89
E85 SI ICEV (mpgge) ° 31 42 100 100
Gasoline SI HEV (mpgge) 46 56 149 135
o H, FCEV300 (mpgge) 67 80 217 193
‘é‘ H, FCEV400 (mpgge) 66 79 213 191
ﬁ BEV200 (mpgge) 124 149 405 358
% BEV300 (mpgge) 118 144 385 348
S [ BEV400 (mpgge) 107 133 349 321
PHEV50 (EREV)
CD electricity consumption (Wh/mi) 276 242
CD fuel consumption (Btu/mi) 2 2
CD distance (mi) 50 50
CS fuel economy (mpgge) 45.6 60.3 149 145
CD fuel economy (mpgge) 119.1 135.5 388 326
Gasoline SI Turbo ICEV (mpgge) 27 37 100 100
Diesel CI ICEV (mpgge) 31 39 111 104
CNG SI ICEV (mpgge) 25 33 91 89
E85 SI ICEV (mpgge) ® 27 37 100 100
Gasoline SI HEV (mpgge) 40 49 144 131
H, FCEV300 (mpgge) 55 66 199 177
= | H2 FCEV400 (mpgge) 54 65 196 175
@ | BEV200 (mpgge) 101 121 368 323
‘=é’ BEV300 (mpgge) 97 117 351 314
» | BEV400 (mpgge) 88 109 319 293
PHEV50 (EREV)
CD electricity consumption (Wh/mi) 332 291
CD fuel consumption (Btu/mi) 2 2
CD distance (mi) 50 50
CS fuel economy (mpgge) 37.9 50.0 138 134
CD fuel economy (mpgge) 98.8 112.7 360 302

Units are given in the first column

Assumed equal to gasoline ICEV. The efficiency of CURRENT TECHNOLOGY and FUTURE TECHNOLOGY vehicles was computed
assuming medium technological progress.
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Figure 8. Vehicle fuel economy (mpgge) relative to a CURRENT TECHNOLOGY gasoline turbo ICEV (per class)
assuming high powertrain technological progress

6.4. VEHICLE WEIGHT AND COMPOSITION

Vehicle weight and composition (i.e., the mix of materials that comprise the bill of materials) are essential
for estimating the energy use and GHG emissions associated with the vehicle manufacturing cycle. We
estimate the masses of vehicle components (glider, engine, fuel cell, transmission, energy storage, motor,
wheels, etc.) using Autonomie. These masses are then used in GREET, which has bill of materials
estimates by component, to determine the associated GHG emissions of the vehicle. Figure 9, Figure 10,
Table 26, and Table 27 summarize the weight of components for the different vehicles. As seen in

Figure 9 and Figure 10, glider mass is the single largest component.

Vehicle weight decreases by 5% - 24% in the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY

cases, depending on the vehicle type for both midsize sedans and small SUVs. As shown in Figure 9 and
Figure 10, different weight reductions are expected for different vehicle powertrains. The weight
reduction for gasoline ICEVs, E85 ICEVs, CNG ICEVs, and diesel ICEVs is 5-8%); the weight reduction
range for HEVs and PHEVs is 7-12%; and FCEVs have a 12% weight reduction. The weights of
BEV200s, BEV300s, and BEV400s decrease by 16%, 20%, and 23-24%, respectively. Overall, weight
reductions can be achieved in the future compared with current technologies, especially for vehicles with
large batteries because the weight reduction in batteries is the most noticeable among the components—
ranging from 23% to 53%. Other components with large weight reductions include the ICEV transmission
(26%), H, FCEV powertrain (23-25%), and glider (9-10%).
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The high-power energy storage of HEVs, FCEVs, BEVs, and PHEVs is assumed to be a Li-ion battery.
The 12-V battery is a lead-acid battery. It is assumed that the Li-ion battery is not replaced during the
vehicle lifetime, while the lead-acid battery is replaced twice. Tires are assumed to be replaced three
times during the vehicle lifetime. All vehicles are assumed to travel 178,102 mi during their lifetime

(NHTSA 2006; Francfort 2015).%°

4,500

m Traction motor and other electric machines/control

CURRENT TECH
FUTURE TECH

[
co
wm
o
m

u Wheels
4,000 Battery_ )
¥ Transmission
M Powertrain
3,500 M Glider
=
£ -
% 3,000
: [ ]
i}
[
@ 2,500
o
a
§
S 2,000
[
o
o
u
wv
& 1,500
|
=
1,000
500
0 —_—
T 3
g
z &
[+ =
(-4 o
) [
Q
GASOLINE]
TURBO
ICEV

CURRENT TECH
FUTURE TECH

[m]
=
(9]

ICEV

CURRENT TECH
FUTURE TECH

CURRENT TECH
FUTURE TECH

GASOLINE
HEV

CURRENT TECH
FUTURE TECH

H2
FCEV300)

Figure 9. Midsize sedan component weight results (Ib)
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Table 26. Sedan weight and composition results

Gasoline
CURRENT Turbo E85 CNG | Diesel | Gasoline H, H,

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV FCEV300 | FCEV400 BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight (Ib) 3,093 3,093 | 3,310 | 3,285 3,234 3,313 3,402 3,303 3,620 4,039 3,635
Weight composition

Glider 75.6% 75.6% | 70.6% | 71.1% 72.3% 70.5% 68.7% 70.8% 64.6% 57.9% 64.3%

Powertrain 13.8% 13.8% | 19.5% | 18.7% 10.6% 18.7% 20.8% 2.7% 2.4% 2.2% 9.2%

Transmission 6.6% 6.6% 6.2% 6.2% 3.7% 0.8% 0.8% 0.8% 0.7% 0.7% 3.9%

Battery 1.3% 1.3% 1.2% 1.3% 2.0% 1.9% 1.8% 17.7% 24.8% 32.6% 12.2%

Traction motor and

other electric 0.0% 0.0% 0.0% 0.0% 8.9% 5.5% 5.4% 5.5% 5.1% 4.6% 8.1%
machines/control

Wheels 2.7% 2.7% 2.5% 2.6% 2.6% 2.5% 2.5% 2.5% 2.3% 2.1% 2.3%

FUTURE Gasoline E85 CNG | Diesel | Gasoline H, H,

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV FCEV300 | FCEV400 BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight 2,918 2,918 | 3,046 | 3,101 2,982 2,920 2,990 2,782 2,914 3,115 3,187
Weight composition

Glider 72.2% 72.2% | 69.2% | 67.9% 70.7% 72.2% 70.5% 75.7% 72.3% 67.7% 66.1%

Powertrain 14.5% 145% | 18.1% | 19.4% 11.2% 16.2% 18.2% 3.2% 3.0% 2.8% 10.2%

ST;;’;TSS'O” 91% | 91% | 87% | 85% | 4.0% 0.9% 0.9% 1.0% 0.9% 0.8% 4.4%

Battery 1.4% 1.4% 1.3% 1.4% 1.6% 1.6% 1.5% 10.6% 14.6% 20.1% 7.4%

Traction motor and

other electric 0.0% 0.0% 0.0% 0.0% 9.7% 6.3% 6.1% 6.5% 6.3% 5.9% 9.2%
machines/control

Wheels 2.9% 2.9% 2.8% 2.7% 2.8% 2.9% 2.8% 3.0% 2.9% 2.7% 2.6%




Table 27. Small SUV weight and composition results

GS

Gasoline
CURRENT Turbo E85 CNG Diesel | Gasoline H. H.

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV FCEV300 | FCEV400 | BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight (Ib) 3,377 3,377 3,608 3,576 3,541 3,703 3,807 3,697 4,065 4,588 4,017
Weight composition

Glider 76.0% 76.0% | 71.2% | 71.8% 72.5% 69.4% 67.5% 69.5% 63.2% 56.0% 63.9%

Powertrain 13.3% 13.3% | 18.9% | 18.0% 10.0% 19.9% 22.0% 2.4% 2.2% 1.9% 8.6%

Transmission 6.9% 6.9% 6.4% 6.5% 4.6% 1.4% 1.4% 1.4% 1.3% 1.2% 4.6%

Battery 1.2% 1.2% 1.1% 1.2% 2.2% 1.9% 1.9% 19.3% 26.5% 34.8% 13.3%

Traction motor

and other electric 0.0% 0.0% 0.0% 0.0% 8.2% 5.1% 4.9% 5.1% 4.7% 4.2% 7.4%
machines/control

Wheels 2.6% 2.6% 2.4% 2.5% 2.5% 2.4% 2.3% 2.4% 2.2% 1.9% 2.2%

FUTURE Gasoline E85 CNG Diesel | Gasoline H. H.

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV FCEV300 | FCEV400 | BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight 3,190 3,190 3,328 3,389 3,276 3,259 3,343 3,100 3,274 3,497 3,519
Weight composition

Glider 73.0% 73.0% | 70.0% | 68.7% 71.1% 71.5% 69.7% 75.1% 71.1% 66.6% 66.2%

Powertrain 13.9% 13.9% | 17.4% | 18.8% 10.6% 16.9% 18.9% 2.8% 2.7% 2.5% 9.5%

ST;;’;TSS'O” 91% | 91% | 87% | 86% | 5.0% 1.6% 1.6% 1.7% 1.6% 1.5% 5.3%

Battery 1.2% 1.2% 1.2% 1.3% 1.8% 1.6% 1.6% 11.6% 16.2% 21.6% 8.1%

Traction motor

and other electric 0.0% 0.0% 0.0% 0.0% 8.9% 5.7% 5.5% 5.9% 5.7% 5.3% 8.4%
machines/control

Wheels 2.8% 2.8% 2.7% 2.6% 2.7% 2.7% 2.6% 2.8% 2.7% 2.5% 2.5%




6.4.1. Advanced Battery Cost Assumptions
Battery costs play a critical role in determining the overall cost-competitiveness of BEVSs. The past

decade has seen a dramatic decline in the costs of high-energy Li-ion batteries (Ziegler and Trancik,
2021). As seen in Figure 11, recent assessments of future BEV battery costs by governmental agencies,
national laboratories, the National Academy of Sciences, academia, consulting firms, and automakers
show this trend is expected to continue in the future. In the present work, we use battery costs from the
recent Autonomie model study at Argonne (Islam et al., 2021). For our CURRENT TECHNOLOGY case
(MY2020), we use a total pack manufacturing cost of $170/kWh in lab year 2015 (Islam et al., 2021). For
our FUTURE TECHNOLOGY case (MY 2030-2035), we use high- and low-technological progress values of
$70/kwWh and $100/kWh, respectively, in lab year 2025 to capture the current uncertainty in future
technology costs. As shown in Figure 11, these values are aligned with targets of the U.S. DRIVE
research partnership and are broadly representative of the range of cost estimates in the literature.
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Figure 11. Battery cost estimates from different organizations: DOE/Argonne
(Islam et al., 2021); Bloomberg New Energy Finance (2020); U.S. DRIVE

(U.S. DRIVE Partnership Plan 2020); Massachusetts Institute of Technology
(Ghandi and Paltsev 2019); EPA/NHTSA (2020); UBS (2017); BCG (Mosquet et
al. 2018), International Council on Clean Transportation (Lutsey and Nicholas
2019); (National Academies of Sciences 2021); Toyota (Hamza et al. 2020);
and Ford (2021). The values are as reported in the different studies and are in
2018-2021 nominal dollars, depending on the source.
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6.4.2. Comparison of Battery Cost Assumptions in the 2016 and 2022 C2G reports

By far the largest and the most consequential change in the input assumptions between our previous study
and current update is in battery costs for BEVs. Over the past 5-10 years there have been dramatic
reductions in the cost of EV batteries, as discussed in Section 6.4.1 and illustrated in Figure 11. Vehicle
cost assumptions in both the previous and present studies were taken from assessments at Argonne using
the Autonomie model (Moawad et al., 2016; Islam et al., 2021), but battery cost projections have changed
significantly over the past five years. For traceability to the original references, we refer to costs below
for the 2016 study in 2013$ and for the current study in 2020$.

As described in detail in our previous report (Elgowainy et al., 2016), Autonomie provides estimates of
total vehicle manufacturing costs at volume based on a summation of component costs and assembly
costs. All vehicle types are modeled using a constant set of performance parameters (acceleration time,
top speed, gradeability, etc.). Technical progress results in lower cost and/or improved fuel efficiency.
Vehicles are modeled in time steps of five years, and for each vehicle type and for each degree of
technical progress, three costs are estimated. This results in a 3x3 matrix for the nine possible
combinations of low, medium, and high progress in technology performance and low, medium, and high
vehicle cost.

The CURRENT TECHNOLOGY case in our previous assessment (Elgowainy et al., 2016) was based on 2010
laboratory year costs reported by Moawad et al. (2016), which were assumed to reflect vehicle MY2015
costs. The 2010 laboratory year manufacturing battery pack cost for the BEV210 was $332.5/kWh

(in 2013%).

The CURRENT TECHNOLOGY case in the present assessment is based on 2015 laboratory year costs
reported by Islam et al. (2021), which are assumed to reflect vehicle MY2020 costs. The 2015 laboratory
year manufacturing battery pack cost for the BEV300 is $170/kWh (in 20208$).

The FUTURE TECHNOLOGY case in our previous assessment (Elgowainy et al., 2016) was based on 2020
laboratory year costs reported by Moawad et al. (2016), which are assumed to reflect vehicle MY2025
costs. Vehicle costs for the FUTURE TECHNOLOGY case were assumed to be the average of low
($308.75/kWh) and high ($161.5/kWh) vehicle cost progress from the Autonomie medium technology
progress case. The average value of $234.5kWh (in 2013$) was assumed for the FUTURE TECHNOLOGY
case for MYs2025-2030.

The FUTURE TECHNOLOGY case in our present assessment is based on 2025 laboratory year costs
reported by Islam et al. (2021), which are assumed to reflect vehicle MY2030 costs. Vehicle costs for the
FUTURE TECHNOLOGY case were taken from the high technology progress case in the Autonomie model
and are assumed for MYs2030-2035. A battery cost of $70/kWh (2020$) is assumed for 2030-2035
model year BEVs (Islam et al., 2021).

Figure 12 shows the battery pack manufacturing costs in the high and low progress cases from
DOE/Argonne used in our previous (Moawad et al., 2016) and present (Islam et al., 2021) studies, with
the values assumed in the FUTURE TECHNOLOGY cases in our previous and current work. The
DOE/Argonne battery costs in 2015 and 2020 of $332.5/kWh (in 2013$) and $170/kWh (in 2020$)
shown in Figure 12 are the values used in the CURRENT TECHNOLOGY cases in the two studies.

Figure 12 shows the dramatic decline in current and expected future battery costs for BEVs. It is hard to
overstate the importance of the improvements in battery costs on the analysis. The most dramatic
illustration is to consider the SUV BEV400 in the present study. For a medium technology progress case
in lab year 2025, this vehicle has a total battery pack of 116 kWh. The difference in FUTURE
TECHNOLOGY cost assumptions, equating for simplicity 2013$ and 2020$, of $164.5/kWh leads to a

57



reduction of approximately $19,000 in manufacturing costs, and hence retail price of about $29,000 for
the future technology SUV BEV400.

== DOE/ANL low progress (2021)in 2020%
—.— DOE/ANL high progress (2021) in 20203
This work "future” high progress in 2020$
400 == == == This work "future” low progress in 2020%
s 2016 C2G "Future”
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Figure 12. Total battery pack manufacturing cost estimates assuming high
(filled symbols) and low (open symbols) progress from DOE/Argonne in 2016
(grey lines, Moawad et al., 2016) and in 2021 (black lines, Islam et al., 2021).
FUTURE TECHNOLOGY case values used in our previous C2G study (Elgowainy et
al, 2016) and in the current work are shown by horizontal lines. The CURRENT
TECHNOLOGY costs used in our previous and current work are shown where the
lines converge.

6.5. VEHICLE COST

Autonomie provides estimates of total vehicle manufacturing costs at volume based on a summation of
component costs and assembly costs (Islam et. al. 2021). All vehicle types are modeled using a constant
set of performance parameters (acceleration time, top speed, gradeability, etc.). Technical progress leads
to a lower cost and/or improved fuel efficiency.

Table 28 shows the retail price equivalents (RPESs) for midsize sedans and small SUVs. The detailed costs
breakdown and assumptions are provided in Islam et al. 2021. In Table 28, the incremental cost is relative
to the conventional gasoline turbo SI ICEV from the CURRENT TECHNOLOGY case. All costs are
multiplied by a factor of 1.5 to equate to a RPE with a 50% markup.
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As noted in the previous section there has been a major decrease in the battery cost assumptions between
our previous report and present assessment. As a result of low battery costs the vehicle costs for the high
progress FUTURE TECHNOLOGY cases for the BEV200 and BEV300 are lower than for the CURRENT
TECHNOLOGY conventional vehicle as shown in Table 28. Interestingly, this is also the case for the HEV
(see Table 28). This reflects the fact that the HEV has a smaller engine than the conventional vehicle and
our assumption that engine and transmission costs will increase driven by higher technology costs to meet
more stringent fuel economy regulations while battery, electric machine, and power electronics costs will
decrease substantially in the high progress case. Additionally, the power split HEV uses a relatively
inexpensive Atkinson engine while the conventional vehicle requires an improved, more expensive,
engine to reach higher vehicle fuel economy.

Table 28. Vehicle costs (2020%) used in this study from the Autonomie model including 50% markups
(Islam et al. 2021)

CURRENT
TECHNOLOGY (2020) FUTURE TECHNOLOGY (2030-2035)
Total
RPE Total
Total Incr. High Incr. | RPE Low

Vehicle Technology RPE RPE Progress RPE Progress | Incr. RPE
Gasoline/E85 | $28,630 - $29,210 $581 $29,920 $1,290
Diesel $33,092 $4,462 $30,940 | $2,311 | $33,426 $4,797

«» | CNG $35,420 $6,790 $32,864 | $4,235 | $35,931 $7,302
§ HEV $32,860 $4,231 $27,870 -$759 $31,062 $2,432
@ | PHEV50 $38,014 $9,384 $28,990 $361 $33,003 $4,374
§ H; FCEV300 | $49,591 | $20,962 | $32,697 | $4,067 | $35,912 $7,283
2 | H, FCEV400 | $51,085 | $22,456 | $33,370 | $4,741 | $36,895 $8,266
= BEV200 $33,649 $5,020 $24,309 | -$4,321 | $27,228 -$1,402
BEV300 $40,824 | $12,195 | $26,479 [ -$2,151 | $30,720 $2,090
BEV400 $50,232 | $21,603 | $29,847 | $1,217 | $35,596 $6,966
Gasoline/E85 | $31,664 - $31,305 -$359 $32,015 $351
Diesel $36,124 $4,459 $33,034 | $1,370 | $35,519 $3,855
CNG $39,466 $7,802 $34,958 | $3,294 | $38,026 $6,361

% HEV $36,890 $5,226 $30,516 [ -$1,149 | $33,815 $2,151
»n | PHEV50 $42,873 | $11,208 | $31,685 $20 $35,950 $4,285
<=Ers H, FCEV300 | $58,517 | $26,853 | $36,683 | $5,018 | $40,656 $8,992
» | H, FCEV400 | $60,358 | $28,694 | $37,625 | $5,961 | $42,022 $10,357
BEV200 $39,920 $8,255 $27,518 | -$4,146 | $31,062 -$602
BEV300 $48,229 | $16,564 | $30,375 | -$1,289 [ $35,280 $3,616
BEV400 $60,045 | $28,381 | $34,112 | $2,447 | $41,359 $9,694

@ Incremental costs are relative to the CURRENT TECHNOLOGY gasoline turbo ICEV.
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/. VEHICLE PRODUCTION PATHWAYS

7.1. SYSTEM BOUNDARY FOR VEHICLE PRODUCTION PATHWAYS

The GREET2 model calculates vehicle-cycle energy use and emissions for various vehicle types and
material compositions (Argonne National Laboratory 2020). The vehicle cycle includes the processes
shown in Figure 13. This section describes the calculation of material compositions for the vehicle
technologies used in this study and explains the major process assumptions on key material production
and vehicle assembly, disposal, and recycling processes. Using this input data, the vehicle manufacturing
cycle results are estimated and presented.

VEHICLE CYCLE
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Figure 13. GREET vehicle manufacturing cycle

Figure 14 presents the process to estimate vehicle energy use and emissions using GREET. One of the
key inputs for the vehicle manufacturing cycle analysis is vehicle component weight, which is presented
in the previous section. The vehicle manufacturing cycle model considers the material composition (steel,
aluminum, iron, plastic, rubber, etc.) of major components. The model includes replacement schedules for
components during a vehicle’s lifetime (e.g., batteries, tires, and various vehicle fluids). For disposal and
recycling, the model accounts for energy required and emissions generated during the recycling of scrap
materials for reuse. Finally, the model estimates the energy used during raw material recovery and vehicle
assembly (e.g., mining through stamping) for vehicle manufacturing cycle simulations. Currently, for
most of the raw and processed materials in GREET2, energy use and emissions from transportation
between processes are not taken into account. However, the impact of materials transportation on C2G
GHG emissions is negligible.
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Figure 14. Process for GREET vehicle manufacturing cycle analysis

7.2. MATERIAL COMPOSITION FOR EACH COMPONENT

The previous section provides the weight of vehicle components (e.g., glider, powertrain, transmission
system, battery, traction motor and other electric machines/control, and wheels). Among them, the glider
can be further divided into subcomponents, such as the body, exterior, and chassis, with weld blanks and
fasteners included. Similarly, the powertrain consists of the engine, engine fuel storage system, power
train thermal, fuel cell stack, fuel cell auxiliaries, exhaust, powertrain electrical, emission control
electronics, weld blanks, and fasteners. We use the subcomponent weight distribution defined in GREET
and provided in Table 29 and Table 30. The development of subcomponent weight distributions,
documented in Burnham (2012) and Winjobi and Kelly (2020), are based largely on the Automotive
System Cost Model (ASCM) developed by IBIS Associates and Oak Ridge National Laboratory, as well
as available data from automotive teardowns through A2Macl. The ASCM compares the cost of vehicles
at the system level and allows users to select various options at a system or component level to build a
vehicle. A2Macl is a global organization that conducts detailed automotive teardowns to identify mass
and materials associated with vehicle components (among other attributes). Additional sources for
subcomponent weights include vehicle simulation results using the Powertrain System Analysis Toolkit
(Moawad et al. 2011), Carlson (2004), and other sources (Cooper 2004).

