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NG WORKSHOP SUMMARY REPORT

Natural Gas and Hydrogen Infrastructure
Opportunities Workshop

October 18-19, 2011 | Argonne National Laboratory | Argonne, IL

EXECUTIVE SUMMARY

Introduction

The overall objective of the Workshop was to identify
opportunities for accelerating the use of both natural
gas (NG) and hydrogen (H,) as motor fuels and in sta-
tionary power applications. Specific objectives of the
Workshop were to:

1. Convene industry and other stakeholders to share
current status/state-of-the-art of NG and H, infra-
structure.

2. ldentify key challenges (including non-technical
challenges, such as permitting, installation, codes,
and standards) preventing or delaying the wide-
spread deployment of NG and H, infrastructure.
Identify synergies between NG and H, fuels.

3. Identify and prioritize opportunities for address-
ing the challenges identified above, and determine
roles and opportunities for both the government
and industry stakeholders.

The Workshop was attended by approximately 50
participants, with representation from natural gas and
hydrogen producers and suppliers, vehicle manufac-
turers, alternative vehicle agencies, fuel cell develop-
ers, academia, national laboratories, and government

agencies. The Workshop agenda is given in
Appendix A, and a list of the Workshop attendees is
given in Appendix B.

Plenary speakers and panel discussions summarized
the current status of the NG and H, infrastructure,
technology for their use in transportation and station-
ary applications, and some of the major challenges
and opportunities to more widespread use of these
fuels. Two break-out sessions of three groups each
addressed focus questions on: (1) infrastructure devel-
opment needs; (2) deployment synergies; (3) natural
gas and fuel cell vehicles (NGVs, FCVs), specialty
vehicles, and heavy-duty trucks; (4) CHP (combined
heat and power), CHHP (combined hydrogen, heat,
and power), and synergistic approaches; and (5) alter-
native uses of natural gas.

The results of the discussions at the Workshop are
summarized below. The descriptions represent the
output of the discussions among the Workshop par-
ticipants rather than the views or recommendations of
the DOE or of specific individuals or industries.

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY
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Current Status/State-of-the-Art for Natural Gas and Hydrogen Infrastructure

The following key points were highlighted in the plenary talks.

* The current NG infrastructure includes more than

300,000 miles of transmission and 2,000,000 miles of

distribution pipelines.

e Switching internal combustion engine (ICE) fuel from

gasoline to compressed natural gas (CNG) can reduce

greenhouse gas (GHG) emissions (g-CO, equivalent/
mile) by ~21%. Converting NG to H, for FCVs can
yield an additional ~25% reduction in GHG emis-
sions. If the central station reforming of NG to H, is
also accompanied with carbon capture and seques-
tration, the use of H, FCVs can lead to nearly 100%
reduction in GHG emissions, compared to conven-
tional vehicles.

¢ Vehicle technology for NGVs does not
require any breakthrough developments.
The technology exists for operating ICEs
on CNG or liquefied natural gas (LNG).
Current ICEs will need to be modified
for use with NG, however, which would
add to the initial cost of the NGV. Simply
adding NGVs at the rate of growth and
scrap replacement would require several
decades to achieve significant penetration
of NGVs into the U.S. fleet of light-duty
and heavy-duty vehicles.

The 2.6 million Class 8 long-haul trucks in
the U.S. fleet consumed 9.4% of the total
petroleum used in 2010, an amount that
is comparable to the amount of oil the

United States imports from Saudi Arabia.

* NGVs already have a viable market niche in me-
dium- and heavy-duty vehicles, but the cost of NGVs
remains high. Just the NG fuel conversion package
for General Motors’ cargo vans costs $15,000, in ad-
dition to the cost of the standard vehicle.

e There are three major pathways for the use of NG
in transportation:

1. CNG » NGV hybrid: 28% efficiency, 250-mile
range;

2. NG » H, » FCV: 36% efficiency, 400-mile range;
and

3. NG P Electricity ™ BEV (battery electric vehicle):
24% efficiency, 100-mile range.

A major opportunity for the increased use of NG in
transportation is presented by the large price differ-
ence between NG ($12/million BTU) and gasoline/
diesel ($22/million BTU)?; this difference is projected
to grow in the future, with NG at $13/million BTU
and gasoline/diesel at $28/million BTU by 2025 (in
constant 2009 dollars).

The U.S. automobile manufacturers (original equip-
ment manufacturers [OEMs]) plan to offer gasoline
vehicle conversion to NG fuel through their dealers
starting in 2012, which is expected to lower conver-
sion/certification costs.?

Of the NG and gasoline light-duty vehicles available
in the market today, the Honda Civic CNG vehicle
has a fuel economy of 28 miles per gallon of gasoline
equivalent and annual emissions of 5.6 tons of CO,,
compared to 50 miles per gallon and 3.8 tons of CO,
for the Toyota Prius Hybrid vehicle, and 41 miles per
gallon and 4.6 tons of CO, for the Honda Civic Hybrid
vehicle. Note, however, that the Honda Civic CNG
vehicle is not a hybrid vehicle.

Light-duty gasoline hybrid vehicle sales peaked in
2008 at 3%—4% of new car sales, and that fraction
has not grown since, in spite of a near doubling of
the number of hybrid vehicle models available for
sale since 2008.

