Impact of Program Goals on Hydrogen Vehicles:

Market Prospect, Costs, and Benefits
*H2V = { H2 ICE, FCV, FC PHEV }

Zhenhong Lin
David Greene
Jing Dong
Oak Ridge National Laboratory
2012 DOE Fuel Cell Technologies Program
Annual Merit Review
May 15, 2012
Project ID #: AN025

This presentation does not contain any proprietary, confidential, or otherwise restricted infe

Managed by UT-Battelle
for the Department of Energy




Overview

Timeline
e Start: Oct 1, 2011

e End: Sep 30, 2012

e 50% complete

Budget

e Total project funding

— DOE share = $135k
— No cost share

e FY12 = $135k
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Barriers

e Barriers addressed

— A. Future Market Behavior

— B. Stove-piped/Siloed Analytical
Capability

— C. Suite of Models and Tools
— D. Unplanned Studies and Analysis

Partners

e Interactions / collaborations
— NREL
— ANL
— UC Davis, U. of Tennessee
— Industry

e Project lead
« Zhenhong Lin, ORNL




Overview

Impact of Program Goals on Hydrogen Vehicles:
Market Prospect, Costs, and Benefits

NREL, ANL
UC Davis, U. of
Tennessee

DOE FCT, VTP
Internal & External
Reviews

Analysis
Framework

Studies.& Outputs &
Analysis

: Deliverables
Market Penetration .

: Recommendations &
Long-term Benefits

: Reports
Near-term Benefits

. Inputs to Plans
Cost-effectiveness ..
Risk Publications

Models & Tools
MYPP, NRC 2008, AEO MA3T

2011, NHTS 2001, Census - MarketScenarioGenerator
2000, AHS, Autonomie,

H2InfraCashFlow
GREET, H2A, etc.

NREL, ANL
UC Davis, U. of
Tennessee
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Relevance

Estimate the impact of DOE program goals (PG) on the market prospect, costs
and social benefits of hydrogen-powered light-duty vehicles (LDV)

DOE Barriers Project Goals

« Stove- » Conduct market analysis by integrating output of various
piped/Siloed DOE-sponsored and other federal projects, including:
Analytical « ORNL’s MA3T model
Capability « ANL's Autonomie model

. Suite of » NREL’s H2A model

« EIA's AEO projection
!\I_/IO%?SGIS e « DOT’'s NHTS database

EPA's technology assessment

* Future Market + Project market penetrations of H2 vehicles under varied

Behavior assumptions of program goals for fuel cells, H2 storage,
* Unplanned batteries, motors, and H2 supply.

Studies and » Under different program goals scenarios, estimate social

Analysis benefits and public costs, including:

* Petroleum use reduction

Greenhouse gas reduction
Zero-emission vehicle population
Grid-connected vehicle population
Public expenditure for infrastructure

* Public expenditure for vehicle purchase

4 « Compare cost-effectiveness among scenarios !



Technical Accomplishments and Progress---Technology Status

Not there yet, but we are on track to meet the
target on fuel cell cost as well as other goals. How
important is it to meet these goals?

Cost Estimates of Automotive Fuel Cell Systems at Full Scale
and Learning (DTI, 2011, 2009) and Extrapolations
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Approach

ORNL’s MA3T model is used to simulate the impact of DOE program
goals on various metrics of the LDV transition

V2G

Census2000

Purchase Discount, Tax
~ Credit, Free Parking, Free |«
- HOV, etc
/ ANL/Autonomie

/ EIA/AEQ2009 =

Maker
Model
/ UCD PHEV Survey Availability \\

Range Anxiety, Recharge i P\
& Fuel Availability Risk I
I/
Tailpipe and B !
Vehicle Usage Lifecycle GHG
and Scrappage /

ANL/GREET /

*MA3T = Market Acceptance of Advanced Automotive Technologies
*A discrete choice model

eproject sales of 40 vehicle technologies

Conventional and hybrid ICE, PHEV, H2 ICE, FCV, FC PHEV, NGV, BEV

1458 consumer segments: region, area, driver, adopter, home and work charge
«Consumers are assumed to choose what maximize their utility
«daily VMT variation for accurate energy use and range anxiety

erepresentation of both refueling and recharging infrastructure barriers
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Approach - explanation of scenario assumptions and labels

41 different exogenous projections of
technology status relative to program goals
e Technology

Cost (Year)
Unit Cost (Year) “Base” “ProgramGoal”

H2, Delivered at Pump $/gge 3.8 (constant) 2.1 (2017)