Vehicle components and subcomponents contain more than one material, and their material compositions
need to be estimated. Table 31 and Table 32 list the material compositions for the vehicle components and
subcomponents for midsize sedans and small SUVs, respectively, except for batteries, which are
estimated in Winjobi and Kelly (2020), Kelly et al. (2016), and Burnham (2012). Note that, with the
exception of the transmission, the material compositions of each component or subcomponent are
assumed to be consistent for all vehicle technologies. The transmission systems of ICEVs have a different
material composition from those of HEVs, FCEVSs, and PHEVs.
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Table 29. Subcomponent weight distribution for midsize sedans (%)

Component | ICEV | HEV | PHEV | BEV | FCEV | Source
Glider (chassis, body, etc.)
Body 47 47 47 47 47 Kelly & Winjobi (2020)
Exterior 4 4 4 4 4 Kelly & Winjobi (2020)
Interior 17 17 17 17 17 Kelly & Winjobi (2020)
Chassis 32 32 32 32 32 Kelly & Winjobi (2020)
Powertrain
Engine 54 54 54 - - Kelly & Winjobi (2020)
Fuel storage system 8 8 8 - - Kelly & Winjobi (2020)
Exhaust 13 13 13 - - Kelly & Winjobi (2020)
Powertrain electrical 17 17 17 — — Kelly & Winjobi (2020)
Powertrain thermal 7 7 7 — — Kelly & Winjobi (2020)
Fuel cell stack and BOP — — — - 49 Kelly et al. (2016)
Hydrogen storage and BOP — — — - 51 Kelly et al. (2016)

Table 30. Subcomponent weight distribution for small SUVs (%)

Component | ICEV | HEV | PHEV | BEV | FCEV | Source
Glider (chassis, body, etc.)
Body 45 45 45 45 45 Kelly & Winjobi (2020)
Exterior 4 4 4 4 4 Kelly & Winjobi (2020)
Interior 17 17 17 17 17 Kelly & Winjobi (2020)
Chassis 34 34 34 34 34 Kelly & Winjobi (2020)
Powertrain
Engine 53 53 53 — — Kelly & Winjobi (2020)
Fuel storage system 8 8 8 - - Kelly & Winjobi (2020)
Exhaust 13 13 13 — — Kelly & Winjobi (2020)
Powertrain electrical 17 17 17 — - Kelly & Winjobi (2020)
Powertrain thermal 8 8 8 — - Kelly & Winjobi (2020)
Fuel cell stack and BOP - - - - 47 Kelly et al. (2016)
Hydrogen storage and BOP - - - - 53 Kelly et al. (2016)

Even though material compositions are consistent at a component or subcomponent level, differences in
vehicle component and subcomponent weight distributions result in different vehicle-level material
compositions when the compositions are aggregated. For modeling purposes, the material composition of
each component does not change between the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases.
Table 33 and Table 34 present material composition aggregated by component (excluding batteries) for
midsize sedans and small SUVs, respectively. Steel accounts for the largest share of vehicle weight
throughout all vehicle technologies (52—63%), followed by plastic (13-16%) and cast aluminum (5-10%).
Wrought aluminum, accounting for 1-6% and 2-5% of vehicle weight for midsize sedans and small
SUVs, respectively, is a key material contributing to vehicle manufacturing GHG emissions due to its
high GHG intensity, even though its share is smaller than steel, plastic, and cast aluminum. Stainless steel
and carbon fiber reinforced plastic (CFRP) account for 4-5% and 4-6% of FCEV total weight,
respectively. CFRP production is GHG intensive. Copper (2-5%), glass (2-3%), and rubber (3-6%) are
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also widely used in vehicles. Other minor materials include organics, magnesium, zinc, perfluorosulfonic
acid, polytetrafluoroethylene, carbon paper, platinum, friction material, and nickel. ICEVs use lead-acid
batteries, while HEVs, PHEVs, FCEVs, and BEVs are assumed to use Li-ion batteries with a small lead-
acid battery. Table 35 presents the battery material compositions for lead-acid and Li-ion batteries, based
on Cuenca et al. (1998) and Winjobi et al (2020) for Li-ion batteries, using Argonne’s Battery
Performance and Cost (BatPaC) model (Nelson et al. 2019).

The BatPaC model (Nelson et al. 2019) adopts a prismatic pouch cell structure, which is made of a tri-
layer polymer/aluminum material. Aluminum and copper foils serve as the current collectors at the
cathode and anode, respectively. The anode is coated on both sides with graphite. The cathode material
can be one of several chemistries, as described below. A polymeric binder material holds the active
material particles together, and a porous membrane separates the two electrodes. BatPaC models the
electrolyte as LiPFs (lithium hexafluorophosphate) in an organic solvent containing linear and cyclic
carbonates. During discharge, the lithium ions move from the anode to the cathode while the electrons
travel through the current collectors and the external circuit to perform external work.

To estimate the manufacturing cost of a battery pack, BatPaC users can change design requirements and
select from among the following five battery chemistries:

e Lithium nickel cobalt aluminum oxide with a graphite electrode (NCA-G)
o Lithium nickel manganese cobalt oxide with a graphite electrode (NMC-G)
o NMC111-G (called NMC333-G in BatPac)

o NMC532-G
o NMC622-G
o NMC811-G

o Lithium iron phosphate with a graphite electrode (LFP-G)

e Lithium manganese spinel with a titanium dioxide electrode (LMO-LTO)

e 50% lithium nickel manganese cobalt oxide (NMC532) and 50% lithium manganese oxide spinel
with a graphite electrode (NMC532-50% LMO-G)

o Lithium manganese oxide spinel with a graphite electrode (LMO-G).

NMC111-G is used as the CURRENT TECHNOLOGY case for the HEV, FCEV, PHEV. and BEV models
for each vehicle type. NMC111-G is the default battery chemistry in GREET, because it is relatively
cheap with a high energy density (Winjobi et al. 2020). NMC111 means that this is a cathode with equal
molar ratios of Ni to Co to Mn. In fact, the NMCxyz nomenclature is common, referencing the more
complete cathode chemistry LiNxCoyMn,, where the numerical values (xyz) describe the molar ratios for
each element. NMC111-G batteries are also widely used in current HEVS, PHEVs, and BEVs. However,
as energy density continues to advance, the FUTURE Technology condition utilizes NMC811-G batteries
for BEVs, as these can facilitate higher energy density. Future developments may seek to further reduce
or eliminate the use of cobalt or nickel to ease environmental burdens and stabilize supply chains, which
have been identified as challenges for these batteries.
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Table 31. Material composition of components and subcomponents for midsize sedans, except for battery (%)

g
£ %,
£z z 3
| E £ o & c
5| 2| 5| 8|, ST O R I <
g2z E|8|lE & g|5 5 B3 2
Component hl| S| o|]o0o|l=|o|lo0o|x|e|&hH|OC|0|O Source
Glider (chassis, body, etc.)
Body 79 3 — — — — 6 10 1 — - | = | = [Winjobiand Kelly (2020)
Exterior 29 2 8 — 7 8 43 2 — - — |Winjobi and Kelly (2020)
Interior 33 3 1 4 - 1 46 5 - - | = | = [Winjobiand Kelly (2020)
Chassis 81 2 3 2 - - - 3 8 - — | = | = |Winjobi and Kelly (2020)
Powertrain
Engine 44 5 39 2 — 3 — 5 2 — — | = | = [Winjobiand Kelly (2020)
Engine fuel storage system| 30 | — - 3 - - - 63 3 - - | = | = [Winjobiand Kelly (2020)
Exhaust 92 2 4 - - - - - 1 - - | —= | = [Winjobiand Kelly (2020)
Powertrain electrical 17 2 3 28 | - - - 50 1 - - | — | = [Winjobiand Kelly (2020)
Powertrain thermal 17 | 21 7 5 - 9 - 33 9 - — | = | = |Winjobi and Kelly (2020)
Fuel cell stack & BOP 19 | 17 - 2 - 3 - 17 6 | 31| — | — | 6 |Kellyetal. (2016)
H. storage and BOP 9 - - - - 4 - 8 - 8 [ 66 | — | 4 [Kellyetal. (2016)
Transmission
ICEV 66 5 23 2 — 1 — 3 — — - | —= | = [Winjobiand Kelly (2020)
HEV, FCEV, and PHEV 61 | 20 - 19 - - - - - - - - — |Dismantling reports
Traction motor 36 [ - 36 | 28 | - - - - - - — | — | — [Dismantling reports
Wheels component (50% wheels and 50% tires by mass)
Wheels - - 1100 | - - - - - - - - | = | — |Winjobi and Kelly (2020)
Tires 3| - - - - - - 67 - - - | = | = |Muir (2005); Argonne assumptions

& See Table 39 for the share of average plastic in a vehicle
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Table 32. Material composition of components and subcomponents for small SUVs, except for battery (%)

g
£ 2,
£z AR
< | E £ o & c
52| 5|84 Sl 5| 8,18 e
g 25|88 |8 8| s|5|5|s
Component h| = |o|o|l=2|lo|lo|xg||Hn|O0|]O0]| O Source
Glider (chassis, body, etc.)
Body 78 3 — 1 - | - 6 12 1 -1 = | = | - [Winjobiand Kelly (2020)
Exterior 21 9 1 12 | - | 4 9 42 2 - | = | = | = [Winjobiand Kelly (2020)
Interior 40 2 1 4 -1 1 |45 4 | -1 - 1-1 2 |WinjobiandKelly (2020)
Chassis 78 2 5 2 -1 1 — 4 8 -1 = | = | = [Winjobiand Kelly (2020)
Powertrain
Engine 38 4 40 3 — 3 — 8 2 - - 11 — |Winjobi and Kelly (2020)
Engine fuel storage system| 20 3 - 3 -1 1 - 70 2 - | — | = | — [Winjobiand Kelly (2020)
Exhaust 77 2 19 - - | - - 1 1 - | — | = | = [Winjobiand Kelly (2020)
Powertrain electrical 10 1 2 31 | - | 2 - 53 1 - | — | = | = [Winjobiand Kelly (2020)
Powertrain thermal 16 | 21 4 4 -1 6 - 38 |11 - | - | - | - |Winjobiand Kelly (2020)
Fuel cell stack & BOP 19 | 17 - 2 - | 3 - 17 1 6 | 31| — | — | 6 |Kellyetal. (2016)
H. storage and BOP 9 - - - -1 4 - 8 - 8 [ 66 | — | 4 |Kellyetal. (2016)
Transmission
ICEV 67 4 21 3 -1 1 — 5 - | -1 -1 -1 — |Winjobiand Kelly (2020)
HEV, FCEV, and PHEV 61 | 20 - 19 | - - - - - - - | - — |Dismantling reports
Traction motor 36 - 36 [ 28 |- | - - - - | -1 -1-1 — |Dismantling reports
Wheels component (50% wheels and 50% tires by mass)
Wheels - - w0 | - | - | - - - - | -1 -1 -1 — |Winjobiand Kelly (2020)
Tires 3 - - - - - - |67 | — | -1 —-1-1 — [Muir(2005); Argonne assumptions

& See Table 39 for the share of average plastic in a vehicle
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Table 33. Material composition for midsize sedans aggregated by component, except for battery (%)

CURRENT Gasoline E85 Diesel FCEV FCEV
TECHNOLOGY ICEV ICEV ICEV CNG HEV 300 400 PHEV50 | BEV200 | BEV300 | BEV400
Steel 60 60 59 59 60 54 53 61 63 63 63
Cast iron 2 2 2 2 3 - - 2 - - -
Wrought 5 5 5 5 3 4 4 3 2 2 2
aluminum
Cast aluminum 8 8 9 9 10 7 7 10 8 8 8
Copper 2 2 3 3 4 3 3 5 4 4 4
Glass 2 2 2 2 2 2 2 2 3 3 3
Average plastic 15 15 15 15 13 14 14 13 15 15 15
Rubber 4 4 4 4 3 4 4 3 4 4 4
Stainless steel - - - - - 4 4 - - - -
CFRP - - - - - 4 6 - - - -
Others 1 1 1 1 1 3 3 1 1 1 1
FUTURE Gasoline E85 Diesel FCEV FCEV
TECHNOLOGY ICEV ICEV ICEV CNG HEV 300 400 PHEV50 | BEV200 | BEV300 | BEV400
Steel 59 59 58 58 60 55 54 60 62 62 62
Cast iron 3 3 3 3 3 - - 3 - - -
Wrought 5 5 5 5 3 4 4 3 2 2 2
aluminum
Cast aluminum 8 8 9 9 10 7 7 10 8 9 9
Copper 2 2 3 2 5 3 3 5 4 4 4
Glass 2 2 2 2 2 2 2 2 3 3 3
Average plastic 15 15 15 15 13 14 14 13 15 15 15
Rubber 4 4 4 4 3 4 4 3 4 4 4
Stainless steel - - - - - 3 4 - - - -
CFRP - - - - - 4 5 - - - -
Others 1 1 1 1 1 3 3 1 1 1 1
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Table 34. Material composition for small SUVs aggregated by component, except for battery (%)

CURRENT Gasoline E85 Diesel FCEV FCEV
TECHNOLOGY ICEV ICEV ICEV CNG HEV 300 400 PHEV50 | BEV200 | BEV300 | BEV400
Steel 59 59 58 57 60 53 52 61 62 62 62
Cast iron 2 2 2 2 2 - - 2 - - -
Wrought 5 5 5 5 3 4 4 3 3 3 3
aluminum
Cast aluminum 6 6 7 7 8 5 5 8 6 6 6
Copper 3 3 3 3 5 3 3 5 4 4 4
Glass 2 2 2 2 2 2 2 2 3 3 3
Average plastic 16 16 16 16 13 15 14 13 15 15 15
Rubber 6 6 6 6 5 6 6 5 6 6 6
Stainless steel - - - - - 4 5 - - - -
CFRP - - - - - 5 6 - - - -
Others 1 1 1 1 1 3 3 1 1 1 1

FUTURE Gasoline E85 Diesel FCEV FCEV

TECHNOLOGY ICEV ICEV ICEV CNG HEV 300 400 PHEV50 | BEV200 | BEV300 | BEV400
Steel 58 58 57 57 60 55 54 60 62 62 62
Cast iron 3 3 3 3 3 - - 2 - - -
Wrought 5 5 5 5 3 4 4 3 3 3 3
aluminum
Cast aluminum 6 6 7 7 8 5 5 8 6 6 6
Copper 3 3 3 3 5 3 3 5 4 4 4
Glass 2 2 2 2 2 2 2 2 3 3 3
Average plastic 16 16 16 16 13 15 14 13 15 15 15
Rubber 6 6 6 6 5 6 6 5 6 6 6
Stainless steel - - - - - 4 4 - - - -
CFRP - - - - - 4 6 - - - -
Others 1 1 1 1 1 3 3 1 1 1 1




Table 35. Material composition of batteries (%)

Li-ion Battery

Gasoline CURRENT FUTURE
Lead- HEVs, H» TECH TECH
Acid FCEVs PHEV50 EVs EVs
Material Battery | (NMC111) | (NMC111) | (NMC111) | (NMC811)
Lead 69 — — — —
Active material — 19 31 38 32
Wrought aluminum - 18 16 17 18
Copper — 18 12 7 7
Graphite/carbon - 10 16 20 24
Electronic parts - 15 5 2 2
Plastic: polypropylene 6 2 1 1 1
Plastic: polyethylene - 0 0 0 0
Plastic: polyethylene terephthalate - 0 0 0 0
Electrolyte: ethylene carbonate - 4 5 4 4
Electrolyte: dimethyl carbonate - 4 5 4 4
Electrolyte: LiPFg - 1 2 1 1
Steel - 2 1 1 1
Coolant: glycol - 4 4 3 3
Binder - 1 1 2 2
Water 14 - - - -
Sulfuric acid 8 - -
Fiberglass 2 - - - -
Others 1 — — _ _

7.3. KEY MATERIAL PATHWAYS FOR VEHICLE PRODUCTION

Once the materials used in the vehicles are estimated, the production processes and, if possible, the
recycling processes for each material need to be characterized to estimate the amount of energy used
during vehicle production. For each material, this study characterizes raw material sources, production
and fabrication processes, and recycling processes for major materials in the vehicle production pathway,
including steel, cast iron, aluminum, plastics, lead, glass, rubber, copper, and battery materials. This
section explains the key production assumptions for each process associated with the key materials.

It is important to note that the analysis of the material production pathway in the GREET model is based
on the best available data that can be openly cited. In general, the material production pathway does not
have temporal changes in process or resource efficiencies. As a result, estimates will vary over time
depending on changes associated with energy inputs (i.e., the upstream processes for obtaining energy).
Therefore, changes in GHG emissions over time associated with materials in this model are associated
with changes to electricity grids. To examine the effects of changes in material processes, we conduct
sensitivity analyses in Appendix C that considers the use of “green” steel (which utilizes hydrogen in

production), and we further examine the effect of major grid decarbonization on all materials.
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7.3.1. Steel Production Pathways

Figure 15 presents the steel production flowchart modeled in GREET. The first step in steelmaking is
extracting iron ore (usually taconite in the U.S.), which involves mining the ore by blasting and further
processing it to concentrate the ore to a purity of at least 66% before it can be used in steelmaking. First
the ore is crushed into a fine powder, then the metal is magnetically separated from the waste rock. The
powder is wet down and then rolled with clay inside a large rotating cylinder; it is then heated and cooled
to form iron ore pellets.

Coking involves heating metallurgical coal in the absence of oxygen to drive off 25% to 30% of its mass
as volatiles, producing a carbonaceous product called coke, which is used both as a fuel and reducing
agent in blast furnaces. The process also produces coke oven gas (COG), which is a high-quality fuel that
is also used in the blast furnace. Two major byproducts, coal tar and chemicals extracted from the gas,
also result from this process. The coking process is a major source of both gaseous emissions and
particulates. Gaseous emissions include CH., CO, Ha, and other hydrocarbons, which are the major
constituents of COG. Sulfur oxide emissions depend on the sulfur content of the coal feed and the
underfired gas, which can potentially be NG, COG, or blast furnace gas. Benzene and other toxic volatile
organic carbon (VOC) emissions from the byproduct chemical plant are a particular concern. Coal dust
may be released during oven charging.

| Iron ore mining | | Coal |
| Sintering | | Coke production |

| |

Basic oxygen
furnace

Steel scrap

i

Steel ingot

Hot rolling

Steel ingot

Cold rolling

Cold rolled steel

Galvanizing

Electric arc
furnace

Rod and bar mill
Stamping |———P| Steel auto part |

Skin mil

Ly

Galvanized
steel

Figure 15. Steel production steps

An intermediate product in steelmaking, called sinter, is produced from a mixture of fine iron ore powder,
coke, limestone (CaCQs), dolomite, and flue dust that is ignited by a gas-fired furnace and fused into a
porous cake-like substance. This process can release a significant amount of CO. Both the iron ore pellets,
and the sinter are fed to blast furnaces to produce molten iron, which is a crude, high-carbon form of iron.
The blast furnace also produces fuel gas that can be used for coke production or electricity generation.
Then, a basic oxygen furnace is used to convert the molten iron to steel. First, the molten iron is poured
into a large ladle, where magnesium is added to reduce sulfur impurities. Next, it is poured into a vessel
where 99% pure oxygen is blown onto the iron. Third, the iron is poured into a furnace where various
alloying materials are added, depending on the end use. The resulting steel is poured into an ingot mold
and allowed to cool.
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The ingots are then hot rolled to produce steel strips. Depending on the application, the hot strips either go
through skin milling to produce hot-rolled sheets or through cold rolling to produce cold-rolled sheets
with further reduced thickness and desirable material characteristics. Cold-rolled sheets can be further
galvanized to prevent corrosion. Finally, the steel sheet is stamped to shape the sheet into automotive
parts, such as body panels and body-in-white structures.

Recycled steel and stainless steel are produced from steel scrap via the electric arc process, in which an
electric arc is passed through graphite electrodes that are lowered into the furnace to melt the scrap.
Limestone is added to form a slag that removes impurities. The resulting steel is poured into an ingot
mold and allowed to cool.

Table 36 lists the process assumptions for steel production, including fuel consumption, input material,
and non-combustion emissions. Note that intermediate products can be used as inputs for subsequent
processes. For example, 1 ton of cold-rolled steel requires 1.05 ton of hot steel strip, which itself requires
1.08 ton of steel ingot from the basic oxygen furnace. Note that 1.04 and 1.61 short tons of intermediate
steel from an electric arc furnace are needed per short ton of recycled and stainless-steel products,
respectively.
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Table 36. Process assumptions for steel production (per short ton of product)

Virgin Steel Recycled/Stainless Steel
Steel Production <
o © =
c 8 c o] © -
° g m? % % £ :%«s c.?? < § g m= E © @ o?
8% B | &£ T | 68| £ | g = S 28 2 =
OR% o3 § = o8| 8 2 & g S |58 g £
sc38 X B £ o ‘5 = = c e} T>5 % g £ o S
Input/Emissionand Unit | =& | S& 7 o & I 7 3 O & W & =
Input fuel
Residual oil MMBtu 0.18 - - 1.13 - - - - - - - - -
Gasoline MMBtu - - - - - - - - - - - -
Diesel MMBtu 0.03 - - - - - - - - - - - -
NG MMBtu 0.19 - - 0.30 0.04 | 0.63 - - - - 1.19 2.16 -
Coal MMBtu — 15.41 — — — — — — — — — — —
Electricity MMBtu 1.39 0.17 0.06 0.35 0.65 | 0.70 | 0.04 | 1.40 0.70 0.86 4,99 1.08 0.54
Intermediate fuel
Coke MMBtu - - 0.15 | 10.07 - - - - - - 0.17 - -
S:;‘St furnace MMBtu - 036 | - ~ | 033 003|003 025 | 018 - - - -
Coke oven gas MMBtu - - 0.02 0.55 0.06 | 1.29 - 0.34 1.12 - - - -
Material
Limestone ton - - 0.009 | 0.043 - - - - - - - - -
Lime ton - - - - 0.063 - - - - - — — —
Iron ore ton — — 0.002 | 1.144 — - - - - - — — —
Intermediate ton - ~ - = | - 103|102 105 100 1.00 ~ | 1.041161°¢ | 1.00
steel product
Non-combustion emissions
VOC ton - 0.002 - 0.001 - - - - - - - - -
CcO ton - - 0.003 | 0.016 | 0.002 - - - - - 0.003 - -
CO, ton - - 0.032 | 0.026 - - - - - - 0.026 - -

& Source: Markus Engineering Services (2002)
b Source: Dai et al. (2017a)

Source: Sullivan et al. (2010)
1.04 and 1.61 short tons of intermediate steel from electric arc furnace are needed per short ton of recycled and stainless-steel products, respectively.
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7.3.2. Cast Iron Production Pathway

Cast iron parts for automobiles, such as engine blocks, can be produced by automakers in their own
foundries, using scrap iron and steel as the raw materials. Scrap is reduced in size by shredding, shearing,
cutting, or crushing, depending on the source, and charged to a cupola furnace, which resembles a small
blast furnace. Foundry coke, similar to metallurgical coke but slightly more energy-intensive, supplies the
heat to melt the metal, which is then poured into molds. Table 37 summarizes the process assumptions for
cast iron production.

Table 37. Process assumptions for cast iron production

Fuel Unit Iron Recycling? Iron Casting? Iron Forging® | Machining®
Diesel MMBtu/ton 1.25 - - -
NG MMBtu/ton - - 32.6 -
Electricity | MMBtu/ton 0.09 - 1.18 0.54
Coke ton/ton - 0.84 - -

& Source: Burnham et al. (2006); Cuenca (2005)
b Source: Sullivan et al. (2010)

7.3.3. Aluminum Production Pathway

Figure 16 illustrates wrought and cast aluminum production. The virgin aluminum production pathway
starts with extracting bauxite ore, which involves mining the ore by using blasting, basic processing steps
to facilitate handling and refining, and transportation of the ore to the refining plant. Then, alumina
production using the Bayer process involves washing the bauxite with lime and a heated (250°C) solution
of lye in a digester. GREET assumes sodium hydroxide (NaOH) is used as lye. When the solution of lye
is cooled, aluminum hydroxide [Al(OH)s] crystals precipitate out, which are heated again to produce
alumina (AlLOs).

| Bauxite mining |

v

| Alumina production || Anode production |

Scrap preparation |

| Hall-Heroult process ||

v

| Primary ingot casting || Secondary ingot casting | |

\
Aluminum ingot
Hot rolling

Cold rolling

Bauxite mining |

v

| Alumina production || Anode production |

| Hall-Heroult process | | Scrap preparation |

v

| Primary ingot casting || Secondary ingot casting |

- \
Extrusion
Aluminum ingot

Cast aluminum product |

v

| Wrought aluminum product | |

Figure 16. Wrought and cast aluminum production steps
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The Hall-Héroult process dissolves the alumina in a carbon-lined steel tank filled with molten cryolite
(NasAlFs) and aluminum fluoride (AlFs), which form an electrolyte solution. A direct current is passed
through the solution, breaking the aluminum and oxygen bonds to form a dense liquid aluminum that
sinks to the bottom. Emissions from this aluminum reduction process include gaseous tetrafluoromethane
(CF4) and hexafluoroethane (CzFs), whose global warming potential is significantly higher than that of
CO;, CH4, and N20O; the 100-year global warming potential is 6,630 for CF4 and 11,100 for C;Fs. The
liquid aluminum is cooled to form ingots for subsequent automotive parts production.

Recycled aluminum production involves scrap preparation, melting, and ingot casting. Aluminum scrap is
melted in large, NG-fired reverberatory furnaces and poured into ingot molds. Alloy compatibility is a
major concern for producing quality automotive parts from recycled materials. Thus, for the large-scale
recycling of aluminum automotive parts, cast and wrought materials are typically separated so that the
chemistry of the recycled parts is predictable and desirable. Thus, GREET uses different assumptions for
wrought and cast aluminum scrap preparation.