1 The commodity price of natural gas in mid January 2012 was less than $3.00/million BTU. The $12/million BTU price of natural gas indicated here includes esti-
mated motor vehicle fuel taxes and estimated dispensing costs. The $22/million BTU price for gasoline represents the weighted average price for all grades, and it
includes Federal, State, and local taxes. The diesel fuel price is for on-road use, and it includes Federal and State taxes, but it excludes county and local taxes.

2 On February 1, 2012, Navistar, Inc., the third-largest seller of heavy-duty trucks in the United States, announced that they will begin offering NG-fueled engines
across their line of medium- and heavy-duty trucks this year. Navistar also announced a partnership with Clean Energy Fuels Corp. to add 70 NG fueling stations at
Pilot-Flying J Travel Centers in 33 states by the end of 2012. Navistar will also offer an incentive program to help offset the additional cost of the vehicles, including a
guarantee that fuel prices will remain below those of diesel fuel for 5 years (Chicago Tribune, Thursday, February 2, 2012).

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY
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Addressing Key Challenges for Increased Use of Natural Gas and Hydrogen Fuels

The following actions were suggested as necessary to address the key obstacles to increased use of NG and H, as

motor fuels and in stationary applications.

* Resolve the chicken-and-egg dilemma between the
availability of vehicles and the availability of NG/H,
fuels, by establishing partnerships between vehicle

manufacturers, fuel providers, the government (both

in the United States and globally), and other stake-
holders.

 Develop long-term incentives for the use of NG/
H, (and perhaps disincentives for gasoline/diesel
vehicles).

* Develop improved, lower cost components and pro-
cesses (such as lower-cost home-fueling and better
compressor and dispensing equipment) by exploit-
ing the many technology and hardware synergies
between the two fuels.

e Reduce costs of, and procedural barriers to, setting
up NG and H, fueling stations.

* Reduce costs of, and procedural barriers to, NGV
emissions certification.

* Harmonize U.S. and international codes and stan-
dards. For example, at present, European NGVs
cannot be imported because they do not meet U.S.
certification regulations.

 Develop technologies for improved on-board storage
of the fuels, where the current technologies limit
driving range.

* Develop enhanced materials that are compatible
with both NG and H_, and reduce the balance-of-
plant costs by exploiting synergies between the two
fuels.

* Promote the deployment of CHP/CHHP systems and
NGV/FCV refueling stations at the neighborhood
scale to expand NG uses in stationary applications.

Roles and Opportunities for Government and Industry Stakeholders

Workshop participants identified potential roles and opportunities for government and industry, respectively, in the

following key areas.

Infrastructure Development

e Establish long-term (>10 years) strategic plans and

incentives for NG and H, fuels:

- Institute tax and investment credits;

- Develop uniform codes and standards;

- Establish corporate average fuel economy (CAFE)
and zero emission vehicle (ZEV) mandates;

- Involve States as active participants; and

- Develop a national plan rollout, similar to those in
Germany and Japan.

e Establish disincentives for oil-derived fuels for
vehicles:
- Tax carbon use or GHG emissions;
- Maintain minimum (high) gasoline/diesel prices
(perhaps through taxes); and
- Use disincentive tax revenues to fund NG/H2 infra-
structure growth.

* Reduce cost to OEMs of meeting safety and emis-
sions standards:
- Establish tradable CAFE credits;
- Develop standardized, pre-certified components;

- Use Global Technical Regulation as a baseline in the
United States; and
- Harmonize qualification requirements globally.

Synergies between Natural Gas and Hydrogen

* Make NG and H, part of a comprehensive strategy
for transportation fuels:
- Define a vision/strategy;
- Develop a commercialization plan; and
- Identify applications and end-users that exemplify
the significant advantages of using these gaseous
fuels.

* Promote on-site H, from NG, using CHP/CHHP, for

early build-out of H, infrastructure:

- Inventory current technology options and
re-evaluate for adapting NG technology to
H, applications;

- Research small-scale reforming for on-site H,
production; and

- Ramp up production volumes of cars and fuel
processors to reduce unit costs.

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY



Priorities for Gaseous Fuel Vehicles
(NGVs and FCVs)

* Develop additional vehicle models that use CNG- and

LNG-fueled ICEs to cover a wide spectrum of vehicle
platforms:
- Define targets for different categories of engines;

- Increase number of NG refueling stations for Class 8

trucks; and
- Ease market entry for the new vehicles.

NG WORKSHOP SUMMARY REPORT

e Conduct technology research and development:

- Fuel metering, storage tanks, fueling stations;

- Low-cost carbon fiber;

- Conformable and higher capacity storage tanks for
H, and NG; and

- Standardized dispensing hardware and process to
reduce costs and improve the fueling experience.

Summary Highlights of the Breakout Group Discussions

The breakout sessions addressed specific questions
but solicited general input, as well. Facilitators provid-
ed note cards and prioritized the identified key issues
and suggested actions (by voting) in five areas. The
following summaries capture the main points, while
more detailed/raw comments are given in Appendix C.