H2 On-board Storage $/kWh 10 (2050) 10 (2030), 8 (2045)
Fuel Cell System $/kW 60 (2030) 30 (2015), 18 (2045)
PHEV40 Battery $/kWh 450 (2045) 300 (2014), 270 (2017)

EV Battery $/kWh 375 (2030) 150 (2020)

— Program goals are highlighted in red

e Assumed public support
— Includes existing ARRA vehicle subsidy AND H2 infrastructure subsidy
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Technical Accomplishments and Progress---Market Prospect

1. H2V penetration ranges from 20% - 70% by 2050

2. Program goals important for H2V market success

3. Long-term H2V penetration mostly affected by FC and H2
cost; for early market, infrastructure deployment is key

Hydrogen vehicle penetrations under varied

technology progress, infrastructure, H2 price

90% * H2V include H2 ICE, FC HEV, and FC PHEV10, 20, 40
* a total of 41 different exogenous projections of technology status Green curve cases: one

n
() i lative t | .
e | 80% | OO O ProsrmEssn goal is delayed by 10 years;
2 70% - ProgramGoal all other goals met on time
(M) e —
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o) a0 on time; all other goals delayed by
o 10 years
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S Red curve cases: one
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technology
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Technical Accomplishments and Progress---Market Prospect

1) If all

goals met, both H2Vs and PEVs could dominate the

market. 2) FC PHEVs appear to have significant market
potential. 3) infrastructure delay causes H2V market delay

w/ no infrastructure delay, 10%

Ipenetration by 2016

Market penetrations when all goals met on time
10-yr infrastructure delay causes 10-yr

peneltration delay
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Technical Accomplishments and Progress---Long-term Benefits

1) Meeting all goals allows ~80% cut in petroleum use and
~60% cut in GHG by 2050. These cuts are robust against
one-goal delay. 2) FC goal results in the largest impact.

80%
Impact of program goals on greenhouse gas and
= petroleum use
S 70% -
5
£ o
oL - M Base
5 60% H2 cost goal met
N ]
5 50% O one goal met on time; all
{:5 H2 storage other goals not met
= goal met one goal delayed by 10 yr; all
= DD | \ ]
= 40% E\ others met on time
c
- FC goal met ® All goals met on time
3 30% - =N
é‘* 0 PHEYV battery cost goal met
20% | | ! ! | |
20% 30% 40% 50% 60% 70% 80%
% Cut in petroleum use in 2050 from 2010
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Technical Accomplishments and Progress---Social Benefits

To bring more H2Vs to the road by 2050, FC
cost and H2 infrastructure are the key

Cumulative Sales of Hydrogen Vehicles by 2050 (million)
0 50 100 150 200 250 300 350 400

730 million light-duty vehicles

Base sold during 2012 and 2050

FC goal met on time

All goals met on time,
but H2 infrastructure
delayed by 10 years
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Technical Accomplishments and Progress---Long-term Benefits

1) If all goals met on time, about half of all LDVs sold by 2050
are estimated to be ZEVs; sensitive to H2 infrastructure and
FC goal. 2) largest impact by FC goal on ZEV sales

Cumulative Sales of Zero-emission Vehicles by 2050 (million)
0 50 100 150 200 250 300 350 400

730 million LDVs sold

Base - during 2012 and 2050

BEV battery goal met -

on time

FC goal met on time _
‘but H2 infrastuctore. RN

but H2 infrastructure
delayed by 10 years |

Al goals met on time [
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Technical Accomplishments and Progress---Near-term Benefits

1) Achieving most program goals can substantially increase
number of alt. fuel vehicles sold by 2020; 2) near-term H2V
market is sensitive to FC goal and H2 infrastructure

Cumlative Sales by 2020 (million )
0 5 10 15 20 25 30 35

Base

All goals met on time, but H2
infrastructure delayed by 10 years

All goals met on time, but FC goal
delayed by 10 years

[
I

MW PHEV [OBEV OFCV BFCPHEV @EH2ICE

All goals met on time
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Technical Accomplishments and Progress---Required Public Support

If most goals met on time, the transition requires
30-50 b$ of H2 subsidy and 10-20 b$ of vehicle
subsidy through 2050

Required public support

B Base

—_ O one goal met on time; all other goals not met

‘u}- .