Table 38 lists the input fuel and material and non-combustion emissions associated with the aluminum
production pathway. Dai et al. (2015a) utilized aluminum production assumptions based on 2011 North
American industry data (Aluminum Association 2013) to develop aluminum production energy and
emissions profiles, which have been integrated into GREET since 2015. Cast aluminum production
assumptions, specifically those for shape casting and machining are taken from Sullivan et al. (2010).
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Table 38. Process assumptions for aluminum production (per ton finished aluminum product)

Cast
Wrought Aluminum Aluminum
Virgin Aluminum Recycled Aluminum Production Production
k= = =
5 E . s 8. 9. B : E
s 58 2 £ %558 =z B E L.z %o%
g £%5 5 £% FPSf < fF ¢ & 5 % § &
= 58 5 g E% BT g% 8% sz T §E B EF B
Input Unit & |<& < | T |6 22 6a | &6 T $) G d | 5| =
Fuel
Residual oil MMBtu | 0.21 | 2.94 | 0.52 - 0.11 - - - - - - - -
Diesel MMBtu | 0.35 - 0.10 - 0.03 - - - - - - - - -
Gasoline MMBtu - - - - - - - - - - - - - -
NG MMBtu - | 1291 | 0.71 - 0.66 | 0.75 | 0.75 4.12 3.28 1.89 - 5.29 - -
Coal MMBtu - 1.34 - - - - - - - - - - - -
LPG MMBtu - - - - - - - - - - - - - -
Electricity MMBtu | 0.02 | 0.64 | 0.16 | 46.78 | 0.21 | 0.35 | 0.35 0.34 0.35 113 | 0.86 0.61 | 0.86 | 0.54
Material
NaOH (50%) ton - 10.306 - - - - - 0.0004 | 0.00002 | 0.0001 | - | 0.008 - -
Lime ton - 10.078 - - - 10.001|0.001| 0.004 | 0.0002 |0.0003 | - - - -
Pet coke input ton - - 0.286 - - - - - - - - - - -
Coke input ton - - 0.063 | 0.006 - - - - - - - - - -
Steel Sheet Part ton - - 0.003 | 0.004 - - - 0.0001 | 0.00001 | 0.0002 | - | 0.001 - -
Primary Al ingot ton - - - - - - - 0.080 - - - - - -
Non-combustion emissions
CF4 g - - - 69.764 | - - - - - - - - - -
C2F6 g - - - 9.616 - - - - - - - - - -
CO02 ton - - 0.042 | 1.392 - - - 0.00001 - - - - - -

& Source: Dai et al. (2015a)
b Source: Sullivan et al. (2010)




7.3.4. Plastic and CFRP Production Pathways

Plastics are made from petroleum derivatives or NG liquids via a series of chemical reactions that produce
a building block or monomer, which is then reacted with itself or other monomers—often at elevated
temperatures or pressures—to form a polymer or plastic. Different vehicle applications require different
types of plastics. For example, Sullivan et al. (1998) provide the percent by weight of 16 types of plastic
in an average family sedan, shown in Table 39. The types of plastic include acrylonitrile butadiene styrene
(ABS), ethylene propylene diene monomer (EPDM), liquid epoxy, general purpose polystyrene (GPPS),
high-impact polystyrene (HIPS), high-density polyethylene (HDPE), low-density polyethylene (LDPE),
linear low-density polyethylene (LLDPE), nylon 6, nylon 66, polycarbonate (PC), polyethylene
terephthalate (PET), polypropylene (PP), polyurethane (PUR) flexible foam, PUR rigid foam, and
polyvinyl chloride (PVC). Table 39 lists the resin production energy for the 16 plastic types based on
Keoleian et al. (2012), which analyzed data from Franklin Associates (2011, 2001), Plastics Europe
(2010), Sullivan et al. (2010), and Brown et al. (1996).

Table 39. Energy use for plastic resin production and share of individual plastic in a vehicle

Resin Production | Shares of Individual Plastic in a
Energy Vehicle (%)
Plastic Type (MMBtu/ton) Average Plastic CFRP
ABS? 23.9 8 -
EPDMa 7.4 7 —
Liquid epoxy? 58.7 11 30
GPPS2 22.7 1 _
HIPSa 22.4 1 -
HDPE? 11.2 1 —
LDPE?2 14.6 1 —
LLDPE?2 10.8 1 —
Nylon 62 52.2 1 —
Nylon 662 51.2 7 —
pPCa 42.6 4 -
PET2 18.2 2 —
pPpa 9.3 18 -
PUR flexible foama 27.2 12 —
PUR rigid foama 24.4 12 —
PVvCa 18.3 14 —
Carbon fiber? 109.1 - 70

& Source: Keoleian et al. (2012)

b Source: lyer et al. (2021), 0.95 and 2.33 tons of ammonia and propylene, respectively, are also needed

Table 40 provides the key assumptions (e.g., amount of resin inputs per ton of product and transformation
energy inputs) of plastic transformation processes, which transform plastic resins into semifinished
products by extrusion, injection molding, blow molding, compression molding, and calendaring.
Transformation process data for ABS, EPDM, nylon 6, and nylon 66 are not available. Therefore,
polyethylene (PE) extrusion and PP injection molding processes are used as surrogate transformation
processes.
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Table 40 also provides the weight distribution of transformation processes for each resin used in a
vehicle, based on Sullivan et al. (1998). For example, the average HDPE products in a vehicle consist of
HDPE from injection molding (67%), compression molding (24%), and extrusion (9%).

Table 40. Plastic transformation process assumptions

PE Trans- PP Trans- PVC .
© formation formation Transformation Universal
S 5 2,
© =) £ o
E -QC Q QC el E 'QC o ) .ag
s/ & S o9 So| & S So 2 =y
a2 25| 3 |8 T g | 2£| 2 | 5E
InputorPlastic | & 5 23| 5 23 S 23 3 | E3
Type OF | W | £2 n = o (i £= m 02
Resin (ton/ton) 114 | 095 101 | 1.00  1.14 | 116 | 1.00 | 1.03 | 1.00 | 1.00
Ener
(MMgI%ltu/ton) 789 | 170 | 6.19 | 217 | 247 K 180 | 163 | 3.80 | 531 | 6.27
Transformation process share for individual plastic (%)
CFRP 100 - - - - - - - - -
HDPE - 9 67 - - - - - - 24
LDPE - 9 67 - - - - - - 24
LLDPE - 9 67 - - - - - - 24
PC - - - - 78 - - - - 22
PET - - - - 50 - - - - 50
PP - - - 2 74 - - - 9 15
PVC - - - - - 18 51 29 - 2
ABS - 18 - - 59 - - - - 24
EPDM - 28 - - 41 - - - - 32
Nylon 6 - - - - 18 - - - 36 45
Nylon 66 - 30 - - 36 - - - - 34

@ Source: Burnham et al. (2006)
b Source: Keoleian et al. (2012)

CFRP has been used in aerospace, bicycles, and other applications because of its high strength and light
weight; however, the high cost of carbon fiber has limited its use in automotive applications. GREET
assumes that CFRP is used for H; storage tanks. As shown in Table 40, CFRP for H; storage tanks
contains 70% carbon fiber and 30% liquid epoxy.

Carbon fiber is made out of long, thin sheets of a type of carbon similar to graphite. The most common
means of production is the oxidation and thermal pyrolysis of polyacrylonitrile (PAN). When PAN, a
polymer, is heated, the molecular chains bond together and form planar sheets of carbon atoms called
graphene, which merge to form a tubular filament or “fiber.” The fibers are then enhanced to make high-
strength carbon through a heat treatment. The high cost of carbon fiber is primarily attributed to the
complexity of the production process. In addition to its high cost, carbon fiber production is very energy-
intensive (lyer and Kelly 2021).
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7.3.5. Li-ion Battery Production Pathways

Figure 17 presents the components and processes with material and energy flows in GREET for Li-ion
battery production using lithium nickel manganese cobalt oxide (NMC) cathode material, which consists
of five major material pathways: cathode active materials (NMC), anode active material (graphite), binder
(polyvinylidene fluoride (PVDF)), electrolyte, and the battery management system (BMS).

PVDF (Binder)

I Soda ash
I
| Graphite (Binder solvent) Ethylene carbonate }
|
| I
Dimethyl carbonate }
Alcohol
|
|
I
I
s
§ Disposal
B
5 [l Materials production
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Figure 17. Li-ion battery production material and energy flows in GREET, modified from (Dunn et al. 2014b)

We assume CURRENT TECHNOLOGY Vehicles use NMC111 batteries and FUTURE TECHNOLOGY vehicles
use NMC811 batteries. The trailing numbers in the cathode identification indicate the stoichiometric
relationship between nickel, manganese, and cobalt, respectively. A raw material for NMC111 production
is lithium carbonate (Li»COs), which can be produced from concentrated lithium brine, while NMC811 is
produced from lithium hydroxide monohydrate (LiOH.H0O, often shortened to LiOH). LiOH can be
produced from the further processing of Li2COs. Sources of lithium include brine, pegmatites, or
sedimentary rocks (Gruber et al. 2011). Brine and spodumene ore are currently the most common source
of lithium, much of it originating from Australia (spodumene) and the Salar de Atacama (brine) (Jaskula
2020). Dunn et al. (2014b) developed GREET’s battery LCA module based on data for one operation in
Chile and one in Nevada. We assume lithium from Chilean lithium brine since this pathway represents the
largest share of Li-ion batteries used in the U.S. Brine, with a lithium concentration of 1,500 ppm, is
pumped from wells; the liquid evaporates under controlled conditions in a series of ponds until the
lithium concentration is 60,000 ppm.

From the concentrated Li brine, boron is removed through addition of hydrogen chloride (HCI), alcohol,
an organic solvent, and sulfuric acid (H.SO4). In the subsequent first extraction phase, magnesium
carbonate (MgCQOs) precipitates out of the solution following the addition of soda ash. In the second
extraction stage, lime is used to force magnesium hydroxide [Mg(OH)-] and calcium carbonate (CaCO:s)
out of solution. The purified lithium brine moves to the precipitation reactor, where soda ash is added to
the solution and Li>,CO3 precipitates. The resulting solid is washed, filtered, dried, and packaged
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(SQM 2001). To obtain LiOH, Li»COs is reacted with CaCOs to produce an aqueous solution of lithium
hydroxide that is subsequently evaporated, and dried to produce LiOH (Dai and Winjobi 2019).

In addition to Li.COj3 and LiOH, nickel sulfate (NiSO4), manganese sulfate (MnSO4) and cobalt sulfate
(CoS0,) are needed for NMC production. NiSOy is produced from nickel derived from both sulfide and
laterite ores, as documented in Wang et al. (2020a). Manganese sulfate is produced by reacting sulfuric
acid with Mn ore (Wang 2020b). CoSO. production consists of cobalt ore mining, processing, and
conversion to CoSOy, as described in Dai et al. (2018a).

Cathode precursors for NMC111 and NMC811 are required prior to conversion to cathode materials. The
precursor for NMC111 is nickel manganese cobalt hydroxide NMC111(OH)., whereas for NMC811, it is
nickel manganese cobalt hydroxide NMC811(OH).. Precursor production is similar for NMC111 and
811, the metal sulfates, NiSOs, MnSO4, and CoSQ; are dissolved and mixed (in appropriate proportions)
in a tank reactor. Once dissolved and mixed, NaOH and NH4OH are added to the solution and heated.
Once the NMC(OH); precipitates, it is filtered, washed, and dried for use (Dai et al. 2018b).

Finally, for NMC111, cathode material is produced by mixing Li.CO3; with NMC111(OH); and then
calcined in multiple stages with heat supplied by electricity (Dai et al. 2018b). Dai et al. (2018b) describe
that a similar process is used to produce NMC811, but that LiOH is combined with NMC811(OH), to be
calcined in multiple stages with electrical heating.

Synthetic graphite anodes are assumed for use in Li-ion batteries. Dunn et al. described the production of
synthetic graphite from petroleum coke and tar pitch (2015). To bind the electrode materials together,
PVDF is widely used in Li-ion batteries. Since energy and emissions data for PVDF were not available,
Dunn et al. (2014b) adopted the energy intensity of PVC production for that of PVDF. LiPFs is the
electrolyte for many Li-ion batteries and often mixed with ethylene carbonate and dimethyl carbonate to
increase permittivity. Dimethyl carbonate can be made from ethylene carbonate, which in turn, is made
from ethylene oxide. Dunn et al. (2014b) compiled material and energy flow data for these materials from
data for individual production steps (Espinosa et al. 2011; Plastics Europe 2010).

The BMS is the collection of electronic components (semiconductors, circuit boards, sensors) that
measure and monitor cell voltage, temperature, and current, and perform basic battery functions, such as
cell balancing and ensuring battery longevity and safety. Semiconductor manufacturing involves highly
controlled metal deposition and chemical etching processes. Dunn et al. (2014b) developed material and
energy flows for BMS production based on areas for two separate pieces of the BMS that involve
different energy intensities for manufacture: circuit boards and semiconductors. Then, they adopted
energy intensity factors for the production of circuit boards and semiconductors from Deng et al. (2011)
to calculate the energy to produce a given BMS mass.

N-methyl-2-pyrrolidone (NMP) is used as a solvent during battery manufacturing, although none remains
in the final battery. About 99.5% of the NMP is recovered and can be reused, but the balance is
combusted and must be replaced (Nelson et al. 2019). Energy consumption data for the production of
NMP is derived from Sutter (2007). Dunn et al. (2014b) did not include the burdens associated with
producing the raw materials for NMP (butyrolactone and methyl amine) because the Li-ion battery
consumes little NMP.

Table 41 provides the key assumptions for the Li-ion battery production pathway developed in Dunn et al.
(2014b) from an extensive literature review on Li-ion battery materials, as described above. Since Li,COs
is produced in Chile, the 2018 Chilean electricity mix is used for the processes: 35.7% coal, 28.7%
hydropower, 15.6% NG, 7.3% biofuels, 1.7% oil, 11% combined from wind and solar PV (IEA 2018).
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Table 41. Li-ion battery production process assumptions

Active Material (NMC111/811) Production Other Battery Material Production
Li.COsz and LiOH
Production (Chile) Q & s
© © S
(9] — c c c
o~ o o —
@ I N = a 8 0
£ o) I g = T e
@ = o = = £ O | O |2¢8
— — o] e <] = > —~
- 18| < 3] % | O 8 || | .| 5| £&|£E2%
2 O o = O P = o ) L > g s <8 %)
- . S = > Z > e =z C > o = = T 55 =
Input or Emission Unit o - - zZ zZ zZ z O o - w [a) Zawm m
Input fuel
Residual oil MMBtu/ton - - - - - - - - 0.84 | 0.37 - - - -
Diesel MMBtu/ton | 0.13 | 5.99 - - - - - - - - - - - -
NG MMBtu/ton - 2.26 | 9.70 38.62 | 38.62 - - 5.15 | 11.97 - 0.22 | 1.27 1.73 84.05
Coal MMBtu/ton - - - - — - - - - - - - - -
Electricity MMBtu/ton - 1.75 - - - 21.67 | 2476 | 13.93| 8.19 | 72.64 | 0.04 | 0.09 1.02 120.95
Input material
Soda ash ton/ton - 2.48 - - - - - - _ - - — — _
Conc. Li brine ton/ton — 5.45 - - - - - — — - — _ _ _
Li2COs ton/ton - - 1.54 - - 0.38 - - - — — — - —
Lime ton/ton - - 1.17 - - - - - - - - - - -
LiOH - - - - - - 0.38 - - 7 _ — _ _
NiSO4 ton/ton - - — 056 | 134 | - - - - - - | - - -
CoSO4 ton/ton - - — 056 | 017 | - - - - - - | - - -
MnSO4 ton/ton ~ - - 0.55 0.16 - - - - - - - - -
NaOH ton/ton - - - 089 | 089 | - —~ - - - - | - - -
NHsOH ton/ton - - - 0.12 0.12 - - - - - - - - -
NMC111(OH)2 ton/ton - - - - - 0.95 - - - - - — - -
NMC811(OH)2 ton/ton - - - - - - 0.95 - - - - - — -




Dai et al. (2017b) build upon work by Dunn et al. (2012b) to estimate the energy intensity of the battery
manufacturing, assembly, and cell cycling stages of battery production (Dai et al., 2017b). These data
were developed based on battery manufacturing site visits, and from information regarding process details
(Wood Il et al 2015, Ahmed et al 2016, Ahmed et al 2017). Process energy demand for Li-ion battery
production was determined to be an important contributor to total battery production energy due to the
need for dry room conditions. Dai et al. combine this energy demand with the energy needed to cycle the
battery cells, which they estimate as 1.2kWh/cell, to be 0.161 MMBtu/kWh battery with 82.4% from NG
and 17.6% from electricity (2017).

7.3.6. Other Key Materials Production Pathways

Table 42 provides the assumptions for production pathways for other key materials: lead, glass, rubber,
and copper. Lead is extracted from several minerals, but the main ore is lead sulfite (PbS). In 2004,
almost 95% of lead mining took place in Alaska and Missouri, and all the lead concentrates produced
from that ore were processed at a smelter-refinery in Missouri (Gabby 2005). Froth flotation is used to
separate the lead and other minerals from the waste rock to form a concentrate, which contains between
50% and 60% lead. The concentrate is then sintered before being smelted to produce a 97% lead
concentrate, which is then refined by additional smelting to remove further impurities, which produces
99.99% pure lead. Recycled lead production accounted for 88% of the lead domestically produced, with
lead acid batteries accounting for 92% of the lead produced from scrap sources (Gabby 2005). Recycled
lead smelting and battery recycling are more geographically spread out than mining operations and may
occur near population centers. Burnham et al. (2006) estimated energy and material inputs of virgin and
recycled lead from Hudson (1981) and Leiby (1993).

Glass is produced by melting raw materials—sand (silica), limestone, soda ash, dolomite, and small
guantities of other additives—at a high temperature. The glass for automotive uses is generally produced
by means of a float process, in which a thin sheet of glass is formed by flotation on a molten tin bath
under a nitrogen atmosphere, it is then annealed, tempered, and laminated. The major energy inputs for
virgin glass production are NG and electricity at the glass plant (gas for melting, annealing, tempering,
and laminating; electricity for forming). Dai et al. (2015b) estimated total energy consumed in automotive
glass production.

Styrene-butadiene rubber (SBR), made from 75% butadiene and 25% styrene (by weight), is used for the
production of tires and other auto parts, such as gaskets and fan belts. SBR is produced from a cold
emulsion process in which butadiene, styrene, soap, water, potassium persulfate catalyst, and a mercaptan
regulator are heated in large, jacketed reactors to about 50°C. The contents are stirred numerous times,
leading to the formation of SBR by means of a polymerization process. What results from this reactor is a
latex that contains the rubber, which is separated as a fine crumb by treating the latex with a solution of
aluminum sulfate or an acidic sodium chloride solution. The crumb is washed, dried in an oven, and then
pressed into bales. Burnham et al. (2006) estimated the energy requirement for this production process,
almost all of it from oil and gas, from Cuenca et al. (1998).
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Table 42. Process assumptions for lead, glass, rubber, and copper

Virgin Lead Copper
T o
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Fuel
Residual oil | MMBtu/ton - — - - 16.76 - - 8.79 | 0.84
Diesel MMBtu/ton | 0.49 - — - - 1.03 | 1.38 | 1.84 -
Natural gas | MMBtu/ton - - - 12.28 | 16.76 - 8.61 H 0.18 —
Coal MMBtu/ton — - 4.14 - - - 3.26 - 0.01
Electricity MMBtu/ton | 2.10 - - 197 | 034 | 1.12 | 6.53 | 1352 | 1.63
Coke ton/ton — 0.61 — - - - — 8.79 -
Non-combustion emissions

VOC ton/ton - - - - 0.006 - - - -
CH, ton/ton - 0.004 - 0.004 - - - - -
CO; ton/ton - - - 0.150 - - - - -

& Source: Burnham et al. (2006)
b Source: Dai et al. (2015b)

¢ Source: Keoleian et al. (2012)
4 Source: Kelly et al. (2015)

¢ Source: Sullivan et al. (2010)

Copper is smelted or recovered by leaching it from dilute sulfide ores found in the southwestern U.S. The
smelting process leads to significant sulfur oxide emissions, which are captured and converted to sulfuric
acid for sale. Because the ores are dilute, significant energy is used for mining and beneficiation (crushing
and separating the ore). Energy and material inputs for copper production processes are documented in
Keoleian et al. (2012), which compiles life cycle inventory data for metals used in PV production
(Fthenakis et al. 2009; 2007). Copper is also mined in Chile, which is also included in the GREET
database (Kelly et al. 2015).

7.4. VEHICLE ASSEMBLY, DISPOSAL, AND RECYCLING

Typical vehicle assembly processes include painting; heating, ventilation, and air conditioning (HVAC);
material handling; welding; and supplying compressed air. Sullivan et al. (2010) estimated the energy use
and emissions associated with these vehicle assembly processes by using data from two sources: painting,
HVAC, and material handling from Galitsky and Worrell (2008) and welding from Berry and Fels (1972).
Burnham et al. (2006) estimated the electricity required for dismantling vehicles for disposal or recycling
to be approximately 1.5 million Btu/vehicle for a vehicle weighing 3,000 Ib, based on Stodolsky et al.
(1995). This value does not include material recovery processes or combustion for energy recovery.
GREET includes the energy use of materials associated with material recovery to each specific recycled
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material. The summary of energy use and non-combustion emissions from vehicle assembly and disposal
processes are presented in Table 43.

Table 43. Vehicle assembly, disposal, and recycling process assumptions

Vehicle Assembly =
8 o
3 | 25
2 2%z g BE g2 ¢ &%
inputor ESE 0§ 2R3 E. £%
Emission Unit & T3 T ST = o< | >8
Fuel
NG MMBtu/vehicle | 2.30 - 2.98 - - - —
Electricity MMBtu/vehicle | 0.46 0.99 - 0.21 0.27 0.41 1.47
Non-combustion emissions
VOC ton/vehicle | 0.002 | - — - - | - | -
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8. CRADLE-TO-GRAVE GHG RESULTS

8.1. GREENHOUSE GAS EMISSIONS

As in the prior study, C2G GHG emissions (g CO.e/mi) are calculated for the different vehicle-fuel
combinations. The results are given in Table 44 and Table 45 and plotted in Figure 18 and Figure 19.
Detailed assumptions underpinning the vehicle-fuel combinations are provided in Sections 2.5-7. We
discuss GTL FTD in Section 4.6, CNG in Sections 4.2 and 5.1, biofuels in Sections 4.3 and 5.3-5.4,
e-fuels in Sections 4.4 and 5.6, and H, pathways in Sections 4.5 and 5.7. The vehicles under investigation
are ICEVs, HEVs, PHEVs, H, FCEVs, and BEVS. Advanced electricity generation pathways considered
for electrification of vehicles include ACC NG generation and CCS, which are discussed in Sections 4.7
and 5.5. Figure 18 and Figure 19 show results for the fuel production pathways and vehicle technologies
for midsize sedans and small SUVs, respectively. The CURRENT TECHNOLOGY cases evaluate current fuel
production and vehicle technologies using current feedstock sources and process fuel mixes, while the
FUTURE TECHNOLOGY cases represent low-carbon pathways. The FUTURE TECHNOLOGY cases consider
the high powertrain technology progression pathway. Figure 18 and Figure 19 can be understood as
follows:

e Black line: GHG emissions associated with CURRENT TECHNOLOGY for the associated pathways

o Red line: potential future vehicle efficiency gains. Fuel economy improvement estimates are
based on the adoption of advanced vehicle and powertrain technologies in the 2030-2035
timeframe. For electric vehicles, this line corresponds to the default U.S. electricity mix in
GREET for the year 2035 in a vehicle with future technology gains.

e Blue line: GHG emissions associated with the production of FUTURE TECHNOLOGY vehicles
amortized over the life of the vehicle. This would be the life cycle GHG emissions of the vehicle
if it operated on a 0 g CO.e/mi fuel. Note that vehicle production assumptions here use baseline
assumptions from the GREET model for the electricity grid mix, material and vehicle production
practices, and carbon capture, and do not consider additional solutions to decarbonize vehicle
manufacturing like electrification or use of low-carbon fuels.

o Down-arrows: Potential GHG emissions reductions from low-carbon fuels and electricity in
addition to vehicle efficiency gains. The gap between the arrows and lines can be considered as
the fuel cycle, or the life cycle emissions associated with operating the vehicle.