Infrastructure Development

There is a need for policies to provide
long-term (>10 years) incentives for NG
and H, fuels, while imposing disincentives
for the use of gasoline and diesel fuel in
vehicles. Development of low-cost, widely
deployable fueling technologies (including
home fueling), compressors, and storage
tank advancements is needed. Creating
demand for these fuels is the best strategy
for expanding infrastructure. Harmoniza-
tion of codes and standards and educa-
tion of the code officials are necessary for
general acceptance. The chicken-and-egg
dilemma can be addressed through part-
nerships between fuel providers, vehicle
manufacturers, and the government (via
deployment incentives for both vehicles and infra-
structure, and research and development funding).

Deployment Synergies between Natural Gas
and Hydrogen

It is necessary to develop a comprehensive strategy
encompassing both fuels, across a multitude of trans-
portation and stationary applications, with supporting
funding. There are synergies in H, and H,-NG blends,
both of which are produced from NG. They have simi-
lar storage and regulatory concerns, as well. It may
be necessary to build clusters of refueling centers to
support a critical mass of vehicles.

Natural Gas and Hydrogen Vehicles

Vehicle technology, especially for NGVs, does not
require any breakthrough developments. However,

having a wider array of engine options than is cur-
rently available would help to expand the deployment
of NGVs and the infrastructure to support them. Cur-
rent emissions regulations constrain the deployment
of heavy-duty NGVs. In addition, to expand NGV and
FCV deployment we need to improve the NG and H,
refueling network, especially along the major commer-
cial corridors. Technical development needs include
advanced and reliable metering for fuel dispensers,
and on-board storage tanks with higher capacities.

Combined Heat and Power and Combined Hy-
drogen, Heat, and Power Synergistic Approaches

The use of CHP and CHHP at the neighborhood scale,
and at other distributed locations that can also serve
as refueling centers, is a very promising pathway. The
cost and durability of such units present two signifi-
cant technical barriers, however. These systems can
be promoted through collaborative ventures with utili-
ties, and they would benefit if given the same status as
renewable energy systems in Federal energy policy.

Alternative Uses of Natural Gas

Faster expansion of NG use can be facilitated by setting
up consuming applications, such as refueling centers
for trucks and machinery, near the wellheads and by
using NG-fueled turbines to buffer intermittent wind
power. H, can be blended with NG to increase the ef-
ficiency of ICEs, while fuel cell systems can be used for
lighting and power for special applications. H, can also
be used by utilities for energy storage for variable or
intermittent renewable energy. Use of NG and H, can
be promoted through demonstrations by the aircraft
industry (flight and ground), and at community-scale
refueling centers.

General Themes

There is a strong need for a consistent, long-term en-
ergy policy, including incentives—such as tax credits,
subsidies, and regulations—for NG and H, fuels and
their uses in transportation and stationary

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY



applications. Lacking such assurances for at least

10 years, it would be difficult to attract industry or
venture capital resources to build up the needed NG
and H, infrastructure.

There is a need for a vision of the future, and plans
and processes needed to realize that vision. Collabo-
ration between government and industry is needed to
achieve this. Examples of such collaboration can be
seen in Germany (OEMs, oil and energy companies,
government, and NOW GmbH) and Japan (OEMs, oil
and gas suppliers), where large numbers of fueling
stations and FCVs are to be deployed starting in 2015.

NG WORKSHOP SUMMARY REPORT

Another example is the proposed East Coast/National
Hydrogen Infrastructure Development Plan, a public/
private partnership of OEMs, H, suppliers and associat-
ed industry, government, and academia; the proposed
roll-out is to begin in 2015, leading to 50,000 cars and
100 fueling stations in New York State by 2020.

It is also necessary to conduct analyses to convince
policymakers, to advance fuel storage technologies,
and for the DOE to develop a roadmap to promote the
use of NG in medium- and heavy-duty vehicle seg-
ments, with subsequent expansion to the light-duty
vehicle marketplace.

Next Steps and Path Forward

Potential next steps were identified in research and
development, codes and regulations, financing con-
cepts, business and community leadership, and
building on past successes.

Research and Development

Research is needed to develop low-cost, conformable,
lower pressure (sorbent-based) on-board CNG tanks,
low-cost tanks and systems for off-board storage at the
fueling stations, and low-cost, efficient compressors
for both NG and H, fuels.

Codes and Regulations

Codes and regulations need to be harmonized across
the United States and globally, including legislation to
level the playing field among the different technology
options; the current varying codes and regulations
across the United States tend to inhibit the growth

of standardized elements of the infrastructure. Also
needed are activities with a large multiplier effect,
such as educating/training fleet maintenance opera-
tors, code officials, fire marshals, and other safety
personnel, with the involvement of State and local
governments. For example, South Carolina is promot-
ing statewide uniform permitting for H, and fuel cells
at the local level.

Financing Concepts

The investment community needs to become involved
to get more financing ideas. Existing infrastructure
incentives need to be publicized. The DOE should
issue an RFI (request for information) on how best to
facilitate the development of financial tools, such as
infrastructure bonds or franchise zones, where orga-
nizations could bid for installing H, stations, similar to
what was done for off-shore wind power installations.
For these and other incentives, such as tax credits,

timing is very important; if they are not provided at
the right time, they will not be effective.