S 40 one goal delayed by 10 yr; all others met on time

= ® All goals met on time

s

‘g All goals met, but H2

T 30 - infrastructure delayed All goals met, but H2

o by 10

a y 10 years cost delayed by 10 years

S

<20 -

2 o

2 H2 cost goal

< .o | meton time

& \\

<

/- - o |No goals_met,

H2 Storage/ 0 | | | | | no delay in H2
goal met 0 10 20 30 40 5o | Infrastructure

Subidy for H2 Supply (billion S)
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Technical Accomplishments and Progress---Summary

e Using the MA3T model, 41 scenarios were used to
estimate the impact of program goals on market
prospect, social benefits, required gov’t support,
and cost-effectiveness of LDV market transition.

e The program goals for the hydrogen delivered cost
and fuel cell system cost have the biggest impact
on the success of hydrogen technologies.

e The sooner the program goals are met, the larger
the oil/GHG reduction benefits
— The success of hydrogen technologies does not require

all DOE program goals to be met on time, but key goals
need to be met w/o major delay

— If only one goal is missed, most of the GHG/oil
benefits can still be achieved.
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Collaborations

The project includes input from and
collaboration with other national labs,
industry and universities.

e Collaboration Partners

— NREL: developed the H2A model, the source of hydrogen cost
estimates.

— NREL and UC Davis: provided key insights on fuel accessibility
modeling

— ANL: developed the H2A delivery and Autonomie models and
share data

— Industry (Ford, Nissan, Honda): interaction including exchange
on fuel cell vehicle early market strategy and daily VMT
variation

— University of Tennessee: share vehicle data that allows model
calibration.
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Approach - explanation of scenario assumptions and labels

41 different exogenous projections of technology status
relative to program goals

e Technology

Cost (Year)
Unit Cost (Year) “Base” “ProgramGoal”
H2, Delivered at Pump $/gge 3.8 (constant) 2.1 (2017)
H2 On-board Storage $/kWh 10 (2050) 10 (2030)
Fuel Cell System $/kW 60 (2030) 30 (2015), 18 (2045)
PHEV40 Battery $/kWh 450 (2045) 300 (2014), 270 (2017)
EV Battery $/kWh 375 (2030) 150 (2020)

— Program goals are highlighted in red

e Public support
— includes ARRA subsidy and H2 infrastructure subsidy

— The American Recovery and Reinvestment Act (ARRA) vehicle subsidy depends
on battery capacity, but FCV and FC PHEV assumed to receive the $7500
maximum due to zero emissions.

— H2 cost is independent of H2 price; assume a 0.85 scaling factor; actual
utilization is endogenous to determine the actual delivered cost; the gap
10 vanae@@St@Ad price is balanced by subsidy

for the Department of Energy




Approach - explanation of scenario assumptions and labels

Scenario definition and label --1

PY “Base”
— Base technologies; both refueling and recharging infrastructure deployments
delayed by 10yr relative to “ProgramGoal”
e “ProgramGoal”
— all goals met on time; 50% availability of recharging and H2 refueling by 2050

o "PGdb10+77??", "PG-?7-dbS”, "PG-77-db10”, “Base+7?7??7”

e “+" means a positive exception; “-" means a negative
exception

e db5 or db10="delayed by 5 or 10 years”; PG= program goal;
H2S= hydrogen on-board storage; BEVBat =battery for
battery electric vehicles; P40Bat=battery for PHEV40;
FC=fuel cell; Reflnfra=H2 refueling infrastructure;
$2H2by2020=H2 priced at $2/kg until 2020;

20 Managed by UT-Battelle
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Approach - explanation of scenario assumptions and labels

Scenario definition and label --2
e “PGdb10+??2?”

— All goals and infrastructures delayed by 10 years relative to “ProgramGoal’,
except that the technology/infrastructure specified by ?7?7? is the same as in
“ProgramGoal”

— For example, “PGdb10+RefInfra” refers to the case where all
goals/infrastructure are delayed by 10 years, except H2 refueling
infrastructure is deployed as in the “ProgramGoal” case

o "PG-??-db5" and "PG-7?7-db10”

— all goals/infrastructure are met on time except ??is delayed by 5 year or 10
years

— E.g. “PG-H2S-db5” means the case where all goals/infrastructure are met on
time except hydrogen onboard storage technology is delayed by 5 year
o “Base+?77?7”
— all goals/infrastructure are the same as in the Base case, except that the
technology/infrastructure specified by 77?7 is the same as in “ProgramGoal”
— “Base+FC”: only FC goal met on time, all others with Base tech status
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Technical Accomplishments and Progress---Market Prospect