For instance, for the gasoline ICEV midsize sedan pathway, the potential vehicle efficiency gains would
bring emissions down from 382 g CO.e/mi to 287 g COze/mi; these emissions could be further reduced to
between 79 and 44 g CO.e/mi by using a low-carbon fuel. We further see that the burden of vehicle
production accounts for 33 g CO.e/mi of the FUTURE TECHNOLOGY emissions. Similarly for the gasoline
ICEV small SUV pathway, the potential vehicle efficiency gains would bring emissions down from

429 g COze/mi to 322 g CO.e/mi; these emissions could be further reduced to between 91 and 52 g
CO2e/mi by using a low-carbon fuel. We further see that the burden of vehicle production accounts for
39 g COze/mi of the FUTURE TECHNOLOGY emissions.

Much like the 2016 C2G study, the results show that by combining vehicle gains with low-carbon fuels,
GHG emission reductions more than double in most cases compared to vehicle gains alone. Note that the
down-arrows show a plausible reduction of the carbon footprint of the vehicle-fuel pathway, but the cost
and feasibility of achieving the indicated GHG emission reductions were not considered.

In general, it is clear from Figure 18 and Figure 19 that large GHG reductions for LDVs are challenging
and require consideration of the entire life cycle, including vehicle manufacture, fuel production, and

89



vehicle operation. Achieving a life cycle reduction in GHG emissions is a challenging task and must
overcome both technological hurdles as well as cost and market acceptance constraints.
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Figure 18. GHG emissions for midsize sedans, assuming high technological progress. Numerical values are

given in Table 44.
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Figure 19. GHG emissions for small SUVs, assuming high technological progress. Numerical values are

given in Table 45.
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Table 44. GHG emissions for FUTURE TECHNOLOGY case shown in Figure 18 (g COze/mile)

o
3 ps
5 | ¥l 8ls
IE 5 a > I o ™ N
e Qo || 2leg|la|lma|slsls
= - = $) = = o o =
5>z o | = |3 || |21 S]¢|3
Pathway Oo=| o (@) w O O T T m m | o
CURRENT TECHNOLOGY | 382 | 355 | 345 | 229 | 269 | 219 | 206 | 211 | 166 | 182 | 209
Vehicle efficiency gain 287 | 293 | 262 | 176 | 221 | 164 | 166 | 170 | 120 | 127 | 142
Forest residue pyrolysis 79 | 128 — — 66 — - - - — -
Soybean — 106 - — — - - - — — _
E-fuels (nuclear) 58 60 - - 51 - - - _ _ _
E-fuels (renewable) 44 46 - — 40 — - - _ _ _
RNG - - 75 - - - - — - _ _
Corn stover — — — 68 58 - - - - _ -
Solar/wind electricity - - — — — - 52 55 36 | 40 | 48
Nuclear electrolysis - - - - - - 55 57 - — _
NG SMR with CCS - - - - - - 66 69 - - _
Stover + ACC w/ CCS - - - - — 68 — _ _ _ _
Stover + wind/solar - - - - - 45 — - _ _ _
Pyrolysis + ACC w/ B 3 B B B 70 B B B B -
CCS
Pyrolysis + wind/solar — — - — - 47 - _ _ _ _
E-fuel (nuclear) + ACC B B B B B 66 B B B B -
w/ CCS
E-fuel (nuclear) +
. - - - - - 43 - - - - -
wind/solar
E-fuel (renewable) + B B B B B 63 j j j } }
ACC w/ CCS
E-fuel (renewable) + B B B B B 40 B B B B }
wind/solar
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Table 45. GHG emissions for the FUTURE TECHNOLOGY case shown in Figure 19 (g COze/mile)

B
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gl 8| > | ez |2 %% 3lala

Pathway olla | |d|lo|]o| T || o|ao|n

CURRENT TECHNOLOGY | 429 | 396 | 384 | 258 | 312 | 264 | 250 | 256 | 203 | 221 | 254
Vehicle efficiency gain 322 | 315 | 295 | 198 | 255 | 197 | 201 | 206 | 147 | 156 | 173
Forest residue pyrolysis | 91 | 128 | - — 78 — — —
Soybean - | 117 | - — — — — — — — —
E-fuels (Nuclear) 68 68 — — 60 — — — — — —
E-fuels (Renewable) 52 53 — — 48 — — — — — —
RNG - - 87 - - - - - - - -
Corn stover — — — 79 69 — — — — — —
Solar/wind electricity — — — — — — 63 66 | 43 | 49 | 57
Nuclear electrolysis - - - - - - 66 69 - - -
NG SMR with CCS — — — — — — 80 84 — — —
Stover + ACC w/ CCS - - - - - 82 - - - - -
Stover + wind/solar - - - - - 54 - - - - -
Pyrolysis + ACC w/ 3 B 3 3 B 85 3 B B 3 B
CCs
Pyrolysis + wind/solar - - - - — 57 - — — - —
E-fuel (nuclear) + ACC B B B B B 79 B B B B B
w/ CCS
E-fuel (nuclear) +
wind/solar - - - - B} 52 - B} - - -
E-fuel (renewable) + B B B B B 76 B B B B B
ACC w/ CCS
E-fuel (renewable) + 48
wind/solar B B B B B B B B -

8.2. TOTAL ENERGY

Figure 20 shows the amount of energy (Btu/mi) by source needed to produce the midsize vehicles and
fuels in the study, while the pathways for the CURRENT TECHNOLOGY case rely more heavily on

petroleum and NG; the FUTURE TECHNOLOGY low-carbon cases, while still heavily relying on NG,

also have a greater reliance on biomass and other renewable energy sources. Values for Figure 20 and
Figure 21 are shown in Table 46 and Table 47, respectively.
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Figure 20. GREET results of energy consumption for all midsize vehicle-fuel combinations (Btu/mi). Each bar

is segmented by energy source. Data for this figure are in Table 46.
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Table 46. Total midsize sedan energy consumed, as shown in Figure 20 (Btu/mi)

Vehicle Total Petroleum NG Coal Biomass | Other/Renewables
Current Tech 5,133 3,770 806 186 316 54
Vehicle Efficiency 3,885 2,808 636 147 236 58
Gf‘cs‘l’z'i;‘e Pyrolysis 9,283 (112) 1,516 (187) 8,066 -
E-fuels (Nuclear) 5,001 15 43 18 - 4,925
E-Fuels (Renewable) 6,693 7 4 2 - 6,680
Current Tech 4,456 3,564 642 172 20 58
_ Vehicle Efficiency 3,706 2,936 548 141 18 62
Desel | Renewable 5,747 245 1030 | 188 4,223 62
E-fuels (Nuclear) 4,957 15 43 18 - 4,882
E-Fuels (Renewable) 6,634 7 4 2 - 6,621
Current Tech 5,203 118 4775 209 44 58
L85 | Vehicle Efficiency 3,997 108 3631 | 159 38 61
RNG 3,684 96 298 156 3,073 61
Current Tech 6,865 234 447 96 6,089 -
E85 Vehicle Efficiency 5,103 174 332 71 4,526 -
Corn Stover 8,395 264 192 (78) 8,017 -
Gasoline | Current Tech 3,616 2,555 620 175 212 53
HEV Vehicle Efficiency 2,990 2,096 525 140 175 54
Current Tech 3,446 120 2,708 286 - 331
Vehicle Efficiency 2,852 100 2,252 190 - 310
FgO%V LT Elec Wind/Solar 2,926 93 448 189 - 2,196
HT Elec. Nuclear 2,827 97 470 198 - 2,063
NG SMR w/ CCS 2,924 100 2,285 210 - 329
Current Tech 3,545 133 2,771 299 - 341
Vehicle Efficiency 2,927 110 2,300 198 - 318
FZ?O%V LT Elec. Wind/Solar 3,002 104 472 197 - 2,230
HT Elec. Nuclear 2,902 108 495 205 - 2,004
NG SMR w/ CCS 3,001 111 2,334 218 - 338
PHEVED Cur-rent Te-cr-l 3,200 879 1,122 724 64 410
Vehicle Efficiency 2,518 671 918 483 49 397
Current Tech 2,531 106 1,155 802 - 468
Vehicle Efficiency 1,976 76 934 521 - 445
BEV200
NG ACC w/ CCS 2,395 69 2,135 127 - 65
Wind 1,325 63 280 125 - 857
Current Tech 2,777 128 1,278 865 - 506
Vehicle Efficiency 2,091 87 994 545 - 464
BEV300
NG ACC w/ CCS 2,522 80 2,228 140 - 74
Wind 1,421 73 321 138 - 888
Current Tech 3,179 157 1,473 976 - 573
Vehicle Efficiency 2,330 105 1,115 600 - 511
BEV400
NG ACC w/ CCS 2,797 97 2,453 160 - 87
Wind 1,604 89 385 159 - 971
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Table 47. Total small SUV energy consumed, as shown in Figure 20 (Btu/mi)

Vehicle Total Petroleum NG Coal Biomass Other Renewables
Current Tech 5,767 4,234 915 206 353 59
_ Vehicle Efficiency 4,362 3,150 723 162 263 63
Gf‘cs‘l’z'{;‘e Pyrolysis 10,304 (124) 1,683 | (208) 8,954 -
E-fuels (Nuclear) 5,538 16 48 20 - 5,454
E-Fuels (Renewable) 7,411 7 5 2 - 7,397
Current Tech 4,969 3,968 727 189 22 62
_ Vehicle Efficiency 3,995 3,144 610 155 19 67
Diesel | Renewable 6,160 290 1121 | 204 4,478 67
E-fuels (Nuclear) 5,271 16 46 19 - 5,192
E-Fuels (Renewable) 7,055 7 5 2 - 7,041
Current Tech 5,800 157 5,302 230 48 63
L85 | Vehicle Efficiency 4,492 146 4063 | 175 42 66
RNG 4,143 132 348 172 3,425 66
Current Tech 7,620 259 496 106 6,759 -
E85 Vehicle Efficiency 5,651 192 368 79 5,012 -
Corn Stover 9,296 292 213 (86) 8,877 -
Gasoline | Current Tech 4,190 2,970 721 197 245 58
HEV Vehicle Efficiency 3,449 2,422 609 157 201 59
Current Tech 4,161 150 3,286 339 - 385
Vehicle Efficiency 3,436 126 2,726 224 - 360
FgO%V LT Elec. Wind/Solar 3,526 118 534 223 - 2,651
HT Elec. Nuclear 3,407 123 562 233 - 2,489
NG SMR w/ CCS 3,525 127 2,766 248 - 384
Current Tech 4,278 166 3,361 354 - 396
Vehicle Efficiency 3,528 139 2,786 234 - 371
FZ?O%V LT Elec. Wind/Wolar 3,620 131 564 232 - 2,693
HT Elec. Nuclear 3,499 136 592 243 - 2,529
NG SMR w/ CCS 3,618 140 2,826 258 - 394
Current Tech 3,841 1,072 1,344 860 77 488
PHEV50 . .
Vehicle Efficiency 3,026 824 1,100 572 59 471
Current Tech 3,084 136 1,407 973 - 569
Vehicle Efficiency 2,412 100 1,140 631 - 541
BEV200
NG ACC w/ CCS 2,928 91 2,619 145 - 73
Wind 1,609 83 334 144 - 1,049
Current Tech 3,365 161 1,548 1,045 - 612
BEV300 Vehicle Efficiency 2,561 114 1,218 662 - 566
NG ACC w/ CCS 3,092 105 2,740 163 - 85
Wind 1,735 96 388 161 - 1,089
Current Tech 3,858 198 1,788 1,180 - 693
Vehicle Efficiency 2,821 133 1,350 722 - 617
BEV400
NG ACC w/ CCS 3,391 124 2,983 185 - 100
Wind 1,935 114 459 183 - 1,178
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9. LEVELIZED COST OF DRIVING ANALYSIS

The fuel cost data from Section 5 and the vehicle cost and fuel economy data from Section 6 are used to
develop a LCD metric. The LCD framework enables a comparison of vehicle costs and respective fuel
economy and associated fuel costs on the same basis. LCD costs for the various vehicle-fuel pathways
can be compared to better understand the ownership costs of the vehicle-fuel platforms relative to one
another and relative to a baseline gasoline ICEV.

9.1. LCD ANALYSIS FRAMEWORK

In the present study LCD is defined as the sum of the amortized vehicle cost per mile (LCD.en) and the
fuel cost per mile (LCDswer): LCD = LCDyep, + LCDgye;. The LCD has units of dollars per mile driven.
The LCD calculation only considers vehicle (including the EVSE for the BEVs and PHEVs) and fuel
costs. Other costs such as insurance, maintenance, and parking are not considered here. The LCD is a
function of vehicle purchase cost, assumed vehicle residual value at the end of the analysis period,
assumed discount rate, fuel costs, fuel efficiency, and assumed vehicle miles travelled (VMT). Costs are
considered in real dollars (2020$), not nominal dollars, and thus any future inflation rate has been
factored out of the analysis.

Fuel costs (discussed in Section 5) are assumed to remain constant in real dollar terms from the time of
the vehicle purchase through the end of the analysis period. Thus, the fuel cost component of LCD can be
calculated directly as the fuel cost (in 2020$/gge) divided by the vehicle fuel economy (in mpgge).

The vehicle cost component of the LCD is derived from the net vehicle cost to the owner, which is
defined as the initial purchase cost of the vehicle (Section 6) less the residual value at the end of the
analysis period. Since the residual value is returned to the vehicle buyer after a number of years, it must
be discounted to place it on a comparable basis with the initial vehicle purchase cost. Once it is
discounted, it may then be subtracted from the initial vehicle purchase cost to arrive at a net vehicle cost.
The vehicle cost component of the LCD is computed by allocating the net vehicle cost uniformly over the
VMT and applying the assumed discount rate to reflect the years in which miles are driven. More
specifically, the vehicle cost component of the LCD is found by solving the following equation:

¢
Vehicle Cost (net) = Z

i=1

LCD,,p, * VMT;

(1+ D)t @)

where LCD.en represents the vehicle component of the LCD metric (expressed in $/mile driven), t is the
time period in years, VMT; is the number of miles driven in year i, D is the discount rate expressed as an
annual percentage, and (1 + D)' is the discount factor applied in year i. The fuel cost component of the
LCD (LCDx) is calculated as follows:

LCD _ FuelCost 3)
fuel = FuelEconomy

Where fuel cost is in units of $/gge and fuel economy is in units of mi/gge. As noted, the LCD metric

depends on an assumption of annual VMT. The VMT assumption in this calculation is based on the
National Highway Traffic Safety Administration (NHTSA) passenger car travel mileage schedule
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(NHTSA 2006), which estimates the average annual miles traveled by passenger cars in the U.S. for each
year of the vehicle life. In that schedule, a new vehicle travels 14,231 mi in its first year, and travel
decreases to 9,249 mi in year 15, which is the assumed vehicle EOL in our analysis. The total number of
miles traveled over the vehicle lifetime is 178,102. We assume that BEVs have sufficient driving capacity
to function as equivalent replacements of ICEVs on a VMT basis.

A discount rate is applied to equate capital cash flows that occur at different points in time (i.e., the initial
vehicle purchase price and the residual value after t years). In this analysis, a discount rate of 5% is
assumed, with a low and high sensitivity at 3% and 7%, respectively. This discount rate, applied to
consumer cash flow, is in real terms and excludes inflation (as noted above, all inflation has been factored
out of the analysis).

We consider three time periods: 3, 5, and 15 years. Typically, 3-5 years is used as a payback period (both
3 and 5 years are considered) and 15 years is an appropriate estimate of a passenger vehicle lifetime, such
that a 15-year analysis offers a societal perspective on total lifetime emissions and total lifetime cost. The
shorter time periods capture the perspective of the typical first purchaser. The longer time period, chosen
to cover the entire life of the vehicle, provides a societal perspective. Both perspectives are important in
comparing different vehicle-fuel technology combinations.

Data published in the Automotive Lease Guide for the depreciation of midsize vehicles indicate a
depreciation rate of approximately 15-20% over the first 3-9 years. We use the midpoint in this range, or
17.5% per year. In the absence of any information to the contrary, and for simplicity, we assume the same
depreciation rate for all vehicle technologies. Appendix E illustrates how the LCD calculations are
performed.

Note that the cost analysis here does not provide a quantitative estimate of potential maintenance cost
savings. However, other studies suggest that light-duty BEVs reduce maintenance costs compared to
ICEVs by approximately 40% (Burnham, et al. 2021).

9.2. LCD RESULTS

Using the analysis framework described above, LCD estimates are developed for all vehicle-fuel
pathways for both the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases. All costs are presented
in 20203. Considering baseline, high, and low vehicle and fuel cost estimates, as well as different analysis
periods and discount rates, a large number of LCD permutations are possible. To illustrate LCD results
for the vehicle-fuel pathways, a base case is developed for the CURRENT TECHNOLOGY (MY 2020) and
FUTURE TECHNOLOGY cases (MY 2030-2035) using the base case vehicle and fuel costs over a 5-year
analysis period using a 5% discount rate. Results of this illustrative base case are shown in Figure 22,
Figure 23, Figure 24, and Figure 25.

As seen in the figures, for all vehicle-fuel pathways, the vehicle cost (less residual value) represents a
significant portion of the total LCD. For the CURRENT TECHNOLOGY case, the more commercially
established vehicles (gasoline, diesel, E85, and HEV) have LCDs below $0.45/mi for midsize sedans, and
below $0.50/mi for small SUVs. Emerging vehicle technologies, such as BEVs, longer-range PHEVs, and
FCEVs for midsize sedans, have LCDs exceeding $0.50/mi, except for BEV200 ($0.45/mi). The same
trend holds for small SUVs, with PHEV, BEV, and FCEV costs exceeding $0.55/mi. As shown in the
FUTURE TECHNOLOGY case, improvements in technology and cost suggest that most vehicles will be
below $0.50/mi in the baseline conditions for both midsize sedans and small SUVs, with BEVs having
the largest cost reductions.
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The C2G study uses a range of estimates for vehicle and fuel costs for the CURRENT TECHNOLOGY case.
The resulting LCD results based on these high and low fuel and vehicle cost ranges are shown as
uncertainty bars in Figure 22 and Figure 23. Additionally, as described in Section 5.7, a CURRENT
TECHNOLOGY low-volume hydrogen fuel cost estimate is developed for hydrogen fuel to better
understand the impact of hydrogen fuel cost in the near term, shown as a black arrow. For FCEVs in the
CURRENT TECHNOLOGY case, the low-volume cost of hydrogen increases the midsize sedan FCEV LCD
from $0.70/mi to $0.78/mi, depending on the range, and the small SUV FCEV LCD from $0.830/mi to
$0.93/mi.

Levelized Cost of Driving, Current Technology
Analysis Window = 5 years; discount rate = 5%; Vehicle = Midsize

BEV400-2020 Avg US Grid Mix

BEV300-2020 Avg US Grid Mix

BEV200-2020 Avg US Grid Mix
FCEV400-NG SMR —
FCEV300-NG SMR —»

PHEV50-Conventional Gasoline

E Arrowsindicate LCD at
HEV-Conventional Gasoline low-volume H2 cost

CNG

Diesel-Conventional

Vehicle
E85-Corn

E Fuel

Gasoline-Conventional

$0.00 $0.20 $0.40 $0.60 $0.80 $1.00

Figure 22. LCD by vehicle-fuel pathway for the CURRENT TECHNOLOGY midsize sedan case
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Levelized Cost of Driving, Current Technology
Analysis Window = 5 years; discount rate = 5%; Vehicle = SUV

BEV400-2020 Avg US Grid Mix
BEV300-2020 Avg US Grid Mix
BEV200-2020 Avg US Grid Mix

FCEV400-NG SMR

FCEV300-NG SMR
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CNG
Diesel-Conventional
 Vehicle
E85-Corn
= Fuel
Gasoline-Conventional
$0.00 $0.20 $0.40 $0.60 $0.80 $1.00

Figure 23. LCD by vehicle-fuel pathway for the CURRENT TECHNOLOGY small SUV case

Levelized Cost of Driving, Future Technology
Analysis Window = 5 years; discount rate = 5%; Vehicle = Midsize
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Figure 24. LCD by vehicle-fuel pathway for FUTURE TECHNOLOGY midsize sedan case
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Levelized Cost of Driving, Future Technology
Analysis Window = 5 years; discount rate = 5%; Vehicle = SUV
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Figure 25. LCD by vehicle-fuel pathway for FUTURE TECHNOLOGY small SUV case

As described in Sections 5 and 6, vehicle and fuel cost ranges are developed for the FUTURE
TECHNOLOGY case. The uncertainty bars in Figure 24 (midsize sedans) and Figure 25 (small SUVs) show
the range of LCD results for each vehicle-fuel pathway (evaluated over a 5-year ownership period using a
5% discount rate) if low and high estimates are used for the vehicle and fuel costs.

9.3. LCD SENSITIVITY RESULTS

In addition to the illustrative base case, sensitivity analyses of the LCD for the various vehicle-fuel
pathways are conducted for both the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases. As with
the baseline LCD analysis, the 3-year and 15-year LCD analysis uses the base case vehicle and fuel costs
and a discount rate of 5%. The results of the 3-year and 15-year LCD analyses for the CURRENT
TECHNOLOGY are shown in Figure 26 and Figure 27 for the midsize sedan and small SUV, respectively.
The FUTURE TECHNOLOGY cases are shown in Figure 28 and Figure 29 for the midsize sedan and small
SUV, respectively.

To better understand the full range of potential LCD results, sensitivity analyses are conducted to develop
upper- and lower-bound LCD estimates for each vehicle-fuel pathway for both the CURRENT
TECHNOLOGY and FUTURE TECHNOLOGY cases. The upper-bound LCD estimates for the CURRENT
TECHNOLOGY case are based on a 3-year ownership period using a 7% discount rate. The lower-bound
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LCD estimates are based on a 15-year ownership period using a 3% discount rate. For both the upper- and
lower-bound LCD estimates (and the base case estimates), the base case vehicle and fuel costs are used.
The results for the CURRENT TECHNOLOGY case are shown in Figure 30 and Figure 31 for the midsize
sedan and small SUV, respectively.

Upper- and lower-bound LCD estimates are made for the FUTURE TECHNOLOGY case. As with the
CURRENT TECHNOLOGY case, the upper-bound LCD estimate for the FUTURE TECHNOLOGY case
assumes a 3-year ownership period using a 7% discount rate. The upper- and lower-bound LCD estimates
for each vehicle-fuel pathway for the FUTURE TECHNOLOGY case (along with the base case results) are
shown in Figure 32 and Figure 33 for the midsize sedan and small SUV, respectively.