Business and Community Leadership

There is a lack of involvement by business and com-
munity leaders in developing NG and H, infrastructure,
but this involvement is necessary in planning for the
infrastructure build-out. Several States have already
taken initiatives in this area, including California, New
York, Connecticut, and South Carolina. The Federal
government should work with the officials of those
States, senior management/CEOs of NG and H, suppli-
ers, OEMs, and other stakeholders (such as vendors to
the NG and H, industries). A plan developed jointly by
all involved parties should spell out the reality of NG
and H, vehicles being marketed, when, where, and in
what numbers, to identify the needed elements of the
infrastructure buildup.

Building on Past Successes

The DOE needs to publicize past success stories in NG
and H,, in particular, instances when the DOE has been
a catalyst for demonstrations that resulted in com-
panies buying more of the technology because they
could readily see a viable business case. For example,
the DOE FCT Program R&D has led to 310 patents that
have fostered the development of more than 30 com-
mercial and 63 emerging technologies. South Carolina
is another example of a success story to publicize. The
DOE can quantify the benefits of the funding provided
under ARRA (American Recovery and Reinvestment
Act) and existing tax credits to show how the taxpayer
has benefited.
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Post Script

After the Workshop, the participants were asked to provide feedback via a short Internet survey. The survey
questions and the responses (from ~20% of the attendees) are given below.

1. What were the top three most valuable outcomes * Gain better understanding of OEM LNG heavy-

for you at the Workshop?

* Review of status of NG infrastructure and NGVs,
understanding the challenges, brainstorming solu-
tions, and getting a vision of future trends.

« |dentification of critical needs in (1) certification
and education of code officials, and (2) tank is-
sues for NG, not just for H,.

e Confirmation of the DOE’s strong interest in
developing NG and H, infrastructure and use in
transportation and stationary applications.

. What were the top three remaining items you

would like to see addressed?

* Bringing together NG and H, industry, OEMs,
research and development institutions, and the
government for the planning and execution of the
infrastructure and use, as done in Germany and
Japan.

duty vehicle development and light-duty vehicle
conversion to CNG, and the cost hurdles associ-
ated with emissions certification.

e The gas utilities stand to be big winners from the
widespread deployment of NGVs and FCVs, but
they were not represented at the Workshop.

. Any other comments or suggestions?

* Need follow-up workshops to bring together
stakeholders and maintain momentum.

* More focused future meetings. Major NG infra-
structure and NG power generation at the MW
scale are both mature technologies. Need to
focus on where the challenges are in using NG
and H, for vehicles and distributed CHP.

e Future workshops should be at an AGA conven-
tion or similar meeting where gas utilities can
attend, be informed, and participate, with little
additional cost.

Miscellaneous Ratings (% of respondents)

_mmmm
0 4 0
B 20 0
& 20 20
& 40 o

@|@|1@|@
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SUMMARY OF PLENARY PRESENTATIONS

Workshop Goals, Objectives, and Desired Outcomes — Steve Chalk (DOE)
(See Appendix D for the presentation slides)

The overall objective of the Workshop was to help
accelerate the use of both NG and H, for motor fuels
and stationary power applications. As part of the
process to achieve this objective, we need to identify
and prioritize the key technical and non-technical chal-
lenges that are inhibiting the widespread deployment
of NG and H, infrastructure and the development of
motor vehicles and distributed combined heat and
power systems as the end-use applications. We also
need to determine the respective roles of industry (NG
industry and vehicle manufacturers) and government
in bringing about the desired growth in the produc-
tion, distribution, and use of NG and H, fuels.

Natural gas is a domestic re-
source with very large energy
security benefits. The infra-
structure currently includes
300,000 miles of transmission
and 2 million miles of distribu-
tion pipelines in place. There
are nearly 1000 NG vehicle fuel-
ing stations, about half of which
are available to the general
public. In addition to its use

as a motor fuel, tri-generation
(i.e., combined hydrogen, heat,
and power generation) offers a
potentially significant opportu-
nity for the growth of the NG
infrastructure.

There are currently about 2.6 million long-haul Class 8
trucks in the United States, which consumed 9.4% of
the total oil consumed in 2010. Switching this entire
fleet of heavy-duty trucks to LNG would eliminate

an amount of petroleum that is comparable to the
amount the United States imports annually from
Saudi Arabia. Although such a switch is technically
feasible, there would be an initial added cost of about

$40,000/truck, in addition to the infrastructure costs.
The advantages of switching to LNG would be sub-
stantially lower fuel costs, with the needed fuel being
completely domestic. However, a significant chal-
lenge for implementing the switch to LNG (and CNG
for medium- and light-duty vehicles) is the need for
1,000-5,000 new NG fueling stations along the major
U.S. transportation networks (i.e., major Interstate and
U.S. highways), which would require significant private
industry investment or new financing mechanisms.

In addition, the $40,000 cost difference between an
NG-fueled truck and a conventional diesel-fueled truck
needs to be reduced by engineering research and
development and volume production.