1. H2V penetration ranges from 20% - 70% by 2050

2. H2V market dominance does not require all PGs be met

3. Long-term H2V penetration mostly affected by FC and H2
cost; for early market, infrastructure deployment is key

100% - .
’ H2V Market Penetration (% of LDV Sales)
90% - *H2Vinclude H2 ICE, FC HEV, and FC PHEV10, 20, 40
* a total of 41 different exogenous projections of technology status
80% -|  relative to program goals
all delayed by 10yr ProgramGoal AllPGsw/ 1
70% - but refinfra

delay

60% -l PG techw/refinfra

1PG; others
delay by 5yr

delay by 10yr

50% -
| Base+FC
40% -
=1 Base+1PG
30% -
- \ Base+H2Cost
20% - _
10% - / Base
: Base+BEVBat

Base tech w/oref. infradelay|

0% -
2010 2015 2020 2025 2030 2035 2040 2045 2050
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Technical Accomplishments and Progress---Market Prospect

1. Ifall PGs met on time, both H2V and GCVs could dominate the market.
2. Plug-in fuel cell vehicles appear to have significant market potential.
3. H2V only occurs after H2 infrastructure deployment

W ConvICE B Hybnd mPHEY W BEYV W FCPHEVY m FCV OH2ICE
Base Base+Infrastructure Base+FC

100% 100%
0%
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

90% 90%

H2v

80% 80%

70% 70%

PEV

60% 60%

50% 50%

HEV

40% 40%

30% 30%

20% 20%

cv

10% 10%

PG-Reflnfra-db10 PG-FC-db10

100%

ProgramGoal

H2V H2v H2V

Y-axis: Percentage of total LDV Sales

PEV 20% PEV

HEV HEV HEV
v v
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Technical Accomplishments and Progress---Near-term Benefits

Achieving most program goals can substantially
increase number of alt. fuel vehicles sold by 2020

Cumlative Sales of Advanced Technology by 2020 (million )
0 5 10 15 20 25 30 35

all w/ base tech B
dase |

Base+BEVBat ]
Base+P40Bat |
Base+H2S |
Base+H2Cost I
Base+FC |
Base+Reflnfra [
Base+52H2by2020 |
PG-RefInfra-db10 [
PG-FC-db10
PG-H2Cost-db10
PG-H2S-db10
PG-P40Bat-db10
all PGs met on time —PG-BEVBat-db10
ProgramGoal
all PGs met on time; H2_PG+52Hby2020

i WPHEV DBEV CIFCV M FC PHEV 4 HEOICE:
priced at $2/kg thru 2020 &:RID or

for the Department of Energy National Laboratory

—

one PG met on time;
all others w/ base tech

10yr delay on one PG;
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Technical Accomplishments and Progress---Long-term Benefits

Energy Security — 2050 petroleum use
1. 80% cut if all goals met; robust against one-goal delay

2. Relative to Base, Iargest impact by meeting the FC /goal
Energy Use in 20 O[bllllon GGE ar)
0 20 40 60 120 140

B Yr2010
all w/ base tech { Base r
ase

ol Base+BEVBat
Base+P40Bat
Base+H2S
Base+H2Cost
Base+FC
Base+Reflnfra
Base+$2H2by20..
PG-Refinfra-db10

PG-FC-db10
10yr delay on one PG PG-H2Cost-db10

all others met on tlme PG-H2S-db10
PG-P40Bat-db10
___ PG-BEVBat-db10

—Program@Goal

all PGs met on time: HZ/PG+$2Hbv2020

priced at $2/kg thru 2020

one PG met on timg;<
all others w/ base tech

—

all PGs met on time




Technical Accomplishments and Progress---Long-term Benefits

Climate Change—2050 GHG emissions
1. 62% cut if all goals met; robust against one-goal delay

2. Possibly greater cut w/ biofuel and grid de-carbonation

Well-to-wheel GHG Emissions in 2050 (Tg CO2eq/year)
0 200 400 600 800 1000 1200

Base Yr2010

Base
Base+BEVBat
Base+P40Bat
Base+H2S
Base+H2Cost
Base+FC
Base+Reflnfra
Base+$2H2by2020
PG-RefInfra-db10
PG-FC-db10
PG-H2Cost-db10
PG-H2S-db10
PG-P40Bat-db10
PG-BEVBat-db10
ProgramGoal
PG+$2Hby2020
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Technical Accomplishments and Progress---Long-term Benefits

1) If all goals met on time, about 53% of all LDVs sold are zero-
emission vehicles; sensitive to H2 infrastructure and FC goal.
2) Relative to Base, largest impact by FC goal on ZEV sales