Levelized Cost of Driving, Current Technology
Analysis Window = Ownership range of 3 to 15 year;
discount rate = 5%; Vehicle = Midsize

BEV400-2020 Avg US Grid Mix
BEV300-2020 Avg US Grid Mix
BEV200-2020 Avg US Grid Mix
FCEV HEV-NG SMR
FCEVA00-NG SMR

FCEV300-NG SMR
PHEV50-Conventional Gasoline
HEV-Conventional Gasoline
CNG

Diesel (FTD)-FTD

Diesel-Conventional ©
M 15-yr analysis

E85-Corn

3-year analysis

Gasoline-Conventional

$0.00 $0.20 $0.40 $0.60 $0.80 $1.00

Figure 26. 3-year and 15-year LCD results by vehicle-fuel pathway for the CURRENT
TECHNOLOGY midsize sedan case
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Levelized Cost of Driving, Current Technology
Analysis Window = Ownership range of 3 to 15 year;
discount rate = 5%; Vehicle = SUV

BEV400-2020 Avg US Grid Mix
BEV300-2020 Avg US Grid Mix
BEV200-2020 Avg US Grid Mix
FCEV HEV-NG SMR
FCEVA00-NG SMR

FCEV300-NG SMR
PHEVS50-Conventional Gasoline
HEV-Conventional Gasoline
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Diesel-Conventional -
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Gasoline-Conventional

$0.00 $0.20 $0.40 $0.60 $0.80 $1.00

Figure 27. 3-year and 15-year LCD results by vehicle-fuel pathway for the CURRENT
TECHNOLOGY small SUV case
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Levelized Cost of Driving, Future Technology
Analysis Window = Ownership range of 3 to 15 year;
discount rate = 5%; Vehicle = Midsize

BEV400-Wind/Solar PV
BEV300-Wind/Solar PV
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FCEV400-LT elec wind/solar
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Figure 28. 3-year and 15-year LCD results by vehicle-fuel pathway for the FUTURE TECHNOLOGY
midsize sedan case
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Levelized Cost of Driving, Future Technology
Analysis Window = Ownership range of 3 to 15 year;
discount rate = 5%; Vehicle = SUV
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Figure 29. 3-year and 15-year LCD results by vehicle-fuel pathway for FUTURE TECHNOLOGY
small SUV case
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Levelized Cost of Driving, CURRENT TECH
Base case: base vehicle & fuel costs, 5 yr, d.r.=5%; Sensitivitiy range using 3 yr, d.r.=7% and
15 yr, d.r.=3%; Uncertainty bars show the effect of using high and low vehicle and fuel costs
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Figure 30. Upper- and lower-bound LCD results by vehicle-fuel pathway for the CURRENT
TECHNOLOGY midsize sedan case

Levelized Cost of Driving, CURRENT TECH
Base case: base vehicle & fuel costs, 5 yr, d.r.=5%; Sensitivitiy range using 3 yr, d.r.=7% and
15 yr, d.r.=3%; Uncertainty bars show the effect of using high and low vehicle and fuel costs
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Figure 31. Upper- and lower-bound LCD results by vehicle-fuel pathway for the CURRENT
TECHNOLOGY small SUV case
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Levelized Cost of Driving, FUTURE TECH
Base case: base vehicle & fuel costs, 5 yr, d.r.=5%; Sensitivitiy range using 3 yr, d.r.=7% and
15 yr, d.r.=3%; Uncertainty bars show the effect of using high and low vehicle and fuel costs

$1.00
©® Base case: 5%, Syr
0.90
> Sensitivity: 7%, 3 yr
$0.80 || o Sensitivity: 3%, 15 yr
$0.70
T T
$0.60 S S SR | T T T T TTT
050 | I P 3 3 T T T T 3 T
s040 | & @ s { IILIIIIIII ;I
3 3 & 3
0.30
0.20
$0.10
$0.00
40 & Dy S A D A e & D@ WO B
St 0 S T S S S e
E Y TN FTEFFCET TV P E P
PP & ¥ o © & ® o of V&é® & QY B D
F 07 N & N & F o~ G IO
¢ & & & & KR FEFPFPEFLCLE &S
& & &K ¥ Y E E S P W®
N e, F W F NS
O o & Al KRR
& & & ¥ (@ L
& & & &
© )
&

Figure 32. Upper- and lower-bound LCD results by vehicle-fuel pathway for the FuTure
TECHNOLOGY midsize sedan case

Levelized Cost of Driving, FUTURE TECH
Base case: base vehicle & fuel costs, 5 yr, d.r.=5%; Sensitivitiy range using 3 yr, d.r.=7% and
15 yr, d.r.=3%; Uncertainty bars show the effect of using high and low vehicle and fuel costs
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Figure 33. Upper- and lower-bound LCD results by vehicle-fuel pathway for the Future
Technology small SUV case
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10. CosT oF AVOIDED GHG EMISSIONS

To allow for comparison across different strategies for GHG mitigation, it is important to evaluate the
cost-effectiveness of potential reductions in GHG emissions for each of the various vehicle-fuel
combinations addressed in this study. This section outlines the methodology used to estimate a “cost of
avoided GHG emissions” metric, which is based on a comparison of the alternative vehicle-fuel pathway
to an equivalent gasoline ICEV. The costs of avoided GHG emissions for each vehicle-fuel pathway are
reported in dollars per tonne (1,000 kg) of avoided GHG emissions, measured on a CO-e basis.

The interpretation of GHG abatement costs embodied in this metric has limitations. The vehicle
technologies considered in this analysis differ not only in their lifetime GHG emissions, but also in other
important attributes, such as local air quality-related emissions, reliance on different fuels

(e.g., petroleum, NG, ethanol, hydrogen, electricity), and functionality (e.g., more limited range and
longer refueling times for BEVS). The cost of avoided GHG emissions metric, by the definition used in
this study, implicitly assumes that all vehicle and fuel changes (and their resulting costs) are undertaken
to reduce GHG emissions. Consequently, this approach assumes that differences other than GHG
emissions between the vehicles have zero value or cost. While this is clearly an oversimplification and
factors other than GHG emissions need to be considered, this approach is valuable in providing a starting
point for discussions of the cost-effectiveness of different potential vehicle-fuel actions in terms of GHG
abatement. Finally, while negative abatement costs can be computed, they are not useful because it is
unclear whether the negative quantity is in the numerator (i.e., the alternative technology has higher
emissions and hence negative abatement) or in the denominator (i.e., the alternative technology has lower
cost and hence negative additional cost).

10.1. ANALYSIS FRAMEWORK

In this analysis the cost of carbon avoided represents the cost of displaced carbon by driving a mile with
an alternative vehicle compared to a mile driven by the baseline conventional gasoline ICEV. The cost of
avoided GHG emissions analysis relies on the life cycle GHG emissions assessment (Section 8) and LCD
analysis (Section 9). The cost of avoided GHG emissions (in $/tonne COe) metric is calculated from the
difference in the cost of driving an alternative vehicle-fuel platform compared to a gasoline ICEV divided
by the difference in the GHG emissions of the alternative vehicle compared to a gasoline ICEV (see
Figure 34). The analysis is conducted for both the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY
cases, with the alternative vehicle platform compared to the equivalent CURRENT TECHNOLOGY (2020)
and FUTURE TECHNOLOGY (2030-2035) ICEVs, respectively. The calculation is conducted considering
full lifetime (15-year) costs and emissions.* The 15-year analysis represents the full lifetime of the
vehicle and thus provides a measure of the full societal cost of reducing GHG emissions. A sensitivity
case is developed using a 3-year ownership period, with the 3-year analysis timeframe designed to
estimate the cost of avoided emissions from a first owner standpoint.

11 As an example, in the CURRENT TECHNOLOGY case (Table 48), the gasoline HEV pathway has a 15-year LCD of
$0.296/mi, compared to the 15-year LCD of $0.281/mi for gasoline ICEVs (values are rounded, as shown in
(Table 48). GHG emissions of HEVs are 270 g COze/mi, compared to 383 g CO»e/mi for ICEVs. The cost of
avoided carbon for the HEV pathway is ($0.30-$0.28) + ((383 — 270)/1,000,000). When solved using actual
(non-rounded) values, this equates to a cost of avoided carbon of $135.80/tonne. This is reported in a rounded
format as $140/tonne in Table 52.
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Levelized Cost of Driving Levelized Cost of Driving
for Alternative Vehicle - for Gasoline ICE
Cost of Avoided ($/mi driven) ($/mi driven)
GHG Emissions i
($/tonne CO,e) C2G GHG Emissions C2G GHG Emissions
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(tonne CO,e/mi driven) (tonne CO,e/mi driven)

Figure 34. Cost of avoided GHG emissions calculation

By relying on the difference in emissions on a per-mile basis, the cost of avoided GHG emission metric
captures the costs borne on a per-vehicle standpoint (or alternatively on a full vehicle fleet basis).
Consistent with the framework for fuels studied in this report, the cost of avoided GHG emissions
considers the alternative vehicle-fuel platforms on a pathway basis. The cost of avoided GHG emissions
analysis is not a scenario analysis in that it does not project economy-wide total GHG reductions based on
predicted vehicle-fuel penetration rates into the LDV market or vehicle usage.

The alternative vehicle-fuel platforms in the FUTURE TECHNOLOGY case are compared to an improved
(MY2030-2035) gasoline ICEV, therefore the cost of avoided GHG emissions metric only considers the
cost of GHG reductions specifically associated with the alternative vehicle-fuel technologies. We do not
address the cost of avoided GHG emissions for improvements to the vehicle glider (reduced weight,
reduced rolling resistance, improved aerodynamics, etc.) that are common to both the gasoline ICEV
baseline and the alternative vehicle-fuel platforms.

10.2. CosT oF AVOIDED GHG EMISSIONS: CURRENT TECHNOLOGY CASE

The CURRENT TECHNOLOGY case considers the cost of avoided GHG emissions based on MY 2020
vehicle technologies with vehicle costs modeled at high-volume production at a level which captures the
economies of scale. Fuel costs are also modeled for 2020, with fuels assumed to be produced at scale
(i.e., a high-volume fuel cost is used in the analysis). All costs are presented in 2020$. Key data for the
cost of avoided GHG emissions are shown in Table 48 and Table 49 and include vehicle cost, fuel cost,
vehicle fuel economy, vehicle-fuel pathway GHG emissions, and the 3-year and 15-year LCDs (see
Sections 5, 6, 8, and 9).

As noted in Section 9, the LCD accounting includes vehicle cost (less its residual value in the 3-year case)
and fuel cost, but it does not include other costs of driving, such as maintenance, repairs, insurance,
registration, taxes, etc. Sufficient data to differentiate these costs across vehicle-fuel platforms were not
available. In the absence of data to the contrary, we assume that costs associated with maintenance,
repairs, insurance, registration, and taxes are equal across platforms, and hence do not factor into the
estimation of CO, abatement cost.
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Table 48. Costs and GHG emissions for the CURRENT TECHNOLOGY midsize sedan case

Base Case (5% discount rate, mid- | \ehicle | Fuel | Vehicle GHG | 3-year | 15-year
oint fuel cost) Cost Cost FIE Emissions | Cost | Cost

Fuel Pathway (2020%) | ($/gge) | (mpgge) | (g COze/mi) | ($/mi) | ($/mi)
Gasoline |Conventional 28,630 1.69 30.7 383 0.44 0.28
E85 Corn 28,630 2.08 30.7 272 0.46 0.29
Diesel Conventional 33,092 1.67 33.9 356 0.50 0.31
CNG CNG 35,420 1.57 27.7 346 0.54 0.34
HEV Conventional Gasoline 32,860 1.69 45.7 270 0.48 0.30
PHEV50 |Conventional Gasoline 38,932 |1.69/4.01|45.6/101.4 221 0.57 0.35
FCEV300 |NG SMR 49,591 7.30 66.5 207 0.78 0.50
FCEV400 |NG SMR 51,085 7.30 65.5 213 0.80 0.51
BEV200 |2020 Avg U.S. Grid Mix| 35,485 4.01 124.3 168 0.51 0.31
BEV300 |2020 Avg U.S. Grid Mix | 42,660 4.01 118.3 184 0.61 0.37
BEV400 |2020 Avg U.S. Grid Mix| 52,068 4.01 107.1 211 0.74 0.45

Table 49. Costs and GHG emissions for the CURRENT TECHNOLOGY small SUV case

Base Case (5% discount rate, mid- | Vehicle | Fuel | Vehicle GHG 3-year | 15-year
oint fuel cost) Cost Cost FIE Emissions | Cost | Cost

Fuel Pathway (2020%) | ($/gge) | (mpgge) | (g COe/mi) | ($/mi) | ($/mi)
Gasoline |Conventional 31,664 1.69 27.5 431 0.49 0.31
E85 Corn 31,664 2.08 27.5 306 0.50 0.33
Diesel Conventional 36,124 1.67 30.6 397 0.54 0.34
CNG CNG 39,466 1.57 25.1 386 0.60 0.37
HEV Conventional Gasoline 36,890 1.69 39.6 313 0.54 0.33
PHEV50 |Conventional Gasoline 43,791 |1.69/4.01|37.9/84.2 265 0.64 0.39
FCEV300 |NG SMR 58,517 7.30 54.6 251 0.93 0.60
FCEV400 |NG SMR 60,358 7.30 53.8 258 0.95 0.61
BEV200 |2020 Avg U.S. Grid Mix| 41,756 4.01 101.1 204 0.61 0.37
BEV300 |2020 Avg U.S. Grid Mix| 50,065 4.01 96.6 223 0.72 0.44
BEV400 |2020 Avg U.S. Grid Mix| 61,881 4.01 87.7 256 0.88 0.53

Lifetime costs (vehicle and fuel) versus GHG emissions for the CURRENT TECHNOLOGY case of midsize
sedans are shown in Figure 35 (lifetime) and Figure 36 (first owner perspective), and those for small
SUVs are shown in Figure 37 (lifetime) and Figure 38 (first owner perspective). These figures present
emissions over the noted time frame on the primary x-axis, and the percent reduction in emissions
compared to the conventional gasoline vehicle on the secondary x-axis. The lifetime vehicle cost is shown
on the y-axis. The results indicate opportunities to reduce GHG emissions with all powertrains (all data
points lie to the left of the filled black square gasoline conventional vehicle). However, cost reductions
are not observed for the CURRENT TECHNOLOGY cases (all data points lie above the filled black square
gasoline conventional vehicle).
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Lifetime Cost vs. GHGs, Current Tech
15 yr Vehicle Lifetime; 5% discount rate [Midsize]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure 35. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the CURRENT
TECHNOLOGY midsize sedan case for the CURRENT TECHNOLOGY case over its lifetime

First Owner Cost vs. GHGs, Current Tech
3 yr (1st Owner); 5% discount rate [Midsize]

Percent GHG Reduction relative to Conventional Gasoline ICEV
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Figure 36. First owner costs versus GHG emissions by vehicle-fuel pathway for the
CURRENT TECHNOLOGY midsize sedan case for the CURRENT TECHNOLOGY case during the
first owner

113



Lifetime Cost vs. GHGs, Current Tech
15 yr Vehicle Lifetime; 5% discount rate [SUV]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure 37. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the
CURRENT TECHNOLOGY small SUV case for the CURRENT TECHNOLOGY case over its lifetime

First Owner Cost vs. GHGs, Current Tech
3 yr (1st Owner); 5% discount rate [SUV]

Percent GHG Reduction relative to Conventional Gasoline ICEV
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Figure 38. First owner costs versus GHG emissions by vehicle-fuel pathway for the
CURRENT TECHNOLOGY small SUV case for the CURRENT TECHNOLOGY case during the first

owner
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10.3. CosTt oF AvoIDED GHG EMISSIONS: FUTURE TECHNOLOGY CASE

The FUTURE TECHNOLOGY case considers the modeled cost of avoided GHG emissions based on

MY 2030-2035 vehicle technologies. As with the CURRENT TECHNOLOGY case, vehicle costs are modeled
at high-volume production. Fuel costs are also modeled for 2030-2035, with fuels assumed to be
produced at scale. Again, costs are presented in 20203$. Key data for the cost of avoided GHG emissions
are shown in Table 50 and Table 51 for midsize sedans and small SUVs, respectively, and include vehicle
cost, fuel cost, vehicle fuel economy, vehicle-fuel pathway GHG emissions, and the 3-year and 15-year
LCDs (see Sections 5, 6, 8, and 9). Similar to the CURRENT TECHNOLOGY case, the LCD accounting
includes the vehicle cost (less its residual value in the 3-year case) and the fuel cost, but it does not
include other costs of driving, such as insurance, registration, repair, and maintenance. It is important to
emphasize the nature of the cost of avoided CO.e as it relates to negative costs. Recall that the total
avoided CO-e is in the denominator, so a smaller quantity of avoided CO2e will increase the negative cost
compared to a larger reduction.

Lifetime costs versus GHG emissions for the FUTURE TECHNOLOGY case of midsize sedans are shown in
Figure 39 (lifetime) and Figure 40 (first owner perspective), and those for SUVs are shown in Figure 41
(lifetime) and Figure 42 (first owner perspective). These figures present GHG emissions over the noted
time frame on the primary x-axis, and the percent reduction compared to the conventional gasoline
vehicle on the secondary x-axis. The lifetime vehicle cost is shown on the y-axis. The results indicate
opportunities to reduce GHG emissions with all powertrains as well the opportunity to reduce cost for
select cases. Modeled costs of avoided GHG emissions for the FUTURE TECHNOLOGY case, considering
the full 15-year vehicle lifetime are below $500/tonne CO-e for all cases shown. The BEV400 and FCEV
pathways are markedly different from the CURRENT TECHNOLOGY case. The cost of those technologies,
though still a major component of overall vehicle cost, is modeled to improve significantly over the
intervening period, leading to a much lower total vehicle cost.

For the FUTURE TECHNOLOGY case, HEV, PHEV, and BEV platforms offer the lowest modeled costs
of avoided GHG emissions, with many options having a negative cost (i.e., the cost is less than that of the
gasoline ICEV). FCEVs offer lower cost GHG emissions opportunities than ICEV technologies, except
for the CNG vehicle operating on RNG.

As in the FUTURE TECHNOLOGY case, the sensitivity case of 3-year ownership (shown in Figure 40 and
Figure 42) shows modeled costs that are typically higher than those for the 15-year full vehicle lifetime.
There are some exceptions to this rule, such as HEVs operating on e-fuels. This is because the HEV
purchase cost is less than the gasoline turbo ICEV, but its fuel costs are greater. The 3-year ownership
costs of avoided GHG emissions range from -$500 to $1,500/tonne CO-¢ in the FUTURE TECHNOLOGY
case.

Table 52 and Table 53 summarize the cost of avoided GHG emissions results for all CURRENT
TECHNOLOGY and FUTURE TECHNOLOGY vehicle-fuel pathways for midsize sedans and small SUVs,
respectively. Note the limitations of the GHG abatement cost metric “$/tonne COze avoided” shown in
Table 52 and Table 53. The vehicle technologies considered in this analysis differ not only in their
lifetime GHG emissions, but also in other important attributes, such as local air quality-related emissions,
reliance on different fuels (e.g., gasoline, NG, ethanol, hydrogen, electricity), functionality (e.g., more
limited range and longer refueling times for BEVs, larger fuel tanks, and vehicle packaging/range
challenges for NG and fuel cell vehicles), and scalability (total abatement opportunity). Factors other than
cost of avoided GHG emissions, such as air quality, reliance on different fuels, vehicle functionality
(range, refueling time, packaging), and scalability (other than being able to meet at least approximately
10% of demand) are important but not considered here.
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Table 50. Costs and GHG emissions for the FUTURE TECHNOLOGY midsize sedan case

Base Case (5% discount rate, mid- | vehicle | Fuel | Vehicle GHG 3-year |15-year
point fuel cost) Cost Cost FIE Emissions | Cost | Cost
Vehicle Fuel (2020%) | ($/gge) | (mpgge) | (g COze/mi)| ($/mi) | ($/mi)
Gasoline | Conv. 29,210 2.37 41.5 288 0.45 0.29
Gasoline |Pyr. 29,210 3.60 41.5 99 0.48 0.32
Gasoline |E-fuels (nuclear) 29,210 5.19 41.5 59 0.52 0.36
Gasoline |E-fuels (renewable) 29,210 5.19 41.5 45 0.52 0.36
E85 Corn Stover 29,210 3.87 41.5 116 0.49 0.32
Diesel Conv. 30,940 2.47 41.3 293 0.48 0.30
Diesel E-fuels (nuclear) 30,940 5.19 41.3 61 0.54 0.37
Diesel E-fuels (renewable) 30,940 5.19 41.3 47 0.54 0.37
CNG Conv. 32,864 1.44 36.9 263 0.48 0.30
CNG RNG 32,864 1.85 36.9 76 0.50 0.31
HEV Conv. Gasoline 27,870 2.37 56.0 222 0.42 0.26
HEV Corn Stover 27,870 3.87 56.0 94 0.45 0.29
HEV Pyr. 27,870 3.60 56.0 82 0.44 0.28
HEV E-fuels (nuclear) 27,870 5.19 56.0 52 0.47 0.31
HEV E-fuels (renewable) 27,870 5.19 56.0 41 0.47 0.31
PHEV50 |Pyr.+ NG ACC 29,908 |3.60/3.51(60.3/119.6 144 0.45 0.28
PHEV50 |Pyr.+ NG ACCw/ CCS | 29,908 |3.60/4.04 |60.3/119.6 75 0.45 0.28
PHEV50 |Pyr. + Wind 29,908 |3.60/4.77 | 60.3/119.6 52 0.45 0.28
PHEV50 |Pyr. + Solar PV 29,908 |3.60/4.76 | 60.3/119.6 52 0.45 0.28
FCEV300 | LT Elec. Wind/Solar 32,697 4.00 80.3 53 0.49 0.31
FCEV300 |NG SMR w/ CCS 32,697 4.00 80.3 67 0.49 0.31
FCEV400 | LT Elec. Wind/Solar 33,370 4.00 79.3 56 0.50 0.31
FCEV400 |NG SMR w/ CCS 33,370 4.00 79.3 70 0.50 0.31
BEV200 (2035 Avg U.S. Grid 26,145 4.10 148.5 121 0.38 0.23
BEV200 |Wind 26,145 4.77 148.5 37 0.39 0.24
BEV300 (2035 Avg U.S. Grid 28,315 4.10 144.5 129 0.41 0.25
BEV300 |Wind 28,315 4.77 144.5 42 0.42 0.26
BEV400 [2035 Avg U.S. Grid 31,683 4.10 133.3 144 0.46 0.28
BEV400 |Wind 31,683 4.77 133.3 49 0.46 0.29
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Table 51. Costs and GHG emissions for the FUTURE TECHNOLOGY small SUV case

Base Case (5% discount rate, mid- | Vehicle Vehicle GHG 3-year |15-year
point fuel cost) Cost | Fuel Cost| F/E Emissions | Cost | Cost
Vehicle Fuel (2020%) | ($/gge) | (mpgge) |(g COze/mi)| ($/mi) | ($/mi)
Gasoline | Conv. 31,305 2.37 37.3 323 0.49 0.31
Gasoline |Pyr. 31,305 3.60 37.3 113 0.52 0.34
Gasoline |E-fuels (nuclear) 31,305 5.19 37.3 69 0.56 0.39
Gasoline |E-fuels (renewable) 31,305 5.19 37.3 53 0.56 0.39
E85 Corn stover 31,305 3.87 37.3 132 0.53 0.35
Diesel Conv. 33,034 2.47 39.0 316 0.51 0.32
Diesel E-fuels (nuclear) 33,034 5.19 39.0 69 0.58 0.39
Diesel E-fuels (renewable) 33,034 5.19 39.0 54 0.58 0.39
CNG Conv. 34,958 1.44 331 296 0.52 0.32
CNG RNG 34,958 1.85 331 88 0.53 0.33
HEV Conv. Gasoline 30,516 2.37 48.9 256 0.46 0.29
HEV Corn Stover 30,516 3.87 48.9 110 0.49 0.32
HEV Pyr. 30,516 3.60 48.9 96 0.49 0.31
HEV E-fuels (nuclear) 30,516 5.19 48.9 62 0.52 0.35
HEV E-fuels (renewable) 30,516 5.19 48.9 49 0.52 0.35
PHEV50 |Pyr.+ NG ACC 32,603 | 3.60/3.51 | 50./99.4 174 0.49 0.31
PHEV50 |Pyr.+ NG ACCw/ CCS | 32,603 | 3.60/4.04 | 50./99.4 91 0.49 0.31
PHEV50 |Pyr. + Wind 32,603 | 3.60/4.77 | 50./99.4 63 0.50 0.31
PHEV50 |Pyr. + Solar PV 32,603 | 3.60/4.76 | 50./99.4 63 0.50 0.31
FCEV300 | LT Elec. Wind/Solar 36,683 4.00 66.1 64 0.56 0.35
FCEV300 |NG SMR w/ CCS 36,683 4.00 66.1 81 0.56 0.35
FCEV400 | LT Elec. Wind/Solar 37,625 4.00 65.2 67 0.57 0.36
FCEV400 |NG SMR w/ CCS 37,625 4.00 65.2 85 0.57 0.36
BEV200 [2035 Avg U.S. Grid 29,354 4.10 120.6 148 0.43 0.27
BEV200 |Wind 29,354 4.77 120.6 44 0.44 0.27
BEV300 (2035 Avg U.S. Grid 32,211 4.10 117.2 158 0.47 0.29
BEV300 |Wind 32,211 4.77 117.2 51 0.48 0.30
BEV400 [2035 Avg U.S. Grid 35,948 4.10 109.2 174 0.52 0.32
BEV400 |Wind 35,948 4.77 109.2 59 0.53 0.33
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Lifetime Vehicle and Fuel Cost

Lifetime Cost vs. GHGs, Future Tech
15 yr Vehicle Lifetime; 5% discount rate [Midsize, High tech]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure 39. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case for the FUTURE TECHNOLOGY case over its lifetime

First Owner Vehicle and Fuel Cost

First Owner Cost vs. GHGs, Future Tech
3 yr (1st Owner); 5% discount rate [Midsize, High tech]

Percent GHG Reduction relative to Conventional Gasoline ICEV
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Figure 40. First owner costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case for the FUTURE TECHNOLOGY case during the first owner
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Lifetime Vehicle and Fuel Cost