For FCVs fueled with H, generated by distributed NG
reforming, GREET lifecycle analyses show the poten-
tial for a more than 50% reduction in GHG emissions
compared to current vehicles, as well as an almost
complete elimination of petroleum use in light-duty
vehicles. Compared to the current annual U.S. NG
consumption of 22.2 tcf (trillion cubic feet), the impact
of adding 1 million FCVs on the annual U.S. NG use
would be about 0.035 tcf (i.e., <0.2%). The produc-
tion of H, from NG decouples carbon from end use; it
allows carbon emissions to be managed at the point of
fuel production rather than at the vehicles’ tail pipes.
At high volumes of production, the cost of hydrogen
per gallon gasoline equivalent (gge) is projected to be:

» $3.00 to $4.00 for distributed NG reforming, with NG
at $4.50 to $10/million BTU (January 2012 commaod-
ity NG price is less than $3.00/million BTU);

* $4.60 to $5.70 for electrolysis and reforming of
pyrolysis oil;

» $2.70 for centralized production from renewables (at
the plant gate); and

» $5.00 or less for photovoltaic (PV) electrolysis, if
SunShot targets are met (i.e., $1/watt for PV cells/
modules).
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U.S. Natural Gas Markets and Perspectives — Bill Liss (GTI)
(See Appendix E for the presentation slides)

The major NG industry segments are exploration, pro-
duction, transmission, storage, and distribution. The
current U.S. NG infrastructure includes 305,000 miles
of transmission pipeline, 2 million miles of distribution
pipelines, and 400 storage fields. Industry investments
run to $6—10 billion/year in interstate pipelines, and
$12 billion (in 2010) in the distribution infrastructure.
The major consumers of NG are 500 electric power
generation plants (7.4 tcf), 2,000 industrial plants

(6.6 tcf), 5 million commercial businesses (3.2 tcf), and
63 million homes (5.0 tcf).

The recent big story is a robust and expanding NG sup-
ply, with substantial NG supply additions (>100 times
current annual consumption) in the past 5 years in
many different regions of the lower 48 States.

At present, the major growth in NG demand is for
power generation (to replace older coal-fired plants),
from ~7 tcf in 2011 to ~9 tcf by 2020. While inter-
est in NG for vehicles is growing sharply, the direct
use is very small, only ~0.04 tcf (combined CNG and
LNG). The core NGV markets are in the medium- and
heavy-duty vehicle segments, where the interest is
being driven by the large fuel price difference between
NG and gasoline/diesel fuels. Use of NG in light-duty
vehicles, perhaps with home fueling, is a longer term
prospect.

The main challenges to increasing the use of NG for
transportation are the relatively high initial vehicle
cost, insufficient on-board storage capacities, and an
inadequate fueling infrastructure.

Synergies in Natural Gas and Hydrogen Fuels — Brian Bonner (APCI)

(See Appendix F for the presentation slides)

Compared to the NG annual consumption of over

22 tcf, the consumption of H, is a little over 3 tcf/year,
the bulk of which is in petroleum refining (67%) and
the manufacture of chemicals and petrochemicals
(31%). A strong driver for the use of NG in transporta
tion (as CNG, LNG, gas-to-liquid fuels, or reformed to
H,) is the comparatively low price of NG. This price is
projected to remain steady or grow slowly, but still be
one-half to one-third the price of electricity, gasoline,
or diesel on an equivalent BTU basis.

H, is currently derived primarily from NG. The next
step in H, feedstock evolution is expected to be large-
scale renewable H, from biomass, which could supply
395 million H, FCVs (i.e., more than the entire U.S.
light-duty vehicle fleet). The ultimate step of obtaining
H, from renewable electricity (solar, wind, geothermal)
would be regional and relatively long term, although

it has the potential to fuel the entire U.S. vehicle fleet.
Scale, affordability, and footprint are the issues with
renewable H, production via electrolysis.

A second driver for the use of NG and H, in trans-
portation is the reduction in GHG emissions. The
emissions of CO, from gasoline-fueled vehicles are
410-540 grams/mile, while those from a NG-fueled
vehicle would be 320 grams/mile and from a H,-fueled
FCV would be 250 grams/mile.

NG and H, both promote energy independence, and
both are environment-friendly. Although the two
gaseous fuels have many similarities, the current codes
and standards make it difficult for one fueling station
to dispense both fuels.

Finally, to promote market pull and acceptance of
these fuels, we need a broad spectrum of NGVs and
FCVs in the marketplace to develop and commercialize
the technologies. This may be facilitated by the forma-
tion of partnerships among the fuel suppliers, vehicle
manufacturers, and the government.
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NGV and FCV Light Duty Transportation Perspectives —
Matt Fronk (Matt Fronk and Associates, LLC)

(See Appendix G for the presentation slides)

The corporate average fuel economy (CAFE) standard
for LDVs is set to increase to 54.5 miles per gallon
(mpg) by the 2025 model year. This standard will be
difficult to meet with current automotive technologies.
Just switching fuels from gasoline (or diesel) to NG

will not be sufficient, either. Meeting the 2025 CAFE
standard will call for a portfolio of technologies, rather
than a single approach, to meet the diverse needs of
the marketplace.

There are three predominant energy carriers for use
on-board vehicles: liquid fuels, such as gasoline and
diesel; gaseous fuels, such as NG and H,; and batter-
ies (electricity). Each energy carrier or a particular
combination thereof is most applicable to specific
market segments and applications. CNG vehicles, for
which the basic technology already exists, can save the
consumer up to $2/gge (for gasoline at $4/gal) while
meeting the requirements of medium- and heavy-duty
market segments. Electric vehicles can serve the small
to medium vehicle segment for relatively short travel
distances. Hybrid, plug-in hybrid, and fuel cell vehicles
can cover the small to large vehicle segments requiring
long travel distances.