Cumulative Sales of Zero-emission Vehicles by 2050 (million)
0 50 100 150 200 250 300 350 400

all w/ base tech Base .
—Base+BEVBat 73U-m|II|nn LDVs sold
during 2012 and 2050
Base+P40Bat
Base+H2S

one PG metontime. g . 1ocost
all others w/ base tech
| Base+FC |

Base+Reflnfra
B: $2H2by2020
G-RefInfra-db10

10yr delay on one pG PG-FC-db10

all others met on time |PG-H2Cost-db10
PG-H2S-db10

1 PG Cont [PG-P40Bat-db10
a S meton I%EWat db10

all PGs met on time; H2_Prosram os) F——— g
priced at $2/kg thru 2020 3+52Hby2020 ~ RIDGE
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Technical Accomplishments and Progress---Long-term Benefits

Energy Security—cumulative sales of grid-connected vehicles
1. Amounted to 53% of all LDVs sold; sensitive to PHEV battery cost
2. W.r.t Base, largest marginal impact also by PHEV battery cost

Cumulative Sales of Grid-connected Vehicles by 2050 (million)

0 50 100 150 200 250 300 350 400 450
730 million LDVs sold

Base during 2012 and 2050

Base+BEVBat
Base+P40Bat
Base+H2S
Base+H2Cost
Base+FC
Base+Reflnfra
Base+$2H2by2020
PG-Refinfra-db10
PG-FC-db10
PG-H2Cost-db10
PG-H2S-db10
PG-P40Bat-db10
PG-BEVBat-db10
ProgramGoal
PG+$2Hby2020
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Technical Accomplishments and Progress---Near-term Benefits

Near-term GHG emissions cut
1. About 15% reduction in annual GHG by 2020 if all goals met on time
2. The reduction potential could be larger w/ bio-fuel and grid decarbonization.

Well-to-wheel GHG Emissions in 2020 (Tg CO2eq/year)

1200 1400
Base Yr2010
Base
Base+BEVBat
Base+P40Bat
Base+H2S
Base+H2Cost
Base+FC
Base+RefInfra * WTW kgCO2 eg
Base+$2H2by2020 per kgH2 supplied
PG-RefInfra-db10 decreases from 12
PG-FC-db10 in 2012 to 1.3 in
PG-H2Cost-db10 2050.
PG-H2S-db10 * the grid carbon

PG-P40Bat-db10

emission factors in

PG-BEVBat-db10 the AEO2011
reference case are
ProgramGoal
used.
PG+$2Hby2020
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Technical Accomplishments and Progress---Required Public Support

If most goals met on time, the transition requires
30-50 b$ of H2 subsidy and 10-20 b$ of vehicle
subsidy

Hydrogen Infrastructure Subsidy (billion $) ARRA Expendicture for PEV/FCV Purchase (billion §)
0 10 20 30 40 50 O 5 10 15

Base |-~ ---- oo 6 years of ARRA
* discounted to start of 2012

Base+BEVBat | -~~~ at 7%yt -:- 6
Base+P40Bat | 5
Base+H2S X T 6
Base+H2Cost I o 6
Base+FC | -~ 6
Base+Refinfra DS 5
Base+$2H2by2.J- - +- 6
PG-Refinfra-. I -~~~ - t---- 5
PG-FC-db10 I - 4o
PG-H2Cost-db10 DD 1- 5
PG-H2S-db10 I -
PG-P40Bat-db10 I - ‘- 5
PG-BEVBat-.. I 5
ProgramGoal I 5
PG+52Hby2020 I a

B PHEV BH2V

B BEV

. OAK
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Technical Accomplishments and Progress---Required Public Support

Competing for ARRA Tax Credit
How many of which technologies receive ARRA subsidy depends on technology
progress and timing of subsidy expiration

ARRA Subsidized Sales (million)

0 1 2 3 4 5
Base 6 years of ARRA subsidy
Base+BEVBat 6 intended cap of subsidized sales
Base+P40Bat 5
Base+H2S 6 * uniform $7500 for each BEV, FCV, FC PHEV;
Base+H?2Cost 6 amount for PHEV depends on battery capacity
Base+EC * assume 6 OEMs, each with a cap of 200k
6 eligible units, but whenever the year-end
Base+Refinfra > cumulative sales is below 1.2million, the tax
Base+$2H2by2020 6 credit is assumed to available for the next whole
PG-RefInfra-db10 5 |Lyear
PG-FC-db10 5
PG-H2Cost-db10
PG-H2S-db10
PG-P40Bat-db10 5
PG-BEVBat-db10 5
ProgramGoal 5
PG+$2Hby2020 4
B PHEV W H2V W BEV OAK
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