Lifetime Cost vs. GHGs, Future Tech
15 yr Vehicle Lifetime; 5% discount rate [SUV, High tech]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure 41. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY small SUV case for the FUTURE TECHNOLOGY case over its lifetime

First Owner Vehicle and Fuel Cost

Figure 42. First owner costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
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Table 52. Cost of avoided GHG emissions for CURRENT TECHNOLOGY and FUTURE TECHNOLOGY midsize sedan

cases, relative to their respective gasoline ICEVs

Cost of Avoided GHG Emissions Summary, 15 yr (Vehicle Lifetime) 3 yr (1st Owner)
Base Case (5% discount rate, mid-point fuel cost) | Total GHGs Total GHGs
Avoided per Avoided per
Vehicle Cost Vehicle Cost
(tonnes ($/tonne (tonnes ($/tonne

Vehicle-Fuel Pathway CO2€) CO€) CO€) CO2€)
CURRENT TECHNOLOGY Case
E85 - Corn 19.8 120 4.7 120
Diesel - Conventional 4.7 1,110 0.9 2,560
CNG - CNG 6.7 1,480 1.3 2,970
HEV - Conventional Gasoline 20.2 140 4.7 350
PHEV50 - Conventional Gasoline 28.9 400 5.2 980
FCEV300 - NG SMR 31.4 1,250 7.0 2,020
FCEV400 - NG SMR 30.4 1,370 6.4 2,370
BEV200 - 2020 Avg U.S. Grid Mix 38.4 150 7.5 390
BEV300 - 2020 Avg U.S. Grid Mix 35.4 450 53 1,330
BEV400 - 2020 Avg U.S. Grid Mix 30.6 970 2.3 5,420
FUTURE TECHNOLOGY Case
Gasoline - Pyr. 33.7 160 7.9 160
Gasoline - E-fuels (nuclear) 40.7 300 9.6 300
Gasoline - E-fuels (renewable) 43.2 280 10.2 280
E85 - Corn stover 30.6 210 7.2 210
Diesel - Conv. -1.0 -2,900 -0.4 -2,510
Diesel - E-fuels (nuclear) 40.4 360 9.3 410
Diesel - E-fuels (renewable) 43.0 340 9.9 390
CNG - Conv. 4.4 440 0.9 1,470
CNG - RNG 37.7 100 8.7 200
HEV - Conv. Gasoline 11.8 -380 2.9 -480
HEV - Corn Stover 34.5 10 8.2 -30
HEV - Pyr. 36.7 -20 8.7 -50
HEV - E-fuels (nuclear) 42.0 110 10.0 70
HEV - E-fuels (renewable) 43.9 100 10.4 70
PHEV50 - Pyr. + NG ACC 25.6 -70 5.4 -50
PHEV50 - Pyr. + NG ACC w/ CCS 37.9 -50 8.2 -30
PHEV50 - Pyr. + Wind 42.0 -20 9.2 -10
PHEV50 - Pyr. + Solar PV 42.0 -20 9.2 -10
FCEV300 - LT Elec. wind/solar 41.8 90 10.1 170
FCEV300 - NG SMR w/ CCS 39.3 90 9.5 180
FCEV400 - LT Elec. wind/solar 41.3 110 9.6 220
FCEV400 - NG SMR w/ CCS 38.8 120 9.0 230
BEV200 - 2035 Avg U.S. Grid 29.7 -320 6.6 -450
BEV200 - Wind 44 .8 -200 10.1 -270
BEV300 - 2035 Avg U.S. Grid 28.4 -220 5.6 -300
BEV300 - Wind 43.9 -130 9.2 -160
BEV400 - 2035 Avg U.S. Grid 25.7 -50 3.9 80
BEV400 - Wind 42.5 -10 7.9 70

120




Table 53. Cost of avoided GHG emissions for CURRENT TECHNOLOGY and FUTURE TECHNOLOGY small SUV

cases, relative to their respective gasoline ICEVs

Cost of Avoided GHG Emissions Summary, 15 yr (Vehicle Lifetime) 3 yr (1st Owner)
Base Case (5% discount rate, mid-point fuel cost) | Total GHGs Total GHGs
Avoided per Avoided per
Vehicle Cost Vehicle Cost
(tonnes ($/tonne (tonnes ($/tonne
Vehicle-Fuel Pathway CO2€) CO€) CO€) CO2€)

CURRENT TECHNOLOGY Case
E85 - Corn 22.1 120 5.2 120
Diesel - Conventional 5.9 860 1.2 1,940
CNG - CNG 8.0 1,410 1.6 2,780
HEV - Conventional Gasoline 20.9 190 4.9 450
PHEV50 - Conventional Gasoline 29.4 490 51 1,240
FCEV300 - NG SMR 32.0 1,580 7.1 2,570
FCEV400 - NG SMR 30.8 1,740 6.3 3,060
BEV200 - 2020 Avg U.S. Grid Mix 40.3 260 7.6 640
BEV300 - 2020 Avg U.S. Grid Mix 36.9 610 51 1,880
BEV400 - 2020 Avg U.S. Grid Mix 31.0 1,280 14 11,960
FUTURE TECHNOLOGY Case
Gasoline - Pyr. 375 160 8.8 160
Gasoline - E-fuels (nuclear) 45.3 300 10.6 300
Gasoline - E-fuels (renewable) 48.1 280 11.3 280
E85 - Corn stover 34.1 210 8.0 210
Diesel - Conv. 1.3 1,840 0.1 11,070
Diesel - E-fuels (nuclear) 45.2 330 104 370
Diesel - E-fuels (renewable) 47.9 310 11.0 350
CNG - Conv. 49 330 1.0 1,250
CNG - RNG 42.0 90 9.7 180
HEV - Conv. Gasoline 12.0 -320 2.9 -370
HEV - Corn Stover 38.0 40 9.0 20
HEV - Pyr. 40.6 20 9.6 0
HEV - E-fuels (nuclear) 46.6 140 11.1 120
HEV - E-fuels (renewable) 48.8 130 11.6 120
PHEV50 - Pyr. + NG ACC 26.7 -20 5.5 30
PHEV50 - Pyr. + NG ACC w/ CCS 41.4 -10 8.9 20
PHEV50 - Pyr. + Wind 46.4 10 10.1 40
PHEV50 - Pyr. + Solar PV 46.4 10 10.1 40
FCEV300 - LT Elec. wind/solar 46.2 150 11.2 260
FCEV300 - NG SMR w/ CCS 43.1 160 10.4 280
FCEV400 - LT Elec. wind/solar 45.6 190 10.7 330
FCEV400 - NG SMR w/ CCS 42.5 200 9.9 350
BEV200 - 2035 Avg U.S. Grid 31.2 -260 6.9 -340
BEV200 - Wind 49.8 -140 11.2 -190
BEV300 - 2035 Avg U.S. Grid 29.5 -130 5.6 -120
BEV300 - Wind 48.6 -60 10.1 -40
BEV400 - 2035 Avg U.S. Grid 26.6 70 3.7 420
BEV400 - Wind 47.1 60 8.5 210
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10.4. SENSITIVITY ANALYSIS CASES

The base case modeling used for the LCD analysis (Section 9) and the cost of avoided GHG emissions
metric (this section) is based on reference (base case) vehicle and fuel costs. The base case modeling
assumes a discount rate of 5%. The FUTURE TECHNOLOGY case vehicle cost modeling includes low and
high vehicle costs for each platform. Similarly, for the FUTURE TECHNOLOGY case, many of the fuels
include low and high fuel costs (e.g., E85 from corn stover and fuels based on AEO 2021 projections).
Additionally, for both the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases, the cost analysis
includes sensitivity analyses using a 3% discount rate and 7% discount rate, in addition to the base case
5% discount rate.

The results in Sections 10.2 and 10.3 include analyses covering a 3-year and 15-year time horizon, but do
not include any sensitivity analysis results incorporating the range of vehicle and fuel costs or the range of
discount rates. Section 9 includes the LCD results for sensitivity analyses incorporating both vehicle-fuel
costs and discount rate.

To show the potential range in the cost of avoided GHG emissions metric for these various cost
sensitivities, an analysis on the upper- and lower-bound costs of avoided GHG emissions was conducted
for each vehicle-fuel platform. The boundaries for this analysis were: (1) baseline vehicle and fuel costs,
using a discount rate of 3% and an analysis window of 15 years, and (2) baseline vehicle and fuel costs,
using a discount rate of 7% and an analysis window of 3 years. As with the base case analysis, the cost of
avoided GHG emissions metric for these boundary cases compares the alternative vehicle-fuel platform to
a comparable gasoline ICEV. An uncertainty range was then developed for the upper- and lower-bound
estimates using the high and low vehicle and fuel cost estimates for each pathway.

The results of these sensitivity analyses for the CURRENT TECHNOLOGY case are shown in Figure 43
Figure 44 for midsize sedans and small SUVs, respectively. FUTURE TECHNOLOGY cases are shown in
Figure 45 and Figure 46 for midsize sedans and small SUVs, respectively. Note also that uncertainty bars
are shown for all FUTURE TECHNOLOGY pathways, based on the effect of the range of high and low fuel
costs.
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Levelized Cost of Driving, CURRENT TECH
Base case: base vehicle & fuel costs, 5 yr, d.r.=5%; Sensitivitiy range using 3 yr, d.r.=7% and 15 yr,
d.r.=3%; Uncertainty bars show the effect of using high and low vehicle and fuel costs
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Figure 43. Range of avoided GHG emissions results using 3 different analysis
frameworks (see text) for the CURRENT TECHNOLOGY midsize sedan case
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Figure 44. Range of avoided GHG emissions results using 3 different analysis
frameworks (see text) for the CURRENT TECHNOLOGY small SUV case

123



FUTURE TECH

iving,

Levelized Cost of Dr

Base case: base vehicle & fuel costs, 5 yr, d.r.=5%; Sensitivitiy range using 3 yr, d.r.=7%and 15 yr,

d.r.=3%; Uncertainty bars show the effect of using high and low vehicle and fuel costs

§§£6

1

Ad 48105 fPUInA-00F ATE
PLID SN BAY SEOT-0OVA3E
Ad 48105 fPUIAA-00EATE
Pl SN BAY SEOT-00EAIE
Ad 48105 fPUIMA-00ZAIY
Pl SN BAY SEOT-00TA3E
S22 M HIAS DN-BOYATDS
Jejos/puim 33(8 17-00YAIDS
S22 M HIAS DN-BOEATDS
Jejos/puim 53(8 |7-00EATIS
Ad 48105 + "JAd-05ATHd
PUIM + IAd-0SATHd

S2D /MDY ON + 4Ad-05ATHd
20V ON + "IAd-0SATHd
(2|qemaLpY) sPNJ-3-ATH
{4e2NN) sPMY-3-A3H
“dhd-ATH

IPAOIS UAODATH

auj|oseny "AU0D-AJH

52,000

paploae 9202 auuol/s

- H-30) DNY-DND
> =
n Mo H-3 {2|gqemaupy) sjpn-3-[esaIq
£ XX
CLR HAD {422 PN SPNY-3- RS
g
g 22 [ IBACIS UI0D-GR]
L @B
2 E & (¥ {o|qemauRy) s ny-3-auljoseD
[=8 IRV IV )
°* ® [ {4BB[2NN) S|2h)-3-3Ujoses
[ 28 “1Ad-aujjoses

8 8 8 & 8 8

n =1 7a] " =1

— e w =

o U .C“u.

Figure 45. Range of avoided GHG emissions results using 3 different analysis
frameworks (see text) for the FUTURE TECHNOLOGY midsize sedan case
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124



11. LIMITATIONS AND FUTURE IMPLICATIONS

While climate change is of increasing global concern, and thus requires life cycle analysis of GHG
emissions, other metrics should be considered when evaluating the environmental impacts of various
vehicle-fuel systems, such as air emissions and water use, where the impacts are regional rather than
global. For example, the California LCFS addresses GHG emissions, while its Zero-Emission Vehicle
(ZEV) mandate addresses all atmospheric emissions. Other sustainability metrics include water
availability and use, energy security, and environmental justice.

Challenges, such as infrastructure availability for certain fuels (e.g., hydrogen fueling stations) require
more careful analysis. The market demand for fuels and vehicles depends strongly on their costs, which
this study attempted to evaluate quantitatively. However, other factors that impact consumer choice are
not covered in this study (such as vehicle range, battery charging time, and hydrogen fuel/charge
availability). Furthermore, the cost estimates in this study are subject to uncertainties and their
dependence on technology advancement for the FUTURE TECHNOLOGY case.

Key parameters influencing the results of various pathways are subject to different degrees of uncertainty.
For example, methane emissions of the CURRENT TECHNOLOGY NG pathway vary greatly between the
various studies. Land use change induced by large-volume biofuel production is another example of
uncertainty and varies greatly between studies. Some fuel pathways were examined in detail in this study,
while information on other fuel pathways was extracted from other studies (e.g., for HRD, FTD), and
current prices reported by the Energy Information Administration, and thus may not have the same
common assumptions (e.g., rate of return on investment, plant life, etc.) that drive the cost estimates as
the pathways that were examined in detail.

Finally, this study evaluated GHG emissions and cost of individual pathways and assumed common
vehicle platforms for comparison. However, market scenario analysis is important to explore the realistic
ramp up potential of the mix of different pathways to achieve GHG emissions targets in different regions.
The cost of avoided carbon emissions is an informative metric that improves the comparison of various
technologies. However, other sustainability factors vary between the various pathways, such as criteria air
pollutants and water use.
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12.

CONCLUSIONS

We report the results of a comprehensive study of the C2G costs, GHG emissions, and carbon abatement
costs (relative to conventional gasoline ICEVS) for representative vehicle-fuel technologies under
consideration for future deployment in the United States. Conclusions related to emissions, vehicle and
fuel costs, carbon abatement costs, and technology feasibility in this report are summarized below.

Emissions

Costs

Large GHG reductions for LDVs are challenging and require consideration of the entire life
cycle, including vehicle manufacture, fuel production, and vehicle operation.

FUTURE TECHNOLOGY costs for advanced technologies reduce faster than incumbent
technologies compared to their CURRENT TECHNOLOGY counterparts, reflecting estimated R&D
outcomes.

Low-carbon fuels can have significantly higher costs than conventional fuels.

Vehicle cost is the major (60-90%) and fuel cost the minor (10-40%) component of LCD.
Treatment of residual vehicle cost is an important consideration. Many alternative vehicles and/or
fuels cost significantly more than conventional gasoline vehicles for the CURRENT TECHNOLOGY
case.

Several vehicles (HEV, PHEV, and BEVs) in the Future Technology case had lower costs and
lower GHG emissions than the conventional gasoline ICEV.

Costs of Carbon Abatement

For the CURRENT TECHNOLOGY case, carbon abatement costs are generally on the order of $100s
per tonne CO; to $1,000s per tonne CO-, for alternative vehicle-fuel pathways compared to a
conventional gasoline vehicle baseline.

FUTURE TECHNOLOGY carbon abatement costs vary significantly by technology and fuel
pathway, with several pathways, mostly electric vehicle, that are below zero (i.e., there is a cost
reduction for carbon abatement). The pathways that do have a carbon abatement cost are
generally in the range $100-$1,000/tonne COs.

Technology Feasibility

Significant technical barriers still exist for the introduction of some alternative fuels. Further,
market transition barriers — such as low-volume costs, fuel or make/model availability, and
vehicle/fuel/infrastructure compatibility — may play a role as well.
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Appendix A: PRICE AND EFFICIENCY COMPARISON OF
MODELED AND REAL-WORLD VEHICLES

This appendix details the price and efficiency of midsize and small SUV vehicles currently on the retail
market for Model Year 2020 and compares them to those modeled through Autonomie in this report.
Different vehicles have different uptakes of technology that change vehicle efficiency by improving
weight, aerodynamics, or engine performance. Even among vehicles with nominally similar
characteristics, this heterogeneity of vehicles can lead to large differences in price and fuel economy.

Figure A.1. below shows the trend line of adjusted fuel economy (EPA sticker value) on combined cycle
vs. vehicle MSRP of midsize conventional vehicles from model year 2020 in the market. It can be seen
from the figure that the vehicle combination modeled by Autonomie is well aligned within the
manufacturers with high share of volume in the market for both in terms of vehicle fuel economy as well
as MSRP.
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Figure A.1. Fuel Economy and Vehicle MSRP trend line of conventional midsize vehicles in the market from
MY2020

Figure A.2. below shows the trend line of adjusted fuel economy on combined cycle vs. vehicle MSRP of
small SUV conventional vehicles from model year 2020 in the market. Similar to the previous

observation, the conventional small SUV combination modeled through Autonomie falls within the range
of vehicle manufacturers with high market share in terms of both fuel economy as well as vehicle MSRP.
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Figure A.2. Fuel Economy and Vehicle MSRP trend line of conventional small SUVs in the market from

MY2020

The following subsection details the different parameter comparisons of the modeled vehicle in
Autonomie against the vehicles with the top sales in the market fleet today. This detailed comparison is
conducted across different vehicle powertrain types.

A.1 CONVENTIONAL S| TURBOCHARGED VEHICLES
Table A.1 shows the market analysis for Model Year 2020 midsize conventional turbocharged gasoline
vehicles detailing the different vehicle characteristics against the combination modeled through
Autonomie. And table A.2. details the same analysis against small SUV vehicle class.
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Table A.1. Comparison of modeled midsize conventional turbocharged vehicle with vehicles of high sales in
the market

. L P Equivalent T tUDDS HWFET ‘ombined Accel time
odel Year rilsgln(eL) Rated HP or::smelsm :ars q;w:te(: 'es Adjusted |Adjusted [|Adjusted 0-60mph
i b EN B Ympg) mpg) (mpg) s)
252 4 1644 23 34 27 7.6

2020 Honda Accord 2 Automatic 10 31060

2020 Kia Optima 1.6 178 4 Automatic 7 1644 27 37 31 27190 6.9
2020 Ford Fusion 1.5 169 4 Automatic 6 1701 23 34 27 28690 8.9
2020 Hyundai Sonata 1.6 180 4 Automatic 8 1644 27 36 31 33500 73
2020 Chevrolet  Malibu 2 260 4 Automatic 9 1645 29 36 32 33320 8.2
2020 Mazda Mazda b6 2.5 227 4 Automatic 6 1758 23 31 26 29800 7.9
2020 Vw Passat 2 174 4 Automatic 6 1700 23 34 27 28645 7.8
MY20 Average Midsize 2 206 4 Automatic 6 1677 25 35 29 30315 8

Autonomie Midsize 2 194 4 Automatic 6 1573 283 34.1 30.7 28630 7.9

Table A.2. Comparison of modeled small SUV conventional turbocharged vehicle with vehicles of high sales
in the market

Model Rated HP of
‘ear Gears
2020 GM Eguinox ;¢ 170 4 Automatic 6 28695 6.8
FWD
2020 FCA Wrangler 2 270 4 Automatic 8 4250 20.8 22.4 21.5 40409 6.7
Escape .
2020 Ford AWD 1.5 175 3 Automatic 8 3750 26.3 31.0 28.0 28350 8.4
2020 Mazda CX-5 2.5 227 4 Automatic 6 4250 21.8 27.2 23.9 38255 8.3
Semi-
2020 GM Trax FWD 1.4 138 4 . 6 3375 259 311 28.0 22295 9.3
Automatic
MY20 Average Small suv 1.8 196 4 Automatic 7 3850 24.2 28.5 25.9 31601 7.9
Autonomie Small suv 2 211 4 Automatic 6 3770 26 29.9 27.6 31664 8

Across the two tables, it can be seen that there exists a close relationship of the modeled vehicles in
Autonomie across all parameters of interest among the vehicles with high sales for both midsize and small
SUV vehicle classes.

A.2 FULL HYBRID ELECTRIC VEHICLES (HEVS)

Table A.3 shows the market analysis for Model Year 2020 midsize full HEVs detailing the different
vehicle characteristics against the combination modeled through Autonomie. And table A.4. details the
same analysis against small SUV vehicle class.
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Table A.3. Comparison of modeled midsize full HEVs with vehicles of high sales in the market

2020Toyota Prius 1.8 96 3375 54.5 49.7 52.2 207 4 53 23 26490 9.7
2020Toyota Prius AWD 1.8 96 3500 52.0 48.1 50.0 202 6.5 53 23 27890 9.7
2020Toyota Prius Eco 1.8 96 3250 57.8 533 55.7 207 4 53 23 25280 9.7
2020Ford Fusion (HEV) 2 141 4000 43.0 41.0 42.0 280 475 64 29195 2
2020Toyota Camry Hybrid LE 2.5 176 3750 51.0 52.7 51.8 259 4 88 29425 7.4
2020Toyota Camry Hybrid XLE 25 176 3875 44.2 47.0 46.2 259 4 88 33725 7.4
2020Honda Accord Hybrid 2 143 3625 47.8 473 47.6 259 4.25 135 104 26425 7.2
2020Honda Insight Touring 15 107 3375 51.2 44.5 48.0 222 5.5 96 29295 8.1
2020Honda Insight L] 107 3250 54.9 48.8 52.0 222 5.5 96 23885 8.1
Sonata Hybrid
2020 Hyundai Blue 2 150 3625 50.0 543 519 270 5.5 39 28745 6.8
2020Hyundai Sonata Hybrid 2 150 3750 44.6 509 47.2 270 5.5 39 30895 6.8
2020Kia Optima Hybrid 2 154 3875 39.7 44.9 41.9 270 6.5 38 30235 7.7
MY20 Average Midsize 2.0 133 3604 49.2 435 489 244 5.0 70 43.25 28457 8.1
Autonomie Midsize 2.0 106 3611 49.7 44.7 47.3 238 6.5 79.5 61 32649 8.1

Table A.4. Comparison of modeled small SUV full HEVs with vehicles of high sales in the market

Model i
‘ear i

2020 Toyota m\;ﬁ:LE 25 176 4 4000 41.0 38.2 40.2 245 6.5 88 40 30970 7.5
2020 Toyota Highlander 2.5 186 4 4750 36.2 35.4 35.9 288 6.5 134 40 39375 7.2
2020 Kia Niro 16 104 4 3625 50.9 46.3 48.7 240 6.5 32 25710 8.6
2020 Ford Escape 2.5 162 4 3875 43.5 37.4 40.5 216 5 36 29510 8.7
2020 Lexus  Lexus UX 2 143 4 3875 43.0 40.9 421 216 6.5 80 35525 8.1
2020 Honda CR-V 2 143 4 4000 40.4 35.0 38.2 266 53 135 30560 7.5
MY20 Average Small SUV 2.2 152 4 4021 42.5 38.9 40.9 245 6 84 40 31942 7.9
Autonomie Small SUV 2.5 119 4 3929 43.6 38.4 41.0 281 7 93 69 36646 8.1

For full HEVs, we observe a close relationship of the modeled vehicle in Autonomie against the vehicles
in the fleet in terms of different aspects of vehicle characteristics. The same is held for both midsize and
small SUV vehicle classes.

A.3 BATTERY ELECTRIC VEHICLE

Table A.5 shows the market analysis for Model Year 2020 midsize BEVs detailing the different vehicle
characteristics against the combination modeled through Autonomie. And Table A.6. details the same
analysis against small SUV vehicle class.
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Table A.5. Comparison of modeled midsize BEVs with vehicles of high sales in the market

Motorl Peak

Power (kw)
2020 Tesla a'l?";i'“o"g 4250 247 27.3 259 330 350 230 211 48190 5
2020 Tesla Model 3 Standard ;. 24.4 27.3 25.7 220 350 230 211 39190 56
Range RWD
2020 NISSAN  LEAF 3875 27.4 34.1 304 149 350 115 110 32525 8.4
2020 NISSAN  LEAF 4250 286 346 313 226 350 176 160 39125 7.4
2020 BMW 3s 3375 271 331 298 153 352 120 125 45445 6.8
2020 Hyundai lonig Electric 3750 233 27.9 25.4 170 319 120 100 34040 89
MY20 Average Midsize 3896 25.9 30.7 28.1 208 345 165 153 39753 7.0
Midsize BEV200 3602 20.0 24.4 24.9 200 389 121 115 35457 8.0
Autonomie Midsize BEV300 3918 20.9 25.7 26.1 301 396 188 125 43758 7.7
Midsize BEVA00 4037 24.1 27.4 29.2 396 410 268 137 54641 7.7

Table A.6. Comparison of modeled small SUV BEVs with vehicles of high sales in the market

2020  Chevrolet Bolt EV 3875 26.5 313 28.7 259 200 188.5 150 37495 8.4

2020 Tesla  ModelYlong 4750 26.5 29.5 27.9 316 350 230 158 203 49990 4.1
Range AWD

2020  Hyundai Kona Electric 4000 246 31.0 275 258 356 180 150 38365 7.6

2020 Kia Niro Electric 4250 27.4 33.2 300 239 356 180 150 40210 7.5

MY20 Average  Small SUV. a219 26.3 312 285 268 366 195 152 41515 6.9

Autonomie Small SUV BEV200 3997 26.9 318 30.5 201 317 182 183 42137 8.0
Small SUV BEV300 4365 282 365 319 297 373 243 1938 51742 7.7
Small SUV BEVA0D 4838 327 38.8 355 397 a10 332 221 65409 7.7

Across the two tables, it can be seen that there exists a close relationship of the modeled vehicles in
Autonomie across all parameters of interest among the vehicles with high sales for both midsize and small
SUV vehicle classes.