While more research and development is needed for
on-board storage of NG and H,, proven technology
for fuelling stations is already available. Development
and implementation of the fueling infrastructure,
however, will require a national plan generated by a
collaborative effort by Federal and State governments,
automobile manufacturers, fuel suppliers, and other
industry stakeholders. Examples of such plans may be
found in Germany and Japan. On a smaller scale, New
York State has a draft plan to install 100 H, stations

by 2020, 70 in cities and 30 along major highways,
with a State investment of $50 million over six years
(from 2015 to 2020) to meet the requirements of a
projected FCV fleet that would grow from 1,500 cars
in 2015 to 50,000 cars by 2020. At present, no new

H, fueling stations are being built in New York, in spite
of a $200,000 tax incentive for such stations, because
they will not be needed until significant numbers of
FCVs are on the roads in the State. It has not yet been
determined who will own these stations.

SUMMARY OF PANEL DISCUSSIONS

Fuel Supply and Infrastructure: Markets and Barriers

Panelists Roger Marmaro (Hythane Company)
Mike McGowan (Linde North America)
Matt Most (Encana Natural Gas)
Brian Weeks (Gas Technology Institute)
Moderator Bill Liss (Gas Technology Institute)

This panel focused on the issues, markets, and barriers
to the growth of NG and H, fuel supply and infrastruc-
ture. While all panelists offered preliminary remarks,
Matt Most also showed a set of slides highlighting

the value proposition for NG (i.e., its environmental,
economic, societal, and energy security benefits), the
opportunities for using NG for transportation, and the
elements to the path to viability (infrastructure, incen-
tives, policies, costs, and OEM involvement); these
slides are given in Appendix H. The salient points

made in this panel discussion are categorized and
summarized below.

Opportunity

Increasing the use of NG for transportation, either
directly in NGVs or indirectly as H, in FCVs, offers

very significant benefits in environmental, economic,
societal, and energy security areas. The potential for
daily NG use in transportation is 61.6 bcf (billion cubic
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feet), 23.3 bcf of which would represent displacement
of oil from OPEC (Organization of Petroleum Exporting
Countries). The largest opportunity lies in using NG
for light-duty vehicles (42.4 bcf). The most commer-
cially ready use is in medium- and heavy-duty vehicles,
which have the potential to use 14 bcf, with an addi-
tional 4.2 bcf use in marine, rail, and other transporta-
tion applications.

Uncertainty concerning incentives for CNG and LNG
(and NGVs) has a significant negative effect on the NG
value proposition, however. Uncertainty in funding
and long-term policy inhibits growth in infrastructure
and end use. This is not the case in Germany, for
example, where industry, government, and other
stakeholders have mutually agreed on definitive end-
points, and then developed a strategy for how to get
there (the needed number of stations, size of stations,
and locations), with assured funding over 10 years.

H, and NG markets are synergistic, and NG-H, blended
fuels offer the positive aspects of H, and the storage
capability and energy content of NG for the use of
such blends in ICE vehicles. As an example of these
synergies, the 300 refuse trucks currently operating on
LNG could be readily converted to operate on CNG, H,,
or a blend of the two with little change in the engine
hardware. On the other hand, blending NG with H,
would limit the use of the fuel to ICEs, since FCVs
require pure H..

Challenges and Barriers

Key technology challenges to the growth of NG in
transportation are capital cost, tank design limitations,
and vehicle range. The incremental cost of converting
to NG fuel is caused largely by emissions certifica-

tion for the conversion. The current limited size of
NGV and FCV fleets is also an impediment to fueling
infrastructure development. It is not a chicken-or-egg
(infrastructure-or-vehicles) issue, however; both will
need to develop simultaneously.

For developing the infrastructure, current regulations
are cumbersome. The authorities are not always
familiar with the new technology, and permitting and
safety issues are not addressed uniformly. Clear, fea-
sible, and integrated regulations are needed for both
H, and NG, as well as for blended fuels. To take ad-
vantage of current uses of NG for transportation (e.g.,
refuse trucks), there are technology and regulatory
barriers: capital cost of switching to NG fuel is high
(515,000 for a light-duty vehicle and up to $40,000 for
a heavy-duty vehicle), which is partly due to the low
volumes of NGV conversion or manufacture. Regard-
ing regulatory hurdles, although NGVs are in more
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common use in Europe, the European NGVs cannot
be imported for use in the United States because they
do not meet U.S. safety and emissions regulations. In
addition, there is inconsistent treatment of NGVs for
CAFE in light-duty versus heavy-duty vehicles. The
differences between California, U.S., and international
standards are hurdles that must be overcome by har-
monization of global safety and emissions standards.

Fueling stations need to meet projected demand
minimums before a commercially feasible site can

be developed. Gasoline marketers look for sales of
7,000-10,000 gal/day, or start with 3,000—4,000 gal/
day, at least, with a clear pathway for reaching the
larger volumes. The demonstration stations installed
at present are too small in terms of daily dispensing
volumes to be commercially practical. There are no
significant technology barriers to building fueling
stations, but it is not economical to build many
“replaceable” stations that are small to begin with
and then give way to larger stations as the demand
increases. Infrastructure costs would be prohibitive
without an assured, sufficient demand for 10-15
years. In addition, at present the applicable codes and
standards, some defined as legacy or holdovers from
past use, limit the amount of H, (and NG) that can be
stored on-site; these codes must be updated to allow
the installation of large, commercially sustainable,
fueling stations.