A.4 FUEL CELL VEHICLES
Table A.7 shows the market analysis for Model Year 2020 midsize fuel cell vehicles detailing the
different vehicle characteristics against the combination modeled through Autonomie.
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Table A.7. Comparison of modeled midsize fuel cell vehicles with vehicles of high sales in the market

Fuel Cell

Peak

Power

(kW)
2020 Honda Clarity 4500 68.0 67.0 68.0 360 346 4.25 130 103 58490 ]
2020 Toyota Mirai 4250 67.0 67.0 67.0 312 245 6.5 113 114 58550 9
MY20 Average 4375 68 67 68 336 296 5 122 109 58520 9
Autonomie Midsize 300 3622 61 75 66 286 238 6.5 115 85 49591 8.0

Midsize 400 3715 59 74 65 381 238 6.5 118 88 51085 8.0

For fuel cell vehicles, we observe a close relationship of the modeled vehicle in Autonomie against the
midsize vehicles in the fleet in terms of different aspects of vehicle characteristics
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Appendix B: GHG EMISSIONS FOR DIFFERENT VEHICLE-
FUEL PATHWAYS

This appendix details the total modeled emissions for different vehicle-fuel pathways in grams of CO,
equivalent per vehicle-mile driven (g COe / mi). As discussed in Section 2, GREET examines both the
vehicle cycle and the fuel cycle to find the net emissions. Figure B.1-Figure B.4 offer a breakdown of
total life cycle emissions by feedstock, fuel, tailpipe, and vehicle manufacturing for small SUVs.
Figure B.5- Figure B.8 offer a breakdown of total life cycle emissions by feedstock, fuel, tailpipe, and
vehicle manufacturing for small SUVs. Bars extending below the axis represent reductions in the total
GHG emissions due to biogenic CO; in the fuel offsetting the tailpipe emissions. Note that some
pathways (E85, pyrolysis, and e-fuels) do not have the fuel cycles partitioned, rather those are the
cumulative quantities and are grouped together in the vehicle operation category.

Figure B.9 and Figure B.10 show the GHG emissions associated with vehicle manufacturing cycle in
tonnes of CO.e for each midsize vehicle technology for the CURRENT TECHNOLOGY and FUTURE
TECHNOLOGY cases, respectively. While Figure B.11 and B.12 show the same for each small SUV
vehicle technology for the CURRENT TECHNOLOGY and FUTURE TECHNOLOGY cases, respectively.
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Appendix C: SENSITIVITY STUDIES

One observation from the analysis in Section 8, is that the GHG emissions associated with vehicle
production may serve as a lower bound for vehicles that are capable of achieving zero or near-zero GHG
emissions in their well-to-wheels stage. Thus, it is important to acknowledge that the GREET model does
not have temporal or technological variation for most material production pathways that could
accommodate vast technological advancements to reduce the GHG emissions associated with material
production in the FUTURE TECHNOLOGY pathways.

Therefore, a sensitivity analysis was conducted for the FUTURE TECHNOLOGY ICEV Small SUV to
consider a limited set of potential conditions for GHG reductions in vehicle manufacturing. The analysis
considered three scenarios for the analysis in addition to the baseline 2035 scenario. The sensitivity cases
are defined as follows:

o  First, steel produced with reduced GHG emissions, termed green steel, which utilized 100% H>
steel, but with the baseline 2035 electrical grid. All other materials were produced with baseline
conditions.

e Second, steel produced with reduced GHG emissions, i.e., green steel, which utilized 100% H,
steel, but with all electricity used in steel being from wind-based sources. All other materials
were produced with baseline conditions.

o Finally, steel produced with reduced GHG emissions which was 75% H; steel (as described in the
second scenario), 25% recycled steel, and all electricity used in all vehicle and material
production stages being from wind.

Results of this sensitivity analysis are presented in Figure C.1. Moving from left to right in that figure, we
see a 12%, 24%, and 37% reduction in vehicle cycle GHG emissions from the baseline for the green steel,
green steel with wind-based electricity, and system level wind-based electricity coupled with 75% green
steel and 25% recycled steel, respectively. Thus, steel decarbonization can be a major source (24%) of
opportunity for emissions reduction, but such a level of reduction requires a major electricity grid shift
which would likely also include the transformation of other sectors along the way (i.e., if steel
transformation stages are using 100% wind-based electricity, then wind electricity is likely to be more
predominant on the grid at large). This highlights that while the analysis in this report may appear to
suggest a lowest level of achievable GHG emissions with each vehicle-fuel pathway, that level is itself
restricted by modeling assumptions. The relaxation of those assumptions presented here indicates that
further GHG reduction is available within the vehicle-fuel system through decarbonization of the
manufacturing sector.
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Figure C.1. Sensitivity analysis of vehicle cycle manufacturing stage
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A sensitivity analysis was also conducted for the FUTURE TECHNOLOGY pathways to examine the impact
of converting background electricity profiles for energy production to wind-based electricity. This serves
to identify the degree to which grid decarbonization has compounding effects on energy production,
including refining, processing, and distribution stages for the various fuels. Figure C.2 presents the results
of this study with the solid bars indicating the baseline condition for the small SUV with high technology
progression and the error bars show the sensitivity case. The results show that using this wind-based
electricity for background processes has an especially pronounced effect for the FCEVs.
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Appendix D: DETAILS FOR LOW POWERTRAIN
TECHNOLOGY STUDIES

The main text of this analysis reports and examines FUTURE TECHNOLOGY parameters and results
associated with the evaluation of the high powertrain technology advancement. This appendix provides
the FUTURE TECHNOLOGY parameters and results for the low powertrain technology not already available
within the main text.

Table D.1. Test cycle (lab) and on-road adjusted fuel economy and electricity consumption for gasoline,
CNG, and diesel ICEVs; gasoline HEVs; H2 FCEVs; and BEVs (units are in the first column)

Test Cycle On-road Adjusted

CURRENT | FUTURE | CURRENT | FUTURE

Vehicle and Test TECH TECH TECH TECH
Gasolne SI Twbo ICEV (W099) | yeer | ags | sa4 | a1 | 398
Diesel C1 ICEV (mpgge) MWRET | sio | s a2 | 23
CNG I ICEV (mpgge) MWEET a0 | s a6 | o

§ | Gasoline S HEV (mpgge) T | 64 | sar | ar | and
.é H. FCEV300 (mpgge) HWeET 106 1218 08 53
S | Ha FCEVA00 (mpoge) HWeET 1058 1208 240 o6
BEV200 (Wh/mi) g\',)v'i; 132 152;; iﬁ? 3251;
BEV300 (Wh/mi) g\[,)\,[;; 13? 122 522 ;gi
BEV400 (Whimi WWRET 108 17 | 26 ot
Gasoline SI Turbo ICEV (mpgge) lHJ\I/DVIID:ET ig; ggi ggg égi
Diesel C1 ICEV (mpgge) WWRET 417 | sea a0 | 370
CNG S ICEV (mpage) MWRET s | 4s0 272 | s

> GuwolmeSIHEV(WO)  jwPer  sae | ero | a4 | 4rs
| Ha FCEVA00 (mpgge) LHJWFET 85.1 96.7 59.6 27:7
BEV200 (Wh/mi) g\[,)\,[;; ;(152 }Sé 532 gég
BEV300 (Wh/mi) g\[,)\,[;; ;Zﬁ ;82 5‘2‘1 §§§
BEV400 (Whimi) MWeET |20 a1 | as
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Table D.2. Autonomie-modeled test cycle and on-road adjusted fuel economy and electricity consumption

for the gasoline PHEV50

Test Cycle On-road Adjusted
CURRENT | FUTURE | CURRENT | FUTURE
Vehicle and Test Mode and Units TECH TECH TECH TECH
UDDS CD electric (Wh/mi) 177 162 253 232
Midsize PHEV50 CS engine (mpgge) 70 80 49 56
EREV i i
( ) HWEET CD elec_trlc (Wh/mi) 205 189 293 270
CS engine (mpgge) 64 71 45 50
UDDS CD electric (Wh/mi) 206 189 295 270
Small SUV PHEV50 CS engine (mpgge) 59 68 42 47
EREV i i
( ) HWEET CD elec_trlc (Wh/mi) 252 234 360 334
CS engine (mpgge) 52 58 36 40

144




Table D.3. Combined fuel economy and electricity consumption adjusted for on-road performance

Fuel Economy
Adjusted for On-road

Fuel Economy Ratio
(relative to baseline

Performance® gasoline ICEV) (%)
CURRENT | FUTURE | CURRENT FUTURE
Vehicle, Mode, and Unit TECH TECH TECH TECH
Gasoline SI Turbo ICEV (mpgge) 31 35 100 117
Diesel CI ICEV (mpgge) 34 39 110 117
CNG SI ICEV (mpgge) 28 35 90 104
E85 SI ICEV (mpgge) ° 31 35 100 117
Gasoline SI HEV (mpgge) 46 49 149 158
o H, FCEV300 (mpgge) 67 76 217 227
‘é‘ H, FCEV400 (mpgge) 66 75 213 224
¢ | BEV200 (mpgge) 124 141 405 419
% BEV300 (mpgge) 118 136 385 408
S [ BEV400 (mpgge) 107 125 349 376
PHEV50 (EREV)
CD electricity consumption (Wh/mi) 276 254
CD fuel consumption (Btu/mi) 2 2
CD distance (mi) 50 50
CS fuel economy (mpgge) 45.6 51.3 149 170
CD fuel economy (mpgge) 119.1 129.2 388 383
Gasoline SI Turbo ICEV (mpgge) 27 32 100 118
Diesel CI ICEV (mpgge) 31 35 111 124
CNG SI ICEV (mpgge) 25 31 91 105
E85 SI ICEV (mpgge) ® 27 32 100 118
Gasoline SI HEV (mpgge) 40 43 144 155
H, FCEV300 (mpgge) 55 62 199 210
= | H2 FCEV400 (mpgge) 54 62 196 207
@ | BEV200 (mpgge) 101 114 368 383
‘=é’ BEV300 (mpgge) 97 110 351 372
“ [ BEV400 (mpgge) 88 102 319 347
PHEV50 (EREV)
CD electricity consumption (Wh/mi) 332 306
CD fuel consumption (Btu/mi) 2 2
CD distance (mi) 50 50
CS fuel economy (mpgge) 37.9 42.2 138 159
CD fuel economy (mpgge) 98.8 107.1 360 358
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assuming low powertrain technological progress
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Table D.4. Sedan weight and composition results

Gasoline
CURRENT Turbo E85 CNG Diesel | Gasoline H. H,

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV FCEV300 | FCEV400 | BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight (Ib) 3,093 3,093 3,310 3,285 3,234 3,313 3,402 3,303 3,620 4,039 3,635
Weight composition

Glider 75.6% 75.6% | 70.6% | 71.1% 72.3% 70.5% 68.7% 70.8% 64.6% 57.9% 64.3%
Powertrain 13.8% 13.8% | 19.5% | 18.7% 10.6% 18.7% 20.8% 2.7% 2.4% 2.2% 9.2%
Transmission 6.6% 6.6% 6.2% 6.2% 3.7% 0.8% 0.8% 0.8% 0.7% 0.7% 3.9%
Battery 1.3% 1.3% 1.2% 1.3% 2.0% 1.9% 1.8% 17.7% 24.8% 32.6% 12.2%
Traction motor and
other electric 0.0% 0.0% 0.0% 0.0% 8.9% 5.5% 5.4% 5.5% 5.1% 4.6% 8.1%
machines/control
Wheels 2.7% 2.7% 2.5% 2.6% 2.6% 2.5% 2.5% 2.5% 2.3% 2.1% 2.3%
FUTURE Gasoline E85 CNG Diesel | Gasoline H. H,

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV FCEV300 | FCEV400 | BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight 2,899 2,899 3,057 3,079 2,987 2,944 3,017 2,894 3,090 3,366 3,238
Weight composition

Glider 72.7% 72.7% | 68.9% | 68.4% 70.5% 71.6% 69.8% 72.8% 68.2% 62.6% 65.1%

Powertrain 14.3% 14.3% | 18.7% | 19.2% 11.2% 16.7% 18.7% 3.0% 2.9% 2.6% 10.1%

Transmission 8.7% 8.7% 8.3% 8.2% 4.0% 0.9% 0.9% 0.9% 0.9% 0.8% 4.4%

system

Byattery 1.4% 1.4% 1.3% 1.4% 1.8% 1.7% 1.7% 14.0% 19.5% 26.0% 8.9%

Traction motor and 0.0% 0.0% 0.0% 0.0% 9.7% 6.2% 6.1% 6.3% 5.9% 5.5% 9.1%
other electric

machines/control

Wheels 2.9% 2.9% 2.7% 2.7% 2.8% 2.8% 2.8% 2.9% 2.7% 2.5% 2.6%
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Table D.5. Small SUV weight and composition results

Gasoline
CURRENT Turbo E85 CNG Diesel | Gasoline H. H,

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV | FCEV300 | FCEV400 | BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight (Ib) 3,377 3,377 3,608 3,576 3,541 3,703 3,807 3,697 4,065 4,588 4,017
Weight composition

Glider 76.0% 76.0% | 71.2% | 71.8% | 72.5% 69.4% 67.5% 69.5% 63.2% 56.0% 63.9%
Powertrain 13.3% 13.3% | 18.9% | 18.0% 10.0% 19.9% 22.0% 2.4% 2.2% 1.9% 8.6%
Transmission 6.9% 6.9% 6.4% 6.5% 4.6% 1.4% 1.4% 1.4% 1.3% 1.2% 4.6%
Battery 1.2% 1.2% 1.1% 1.2% 2.2% 1.9% 1.9% 19.3% 26.5% 34.8% 13.3%
Traction motor and
other electric 0.0% 0.0% 0.0% 0.0% 8.2% 5.1% 4.9% 5.1% 4.7% 4.2% 7.4%
machines/control
Wheels 2.6% 2.6% 2.4% 2.5% 2.5% 2.4% 2.3% 2.4% 2.2% 1.9% 2.2%
FUTURE Gasoline E85 CNG Diesel | Gasoline H. H,

TECHNOLOGY ICEV ICEV | ICEV | ICEV HEV | FCEV300 | FCEV400 | BEV200 | BEV300 | BEV400 | PHEV50
Vehicle weight 3,162 3,162 3,329 3,354 3,281 3,292 3,383 3,239 3,475 3,817 3,579
Weight composition

Glider 73.6% 73.6% | 69.9% | 69.4% | 71.0% 70.7% 68.8% 71.9% 67.0% 61.0% 65.1%

Powertrain 13.8% 13.8% | 18.1% | 18.6% 10.5% 17.6% 19.8% 2.7% 2.5% 2.3% 9.4%

Transmission 8.5% 8.5% 8.1% 8.0% 5.0% 1.6% 1.6% 1.6% 1.5% 1.4% 5.2%

system

Byattery 1.3% 1.3% 1.2% 1.3% 1.9% 1.7% 1.8% 15.3% 21.1% 28.1% 9.7%

Traction motor and 0.0% 0.0% 0.0% 0.0% 8.9% 5.6% 5.5% 5.7% 5.3% 4.9% 8.3%
other electric

machines/control

Wheels 2.8% 2.8% 2.6% 2.6% 2.7% 2.7% 2.6% 2.7% 2.5% 2.3% 2.5%
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Figure D.4. GHG emissions for midsize sedans, assuming low technological progress. Numerical values are

given in Table 44.
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Table D.6. GHG emissions for FUTURE TECHNOLOGY case for mid-sized sedans shown in Figure D.4

(g COze/mile)

Pathway

Diesel ICEV

CNG ICEV

E85 ICEV

Gasoline HEV

Gasoline PHEV50

H> FCEV 300

H> FCEV 400

BEV200

Current Technology

% Gasoline Turbo ICEV

w
()]
ol

345

229

2

[e)]
©

2

[
©

206

211

166

& | BEV300

S | BEV400

Vehicle efficiency
gain

w
w
H

308

278

200

N
~
o

178

174

178

128

138

156

Forest residue
pyrolysis

oo
~

128

Soybean

110

E-fuels (nuclear)

54

E-fuels (renewable)

42

RNG

Corn stover

62

Solar/wind electricity

57

Nuclear electrolysis

59

NG SMR with CCS

72

Stover + ACC w/
CCS

72

Stover + wind/solar

47

Pyrolysis + ACC w/
CCs

74

Pyrolysis +
wind/solar

50

E-fuel (nuclear) +
ACC w/ CCS

69

E-fuel (nuclear) +
wind/solar

45

E-fuel (renewable) +
ACC w/ CCS

66

E-fuel (renewable) +
wind/solar

42
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Table D.7. GHG emissions for the FUTURE TECHNOLOGY case for small SUVs shown in Figure D.5 (g COze/mile)

Gasoline Turbo ICEV
Diesel ICEV

CNG ICEV

E85 ICEV

Gasoline PHEV50

H, FCEV 300

H, FCEV 400
BEV200

BEV300

BEV400

Pathway

Current Technology 4
Vehicle efficiency
gain

Forest r_e5|due 100 | 128 3 B 84 3 B 3 B 3 3
pyrolysis

Soybean - 125 - - - - - - - - -
E-fuels (Nuclear) 73 71 - - 64 - -
E-fuels (Renewable) 54 54 - - 50 - -
RNG - - 90 - - - - - - - -
Corn stover — — — 86 73 — — — — — —
Solar/wind electricity - - - - - - 65 68 47 | 55 | 66
Nuclear electrolysis - - - - - - 69 72 - - -
NG SMR with CCS - — — — — — 83 87 — — —
Stover + ACC w/
CCS

Stover + wind/solar - - - - - 57 - - - - -
Pyrolysis + ACC w/
CCS

Pyrolysis +
wind/solar

E-fuel (nuclear) +
ACC w/ CCS

E-fuel (nuclear) +
wind/solar

E-fuel (renewable) +
ACC w/ CCS

E-fuel (renewable) +
wind/solar

E Gasoline HEV

N
o
w
(o]
»

384 264 | 250 | 256 | 203 | 221 | 254
346 | 312 | 227 | 286 | 215 | 212 | 217 | 157 | 169 | 190

N
Ul
oo
(o2}

w
~
N
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Figure D.6. GREET results of energy consumption for all midsize vehicle-fuel combinations (Btu/mi). Each

bar is segmented by energy source.
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bar is segmented by energy source.
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Table D.8. Total midsize sedan energy consumed, as shown in Figure D.6 (Btu/mi)

Vehicle Total Petroleum NG Coal Biomass | Other/Renewables
Current Tech 5,133 3,770 806 186 316 54
) Vehicle Efficiency 4,466 3,275 705 151 277 58
Gf‘cs‘l’z'{;‘e Pyrolysis 9,283 (112) 1,516 (187) 8,066 -
E-fuels (Nuclear) 5,831 17 51 22 - 5,743
E-Fuels (Renewable) 7,804 8 5 3 - 7,789
Current Tech 4,456 3,564 642 172 20 58
] Vehicle Efficiency 3,891 3,104 565 141 19 61
?éeé‘f/l Renewable 6,054 254 1,076 190 4,473 61
E-fuels (Nuclear) 5,258 15 46 19 - 5,179
E-Fuels (Renewable) 7,037 7 5 2 - 7,024
Current Tech 5,203 118 4,775 209 44 58
S | Vehicle Efficiency 4,241 110 3,869 161 40 61
RNG 3,907 96 303 158 3,288 61
Current Tech 6,865 234 447 96 6,089 -
E85 Vehicle Efficiency 5,950 203 387 83 5,278 -
Corn Stover 9,789 308 224 91) 9,348 -
Gasoline | Current Tech 3,616 2,555 620 175 212 53
HEV Vehicle Efficiency 3,324 2,362 566 143 198 55
Current Tech 3,446 120 2,708 286 - 331
Vehicle Efficiency 2,977 102 2,361 197 - 317
FgO%V LT Elec. Wind/Solar 3,055 95 461 196 - 2,303
HT Elec. Nuclear 2,952 100 485 205 - 2,162
NG SMR w/ CCS 3,054 103 2,396 218 - 337
Current Tech 3,545 133 2,771 299 - 341
Vehicle Efficiency 3,056 113 2,412 205 - 325
FZ:O%V LT Elec. Wind/Solar 3,135 106 487 204 - 2,338
HT Elec. Nuclear 3,030 111 511 213 - 2,196
NG SMR w/ CCS 3,134 114 2,447 226 - 346
PHEV50 Cur_rent Te_cr_l 3,200 879 1,122 724 64 410
Vehicle Efficiency 2,725 774 972 505 58 416
Current Tech 2,531 106 1,155 802 - 468
BEV200 Vehicle Efficiency 2,105 86 993 553 - 473
NG ACC w/ CCS 2,548 79 2,262 137 - 71
Wind 1,416 72 301 135 - 909
Current Tech 2,777 128 1,278 865 - 506
Vehicle Efficiency 2,263 102 1,073 588 - 500
BEV300
NG ACC w/ CCS 2,722 95 2,388 156 - 84
Wind 1,549 87 356 154 - 952
Current Tech 3,179 157 1,473 976 - 573
Vehicle Efficiency 2,545 126 1,213 652 - 554
BEV400
NG ACC w/ CCS 3,045 117 2,643 182 - 101
Wind 1,768 109 432 181 - 1,046
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Table D.9. Total small SUV energy consumed as shown in Figure D.7 (Btu/mi)

Vehicle Total Petroleum NG Coal Biomass | Other Renewables
Current Tech 5,767 4,234 915 206 353 59
) Vehicle Efficiency 5,051 3,705 806 167 311 62
Gf‘cs‘l’z'{;‘e Pyrolysis 10,304 (124) 1,683 | (208) 8,954 -
E-fuels (Nuclear) 6,523 19 57 24 - 6,424
E-Fuels (Renewable) 8,729 9 6 3 - 8,712
Current Tech 4,969 3,968 727 189 22 62
] Vehicle Efficiency 4,382 3,493 647 155 22 66
?éeés/l Renewable 6,798 308 1,216 210 4,998 66
E-fuels (Nuclear) 5,841 17 51 22 - 5,753
E-Fuels (Renewable) 7,817 8 5 3 - 7,802
Current Tech 5,800 157 5,302 230 48 63
S | Vehicle Efficiency 4,754 147 4319 | 178 45 65
RNG 4,382 132 353 174 3,657 65
Current Tech 7,620 259 496 106 6,759 -
E85 Vehicle Efficiency 6,656 227 433 93 5,904 -
Corn Stover 10,950 344 251 (102) 10,456 -
Gasoline | Current Tech 4,190 2,970 721 197 245 58
HEV Vehicle Efficiency 3,860 2,750 660 161 229 60
Current Tech 4,161 150 3,286 339 - 385
Vehicle Efficiency 3,604 129 2,872 233 - 370
FgO%V LT Elec. Wind/Solar 3,700 121 553 232 - 2,794
HT Elec. Nuclear 3,573 126 582 243 - 2,623
NG SMR w/ CCS 3,698 130 2,915 259 - 394
Current Tech 4,278 166 3,361 354 - 396
Vehicle Efficiency 3,702 143 2,936 243 - 381
FZ:O%V LT Elec. Wind/Solar 3,799 134 584 242 - 2,839
HT Elec. Nuclear 3,671 140 613 253 - 2,665
NG SMR w/ CCS 3,797 144 2,979 269 - 406
PHEV50 Cur_rent Te_cr_l 3,841 1,072 1,344 860 77 488
Vehicle Efficiency 3,286 954 1,167 599 70 495
Current Tech 3,084 136 1,407 973 - 569
BEV200 Vehicle Efficiency 2,572 112 1,213 672 - 576
NG ACC w/ CCS 3,119 102 2,778 158 - 81
Wind 1,723 94 360 156 - 1,114
Current Tech 3,365 161 1,548 1,045 - 612
Vehicle Efficiency 2,759 131 1,308 712 - 608
BEV300
NG ACC w/ CCS 3,323 122 2,925 181 - 96
Wind 1,881 112 426 179 - 1,164
Current Tech 3,858 198 1,788 1,180 - 693
Vehicle Efficiency 3,102 160 1,478 790 - 674
BEV400
NG ACC w/ CCS 3,715 150 3,234 214 - 118
Wind 2,150 140 521 212 - 1,277
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Levelized Cost of Driving, Future Technology
Analysis Window = Ownership range of 3 to 15 year;
discount rate = 5%; Vehicle = Midsize

BEVA00-Wind/Solar PV
BEV300-Wind/Solar PV
BEV200-Wind/Solar PV
FCEV400-LT elec wind/solar
FCEV300-LT elec wind/solar
PHEV50-EF(R) + Wind
PHEV50-Conv. + 2035 Avg US Grid
HEV-E-fuels (Renewable)
HEV-E-fuels (Nuclear)
HEV-Pyr.