A challenge in making investments for both NG and

H, infrastructure is that the fuel supply industry may
be unwilling to make investments in a market where it
cannot reasonably project the fuels’ demand scenario.
The lack of a clear and consistent energy policy for
5-10 years or longer has a strong negative effect on
fueling infrastructure development.

The high cost of tariffs for moving gases through pipe-
lines was also mentioned as a potential impediment
to the use of existing and planned NG pipelines for
transporting H, and blended fuels.

Actions/Strategies Needed to Increase Deploy-
ment of NG and H, Infrastructure and Use

It is clear that to increase NG use in transportation, we
need to enhance the infrastructure, institute incen-
tives and policy drivers, and greatly increase the
number of OEM vehicles, while decreasing vehicle
costs. Incentives, policies, and emissions standards
for NGVs must be such that they “level the playing
field.” The costs of on-board storage tanks must be
decreased, while their storage capacities must be
increased.
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Actions and strategies suggested for vehicles and infra-

structure included the following:

* Develop lower cost, smaller, conformable
storage tanks, possibly using sorbents such as
spent corncobs for NG.

e Institute an “X Prize” for developing novel
technology, such as home fueling for NGVs
and FCVs.

e Set a desired goal along the lines of the ZEV
mandate in California and what has been
done in Germany and Japan. An example of
such a goal would be that a certain minimum
fraction of all new vehicles sold will operate
on NG, H,, or NG-H, blended fuels by a certain
date. Technology diversity could hurt growth,
however, if the choices are split in too many
directions.

Develop standardized, pre-approved compo-

nents for conversions, to reduce conversion

costs. It was mentioned that U.S. OEMs will
offer conversions to NG through their dealers
in 2012; this should lower conversion costs.

e Issue infrastructure bonds to fund installations
(but @ mechanism will be needed to repay the
bonds).

e State and Federally regulated transmission
and distribution companies can be required

NG WORKSHOP SUMMARY REPORT

to raise money to pay for the needed capital
investments. This would require an industry
consensus, but similar actions have been
implemented in the past.
Review the Natural Gas Act—it has incentives
on fuel, infrastructure, and vehicles. The cur-
rently low price of NG is a huge driver, but, if
the price of oil drops, additional incentives or
government intervention may be needed.
Set up a government
fund to build stations
in remote locations
that might not be
profitable initially,
but would be neces-
sary to complete the
fueling network.
Tax imported fuels
more than domes-
tic fuels and clean
energy fuels, and use
this tax revenue to
help fund infrastructure (people talk green,
but often are not willing to pay for green).
* Provide long-term assurance of infrastructure
value and use.

Transportation and Stationary Applications

Panelists Dan Hennessy (Delphi)
Zakiul Kabir (Clear Edge Power)
Bob Wimmer (Toyota)
Moderator Matt Fronk (Matt Fronk and Associates LLC)

This panel addressed the applications and end-use
side of growing the NG and H, markets and infrastruc-
ture. Panelist Bob Wimmer showed two slides that
summarized the major pathways for the use of NG in
transportation and a comparison of the fuel econo-
mies and GHG emissions of an NGV and two gasoline
hybrid vehicles that are currently available in the
market; these slides are given in Appendix I. The main
points made in this panel discussion are categorized
and summarized below.

Factors Impeding the Growth of NGVs and FCVs

There are essentially three pathways for the use of NG

in transportation, each leading to a very different on-

board “engine” technology:

1. NG » CNG » ICE-hybrid NGV: 28% efficiency,
250-mile range;

2. NG > H, » FCV: 36% efficiency, 400-mile range;
and

3. NG P> Electricity ™ BEV: 24% efficiency,
100-mile range.

For Pathway 1, along with the relatively high ini-

tial costs of conversion and lack of adequate retail
infrastructure, the operating costs of NGVs (even at
the current low prices for commodity NG) are not low
enough to generate much consumer interest. For ex-
ample, hybrid vehicle sales peaked in 2008 at 3—4% of
all cars sold, and this market share of new vehicle sales
has been flat since then, even with a near doubling of
available hybrid vehicle models since 2008. Hybrid ve-
hicle buyers are also expected to be the first NGV and
FCV buyers (i.e., there is likely to be little net increase
in the NGV/FCV/hybrid vehicle market share). In addi-
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tion, vehicle manufacturers are not emphasizing NGVs
much, although that might be changing. Further, dual
fuel systems are expensive (if used to overcome driv-
ing range issues).

There is a great deal of interest in Pathway 2, with the
first step of generating H, by reforming NG being con-
ducted at the fueling station or at a central location,
but significant growth of NG use would depend on

a significant growth in FCV use. Similarly, Pathway 3
offers opportunities for growth in NG use and infra-
structure, but in this option the controlling factors will
be the fraction of electricity generated by NG power
plants and the rate of introduction of battery electric
vehicles (BEVs). A variation of Pathway 3 is the use of
plug-in hybrid electric vehicles (PHEVs) with an NG or
other ICE on-board.