HEV-Corn Stover

HEV-Conv. Gasoline
CNG-RNG

CNG-Conv.

Diesel-E-fuels (Renewable)
Diesel-E-fuels (Nuclear)
Diesel-Conv.

E85-Corn Stover
Gasoline-E-fuels (Renewable)
Gasoline-E-fuels (Nuclear)
Gasoline-Pyr.

Gasoline-Conv.

$0.00

W 15-yr
analysis
3-year
analysis

$0.20

$0.80

Figure D.8. 3-year and 15-year LCD results by vehicle-fuel pathway for the FuTurRE

TECHNOLOGY midsize sedan case
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Levelized Cost of Driving, Future Technology
Analysis Window = Ownership range of 3 to 15 year;
discount rate = 5%; Vehicle = SUV

BEVA00-Wind/Solar PV
BEV300-Wind/Solar PV
BEV200-Wind/Solar PV
FCEV400-LT elec wind/solar
FCEV300-LT elec wind/solar
PHEV50-EF(R) + Wind
PHEV50-Conv. + 2035 Avg US Grid
HEV-E-fuels (Renewable)
HEV-E-fuels (Nuclear)
HEV-Pyr.

HEV-Corn Stover

HEV-Conv. Gasoline
CNG-RNG

CNG-Conv.

Diesel-E-fuels (Renewable)
Diesel-E-fuels (Nuclear)
Diesel-Conv.

E85-Corn Stover
Gasoline-E-fuels (Renewable)
Gasoline-E-fuels (Nuclear)
Gasoline-Pyr.

Gasoline-Conv.

$0.00

W 15-yr
analysis
3-year
analysis

$0.20

$0.80

Figure D.9. 3-year and 15-year LCD results by vehicle-fuel pathway for FUTURE TECHNOLOGY

small SUV case
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Table D.10. Costs and GHG emissions for the FUTURE TECHNOLOGY midsize sedan case

Base Case (5% discount rate, mid- | vehicle | Fuel | Vehicle GHG 3-year |15-year
point fuel cost) Cost Cost FIE Emissions | Cost | Cost
Vehicle Fuel (2020%) | ($/gge) | (mpgge) | (g COze/mi)| ($/mi) | ($/mi)
Gasoline | Conv. 29,920 2.37 35.4 331 0.47 0.30
Gasoline |Pyr. 29,920 3.60 35.4 110 0.51 0.34
Gasoline |E-fuels (nuclear) 29,920 5.19 35.4 64 0.55 0.38
Gasoline |E-fuels (renewable) 29,920 5.19 35.4 47 0.55 0.38
E85 Corn Stover 29,920 3.87 354 130 0.51 0.35
Diesel Conv. 33,426 2.47 39.0 309 0.52 0.33
Diesel E-fuels (nuclear) 33,426 5.19 39.0 62 0.59 0.40
Diesel E-fuels (renewable) 33,426 5.19 39.0 47 0.59 0.40
CNG Conv. 35,931 1.44 345 279 0.53 0.33
CNG RNG 35,931 1.85 345 79 0.54 0.34
HEV Conv. Gasoline 31,062 2.37 49.5 247 0.47 0.29
HEV Corn Stover 31,062 3.87 49.5 103 0.50 0.32
HEV Pyr. 31,062 3.60 49.5 88 0.49 0.32
HEV E-fuels (nuclear) 31,062 5.19 49.5 55 0.53 0.35
HEV E-fuels (renewable) 31,062 5.19 49.5 43 0.53 0.35
PHEV50 |Pyr.+ NG ACC 33,921 | 3.6/3.51 | 51.3/114. 152 0.51 0.31
PHEV50 |Pyr.+ NG ACCw/ CCS | 33,921 | 3.6/4.04 | 51.3/114. 80 0.51 0.31
PHEV50 |Pyr. + Wind 33,921 | 3.6/4.76 | 51.3/114. 56 0.51 0.32
PHEV50 |Pyr. + Solar PV 33,921 | 3.6/4.76 | 51.3/114. 56 0.51 0.32
FCEV300 | LT Elec. Wind/Solar 35,912 4.00 76.3 55 0.54 0.34
FCEV300 |NG SMR w/ CCS 35,912 4.00 76.3 70 0.54 0.34
FCEV400 | LT Elec. Wind/Solar 36,895 4.00 75.3 57 0.55 0.34
FCEV400 |NG SMR w/ CCS 36,895 4.00 75.3 73 0.55 0.34
BEV200 [2035 Avg U.S. Grid 29,064 4.10 140.5 129 0.42 0.26
BEV200 |Wind 29,064 4,76 140.5 40 0.43 0.26
BEV300 (2035 Avg U.S. Grid 32,556 4.10 135.6 139 0.47 0.29
BEV300 |Wind 32,556 4,76 135.6 47 0.48 0.29
BEV400 [2035 Avg U.S. Grid 37,432 4.10 124.6 157 0.54 0.33
BEV400 |Wind 37,432 4,76 124.6 56 0.55 0.33
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Table D.11. Costs and GHG emissions for the FUTURE TECHNOLOGY small SUV case

Base Case (5% discount rate, mid- | vehicle Vehicle GHG | 3-year |15-year
point fuel cost) Cost | Fuel Cost| F/E Emissions | Cost | Cost
Vehicle Fuel (2020%) | ($/gge) | (mpgge) |(g COze/mi)| ($/mi) | ($/mi)
Gasoline | Conv. 32,015 2.37 315 375 0.51 0.33
Gasoline |Pyr. 32,015 3.60 315 126 0.55 0.37
Gasoline |E-fuels (nuclear) 32,015 5.19 315 74 0.60 0.42
Gasoline |E-fuels (renewable) 32,015 5.19 315 55 0.60 0.42
E85 Corn Stover 32,015 3.87 31.5 149 0.56 0.38
Diesel Conv. 35,519 2.47 34.9 348 0.55 0.35
Diesel E-fuels (nuclear) 35,519 5.19 34.9 72 0.63 0.43
Diesel E-fuels (renewable) 35,519 5.19 34.9 55 0.63 0.43
CNG Conv. 38,026 1.44 31.0 313 0.56 0.35
CNG RNG 38,026 1.85 31.0 91 0.57 0.36
HEV Conv. Gasoline 33,815 2.37 42.8 287 0.51 0.32
HEV Corn Stover 33,815 3.87 42.8 120 0.55 0.36
HEV Pyr. 33,815 3.60 42.8 104 0.54 0.35
HEV E-fuels (nuclear) 33,815 5.19 42.8 65 0.58 0.39
HEV E-fuels (renewable) 33,815 5.19 42.8 51 0.58 0.39
PHEV50 |Pyr.+ NG ACC 36,868 | 3.6/3.51 | 42.2/94.5 184 0.55 0.35
PHEV50 |Pyr.+ NG ACCw/ CCS | 36,868 | 3.6/4.04 | 42.2/94.5 97 0.55 0.35
PHEV50 |Pyr. + Wind 36,868 | 3.6/4.76 | 42.2/94.5 68 0.56 0.35
PHEV50 |Pyr. + Solar PV 36,868 | 3.6/4.76 | 42.2/94.5 68 0.56 0.35
FCEV300 | LT Elec. Wind/Solar 40,656 4.00 62.5 66 0.61 0.39
FCEV300 |NG SMR w/ CCS 40,656 4.00 62.5 85 0.61 0.39
FCEV400 | LT Elec. Wind/Solar 42,022 4.00 61.6 70 0.63 0.40
FCEV400 |NG SMR w/ CCS 42,022 4.00 61.6 88 0.63 0.40
BEV200 [2035 Avg U.S. Grid 32,898 4.10 113.9 158 0.48 0.30
BEV200 |Wind 32,898 4.76 113.9 48 0.49 0.30
BEV300 (2035 Avg U.S. Grid 37,116 4.10 110.2 170 0.54 0.33
BEV300 |Wind 37,116 4.76 110.2 56 0.55 0.34
BEV400 [2035 Avg U.S. Grid 43,195 4.10 101.6 192 0.63 0.38
BEV400 |Wind 43,195 4.76 101.6 68 0.63 0.39
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Lifetime Cost vs. GHGs, Future Tech
15 yr Vehicle Lifetime; 5% discount rate [Midsize, Low tech]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure D.10. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case over its lifetime assuming low technology progress.

First Owner Cost vs. GHGs, Future Tech
3 yr (1st Owner); 5% discount rate [Midsize, Low tech]

Percent GHG Reduction relative to Conventional Gasoline ICEV
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Figure D.11. First owner COSTS versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY midsize sedan case for the first owner assuming low technology progress.
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Lifetime Cost vs. GHGs, Future Tech
15 yr Vehicle Lifetime; 5% discount rate [SUV, Low tech]

Percent Lifetime GHG Reduction relative to Conventional Gasoline ICEV
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Figure D.12. Lifetime costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TecHNOLOGY small SUV case over its lifetime assuming low technology progress.

First Owner Cost vs. GHGs, Future Tech
3 yr (1st Owner); 5% discount rate [SUV, Low tech]
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Figure D.13. First owner costs versus GHG emissions by vehicle-fuel pathway for the FUTURE
TECHNOLOGY small SUV case for the first owner assuming low technology progress.
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Table D.12. Cost of avoided GHG emissions for CURRENT TeEcHNOLOGY and FUTURE TECHNOLOGY midsize sedan
cases, relative to their respective gasoline ICEVs

Cost of Avoided GHG Emissions Summary, 15 yr (Vehicle Lifetime) 3 yr (1st Owner)
Base Case (5% discount rate, mid-point fuel cost) | Total GHGs Total GHGs
Avoided per Avoided per
Vehicle Cost Vehicle Cost
(tonnes ($/tonne (tonnes ($/tonne

Vehicle-Fuel Pathway CO2€) CO€) CO€) CO2€)
CURRENT TECHNOLOGY Case
E85 - Corn 19.8 120 4.7 120
Diesel - Conventional 4.7 1,110 0.9 2,560
CNG - CNG 6.7 1,480 1.3 2,970
HEV - Conventional Gasoline 20.2 140 4.7 350
PHEV50 - Conventional Gasoline 28.9 400 5.2 980
FCEV300 - NG SMR 31.4 1,250 7.0 2,020
FCEV400 - NG SMR 30.4 1,370 6.4 2,370
BEV200 - 2020 Avg U.S. Grid Mix 38.4 150 7.5 390
BEV300 - 2020 Avg U.S. Grid Mix 35.4 450 53 1,330
BEV400 - 2020 Avg U.S. Grid Mix 30.6 970 2.3 5,420
FUTURE TECHNOLOGY Case
Gasoline - Pyr. 39.5 160 9.3 160
Gasoline - E-fuels (nuclear) 47.7 300 11.2 300
Gasoline - E-fuels (renewable) 50.7 280 11.9 280
E85 - Corn Stover 35.9 210 8.4 210
Diesel - Conv. 4.1 1,050 0.8 2,420
Diesel - E-fuels (nuclear) 47.9 350 11.1 430
Diesel - E-fuels (renewable) 50.6 330 11.7 410
CNG - Conv. 9.3 430 2.0 1,170
CNG - RNG 449 140 104 280
HEV - Conv. Gasoline 15.1 -120 3.6 -40
HEV - Corn Stover 40.8 90 9.6 120
HEV - Pyr. 43.3 60 10.2 90
HEV - E-fuels (nuclear) 49.3 170 11.7 190
HEV - E-fuels (renewable) 51.4 160 12.2 180
PHEV50 - Pyr. + NG ACC 31.9 60 6.6 210
PHEV50 - Pyr. + NG ACC w/ CCS 44.8 40 9.6 140
PHEV50 - Pyr. + Wind 49.1 60 10.7 150
PHEV50 - Pyr. + Solar PV 49.1 60 10.7 150
FCEV300 - LT Elec. Wind/Solar 49.3 120 11.7 240
FCEV300 - NG SMR w/ CCS 46.6 130 11.1 250
FCEV400 - LT Elec. Wind/Solar 48.8 150 11.3 300
FCEV400 - NG SMR w/ CCS 46.1 160 10.6 320
BEV200 - 2035 Avg U.S. Grid 36.0 -220 7.6 -270
BEV200 - Wind 52.0 -140 11.4 -160
BEV300 - 2035 Avg U.S. Grid 34.2 -80 6.3 -10
BEV300 - Wind 50.7 -40 10.1 20
BEV400 - 2035 Avg U.S. Grid 31.0 150 4.2 680
BEV400 - Wind 49.0 110 8.4 360
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Table D.13. Cost of avoided GHG emissions for CURRENT TecHNOLOGY and FUTURE TECHNOLOGY small SUV

cases, relative to their respective gasoline ICEVs

Cost of Avoided GHG Emissions Summary, 15 yr (Vehicle Lifetime) 3 yr (1st Owner)
Base Case (5% discount rate, mid-point fuel cost) | Total GHGs Total GHGs
Avoided per Avoided per
Vehicle Cost Vehicle Cost
(tonnes ($/tonne (tonnes ($/tonne

Vehicle-Fuel Pathway CO2€) CO€) CO€) CO2€)
CURRENT TECHNOLOGY Case
E85 - Corn 22.1 120 5.2 120
Diesel - Conventional 5.9 860 1.2 1,940
CNG - CNG 8.0 1,410 1.6 2,780
HEV - Conventional Gasoline 20.9 190 4.9 450
PHEV50 - Conventional Gasoline 29.4 490 51 1,240
FCEV300 - NG SMR 32.0 1,580 7.1 2,570
FCEV400 - NG SMR 30.8 1,740 6.3 3,060
BEV200 - 2020 Avg U.S. Grid Mix 40.3 260 7.6 640
BEV300 - 2020 Avg U.S. Grid Mix 36.9 610 51 1,880
BEV400 - 2020 Avg U.S. Grid Mix 31.0 1,280 14 11,960
FUTURE TECHNOLOGY Case
Gasoline - Pyr. 44.4 160 10.4 160
Gasoline - E-fuels (nuclear) 53.6 300 12.6 300
Gasoline - E-fuels (renewable) 57.0 280 13.4 280
E85 - Corn Stover 40.3 210 9.5 210
Diesel - Conv. 49 840 0.9 1,910
Diesel - E-fuels (nuclear) 53.9 330 12.5 410
Diesel - E-fuels (renewable) 57.0 320 13.2 380
CNG - Conv. 11.0 300 2.4 920
CNG - RNG 50.6 110 11.7 240
HEV - Conv. Gasoline 15.7 -60 3.7 50
HEV - Corn Stover 45.4 120 10.7 160
HEV - Pyr. 48.4 90 11.4 120
HEV - E-fuels (nuclear) 55.3 190 13.0 230
HEV - E-fuels (renewable) 57.7 190 13.6 220
PHEV50 - Pyr. + NG ACC 34.0 100 6.9 280
PHEV50 - Pyr. + NG ACC w/ CCS 49.6 70 10.6 180
PHEV50 - Pyr. + Wind 54.8 80 11.8 180
PHEV50 - Pyr. + Solar PV 54.8 80 11.8 180
FCEV300 - LT Elec. Wind/Solar 55.0 190 13.1 340
FCEV300 - NG SMR w/ CCS 51.8 200 12.3 360
FCEV400 - LT Elec. Wind/Solar 54.4 230 12.6 420
FCEV400 - NG SMR w/ CCS 51.1 240 11.8 450
BEV200 - 2035 Avg U.S. Grid 38.6 -150 8.0 -140
BEV200 - Wind 58.3 -80 12.7 -70
BEV300 - 2035 Avg U.S. Grid 36.5 10 6.4 200
BEV300 - Wind 56.8 30 11.2 140
BEV400 - 2035 Avg U.S. Grid 32.6 290 3.9 1,270
BEV400 - Wind 54.7 200 9.0 570
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Appendix E: LCD CALCULATION DETAILS AND EXAMPLES

This appendix provides more detail on the LCD calculations described in Section 9.1. LCD is defined as
the sum of the amortized net vehicle cost per mile (LCDven) and the fuel cost component (LCDtuer):
LCD = LCDyep + LCDfye;. LCD has units of dollars per mile driven. The LCD calculation does not

consider ownership costs other than vehicle or fuel (e.g., insurance, maintenance).

The LCD is a function of vehicle purchase cost, assumed vehicle residual value at the end of the analysis
period, assumed discount rate, fuel costs, fuel efficiency, and assumed VMT. Costs in this study are
considered in real dollars (2020%) not nominal dollars, and thus any assumed future inflation rate has been
factored out of the analysis. Fuel costs are discussed in Section 5 and are assumed to remain constant in
real dollar terms from the time of vehicle purchase through the end of the analysis period. As fuel costs
are assumed to remain constant in real dollar terms, the fuel cost component of LCD can be calculated
directly as the fuel cost (in 2020%/gge) divided by the vehicle fuel economy (in mpgge). The assumed
discount rate plays no role in this calculation.

The vehicle cost component of the LCD is derived from the net vehicle cost to the owner, which is
defined as the initial purchase cost of the vehicle (Section 6) less the residual value at the end of the
analysis period. As discussed in Section 9, the analysis assumes that a vehicle depreciates in value by
17.5% each year on a nominal basis (82.5% of vehicle value is retained at the end of each year). Since the
residual value is returned to the vehicle buyer after a number of years, it must be discounted to place it on
a comparable basis with the initial vehicle purchase cost that occurs up front. Once it is discounted using
the assumed discount rate, it may then be subtracted from the initial vehicle purchase cost to arrive at a
net vehicle cost. The analysis uses a 5% discount rate as a base case and considers sensitivity cases using
3% and 7% discount rates.

The vehicle cost component of the LCD is computed by allocating the net vehicle cost uniformly over the
VMT, applying the assumed discount rate to reflect the years in which miles are driven. More
specifically, the vehicle cost component of the LCD was found by solving the following equation:

¢
Vehicle Cost (net) = Z

i=1

LCD,.p x VMT;
(1+ D)t

(4)

where LCD.en represents the vehicle cost component of the LCD metric (expressed in $/mile driven), tis
the analysis time period in years, VMT; is the number of miles driven in year i, D is the discount rate
expressed as an annual percentage, and (1 + D)' is the discount factor applied in year i.

Table E.1 shows data and example calculations for the fuel cost component and the net vehicle cost for a
3-year analysis of the CURRENT TECHNOLOGY case gasoline ICEV pathway and for a 15-year analysis of
the FUTURE TECHNOLOGY case gasoline ICEV pathway (all costs are in 2020$). Calculations for end-of-
analysis-period residual value and the net present value (NPV) of that residual value are shown (“present”
= time of vehicle purchase at beginning of the analysis period). Note that the analysis assumes a 15-year
vehicle lifetime, and thus the residual value at the end of 15 years is assumed to be $0.
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Table E.1. Sample calculations for the LCD fuel-cost component and net vehicle cost

Base Case (5% discount rate, A B C D E F G
mid-point vehicle and fuel cost) Fuel Residual Residual
Fuel | Vehicle | Cost Value Value Net
Analysis Vehicle-Fuel Cost FE Comp. | Vehicle | (nominal) (NPV) Vehicle
Period Pathway ($/gge) | (mpgge) | ($/mi) | Cost($) ($/mi) ($/mi) Cost($)
Gasoline ICEV
(CURRENT 1.69 30.7 28,630
TECHNOLOGY)
3-year
case .
Calculation A/B Dx0.825"3 | E/(1.05*3 | D-F
Calculation results 0.06 16,076 13,887 14,742
Gasoline ICEV
(FUTURE 2.37 415 29,210
TECHNOLOGY)
15-year
case .
Calculation A/B 0 (assumed) 0 D-0
Calculation results 0.06 0 0 29,210

As can be seen in Table E.1, the calculation of the total net vehicle cost (purchase cost less residual value)
is a straight-forward NPV calculation. Calculation of the vehicle cost component of the LCD from this net
vehicle cost is more complicated, particularly as the mileage schedule assumed in the analysis is not
constant over time. As noted, calculation of the vehicle cost component is done by solving the

Equation (5) for a constant per-mile value. This amortizes the net vehicle cost uniformly over all miles
driven during the analysis period.

Detailed calculations to solve for the vehicle cost component are not shown in this appendix. Table E.2,
however, shows CURRENT TECHNOLOGY case and FUTURE TECHNOLOGY case example results for a
gasoline ICEV. The table shows the LCDvenh components derived from the example cases in Table E. 1.
The total annual vehicle cost allocations (on a nominal basis) can be easily calculated as the annual VMT
times the LCDveh cost component. These annual costs are then put into present value terms using the
discount rate to demonstrate that their sum, when discounted back to a present value basis, does indeed
equal the net cost of the vehicle.

Finally, Table E.3 shows the total LCD costs for the examples shown in this appendix, reflecting the fuel
cost components shown in Table E.1 and the vehicle cost components shown in Table E.2. For the
examples shown: (1) the 3-year CURRENT TECHNOLOGY case analysis of a gasoline ICEV has a total
LCD of $0.44/mi and (2) the 15-year FUTURE TECHNOLOGY case analysis of a gasoline ICEV has a total
LCD of $0.29/mi. These are the same total LCD costs for gasoline ICEVs shown in for the current and
future cases in Table 48 and Table 50, respectively, in Section 10. Note that there may be discrepancies in
summation due to rounding shown within tables that is not present in calculations.
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Table E.2. Sample data for the LCD vehicle-cost component showing the annual vehicle costs on an NPV

basis
Base Case (5% discount rate, Vehicle Cost
mid-point vehicle and fuel cost) | Net Vehicle (Annual)
Analysis Vehicle-Fuel Cost LCDvenh x VMT /| Vehicle Cost
Period Pathway (from D-1) LCDv_eh Anr_wual (1+D) year (Total)
%) ($/mi) [ Year Miles ($) $)
14,742 0.39

Gasoline ICEV 14,231 5,295

3-year case |(CURRENT 13,961 4,909

TECHNOLOGY) 13,669 4,578
14,742

29,210 0.23

1 14,231 3,127

2 13,961 2,921

3 13,669 2,724

4 13,357 2,535

5 13,028 2,355

6 12,683 2,183

Gasoline ICEV 7 12,325 2,021

15-year case | (FUTURE 8 11,956 1,867

TECHNOLOGY) 9 11,578 1,722

10 11,193 1,585

11 10,804 1,457

12 10,413 1,338

13 10,022 1,226

14 9,633 1,122

15 9,249 1,026
29,210
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Table E.3. LCD cost components for two examples

Base Case (5% discount rate, mid- LCD
point vehicle and fuel cost) LCD Vehicle
. . Fuel Cost Cost LCD
Aggiliﬁ;s VTDha:frI:/\-/Z;el Component Component Total
($/mi) ($/mi) ($/mi)
Gasoline ICEV
3-year case | (CURRENT 0.06 0.39 0.44
TECHNOLOGY)
Gasoline ICEV
15-year case | (FUTURE 0.06 0.23 0.29
TECHNOLOGY)
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