There is a lack of understanding of NG and fuel cell
technology. Early adopters of these technologies like
them, but safety officials (e.g., fire marshals) are
skeptical; this skepticism needs to be overcome by
educating them about these technologies. These
products should be introduced not just as new tech-
nology, but as new products that add value for the
consumer.

While early adopters are necessary for the introduc-
tion of new technologies into the marketplace, the
real question is how to get past the early adopters to
the mainstream consumer. At the very least, the new
products must have the same cost (real and perceived)
as the conventional vehicles; while the early adopters
are typically not concerned about payback, the general
consumer’s choice is affected by the costs of the tech-
nology, both initial and lifetime.

Factors Impeding the Growth of CHP and
CHHP Systems

The high initial cost of CHP systems, in particular
micro-CHP systems, is a major impediment to in-
creased use of stationary NG-fueled CHP and CHHP
systems. To overcome the initial cost hurdle, better
financing options are needed. At present, supporters
with deep pockets (e.g., the energy industry or the
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venture capital community) are not engaged in financ-
ing NG and H, infrastructure. This would be encour-
aged if the government supports such activity (e.g., by
tax incentives); otherwise, private investment would
not be forthcoming. One option would be to put the
cost of a distributed generation unit in the rate basis to
amortize its cost and lower the cost to the consumer.
Categorizing the electricity generated by fuel cell
systems as renewable energy would increase interest
from power companies to deploy the technology na-
tionwide; currently, only nine States consider electrical
energy from fuel cells to be “renewable energy” for
purposes of achieving their renewable energy goals.

Recognition is needed from the gas companies that
these systems are mutually beneficial for the gas
and fuel cell industries. Stationary equipment OEMs
need access to customers, while gas companies, who
already have access to customers, can make money;
facilitating this partnership would be useful to both.
For example, in Japan, fuel cell companies are linked
with energy companies in developing and installing
residential CHP systems.

The durability and the projected reliability of these
systems still need to be improved. A related issue

is the need to “standardize” the allowable levels of
impurities in NG, which currently vary in the gas from
different sources.

Infrastructure Needs

In addition to predictability about the number and
location of NG and H, stations, the durability and reli-
ability of the stations must be improved; they must
maintain a high degree of availability by reducing
downtime for maintenance or other factors. The fuel-
ing experience has to be consistent and positive. For
the truck market, the fueling infrastructure needs to
ensure that the fuel will be available for the life of the
vehicle (6—7 years), on the routes the truck will travel,
and that there will be a consistent cost advantage, on
a cents per mile basis, over the life of the vehicle. In
addition, they will need to assure consistency of gas
quality and uniformity of dispensing/fueling equip-
ment and procedures.
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Innovative Strategies

Panelists Gus Block (Nuvera Fuel Cells)
Marc Klein (Clean Energy Fuels)
Gary Stottler (General Motors)
Frank Wolak (Fuel Cell Energy)
Moderator Steve Chalk (DOE)

The focus of this panel was on identifying innovative
strategies in technical, financial, and marketing areas.
Panelist Gus Block showed one slide (see Appendix J)
of a fuel cell power and hydrogen generator that can
generate electricity at $0.12/kWh along with 250 kg/
day of ultra-high purity, 800-bar H, at a cost of less
than $6/kg. In addition, panelist Marc Klein showed a
short video clip of a Chicago NGV taxicab.! The results
of the panel discussions are summarized below.

Technical
There are two major points to consider:

To meet the new CAFE standard by 2025, some light-
duty vehicles that get 60—-70 mpg or more will be
needed; current technologies will not get us there.

DOE should provide techno-economic analyses and
transparent, credible information about current and
developing technologies that businesses can trust and
that reduces their (and their investors’) risk.

Financing

Developing adequate, long-term financing is a critical
part of success in commercializing any new technol-
ogy. For example, government (DOE) could provide
the money needed to help the taxi industry upgrade
its vehicles to alternative fuel and higher mpgge
vehicles. The first grant of this type was provided by
DOE to New York City cabs, where 100% of the cost of
conversion to CNG was covered by the grants. How-
ever, significant amounts of Federal money are not
likely to become available for this purpose, at least in
the short term. In addition, the DOE loan guarantee
system is not set up for early systems for small loans
(<$20 million).

There is a need to address how NG and H, can become
economically viable as transportation fuels, and in
particular, how this can be made economically work-
able at low market volumes. Individual companies

may not be able to do this alone, but teams of OEMs,
fuel providers, and other stakeholders could do this
successfully.

Other potential options for financing the growth of
infrastructure are PACE bonds (Property Assessed
Clean Energy bonds), Energy Improvement Districts
(EIDs), and “Clean Energy Funds” or “Clean Energy
Banks,” as set up in Connecticut and South Carolina.
Such funds can supply the last bit of money needed by
a project, and they can allow a variety of projects to be
put together and implemented. It may be possible for
government bodies to issue infrastructure bonds, but
mechanisms will have to be developed to repay the
borrowed amounts.

The NG and H, industries could also learn from the
solar industry experience. Solar energy was initially
perceived to be too expensive. With Federal incen-
tives that covered 30% of the initial costs, New Jersey
used revenues from electric utility bills to buy solar
equipment. New Jersey is now the second-largest
State in solar installations, and the cost of solar energy
is headed towards grid parity with conventional power
production.

Marketing

When trying to implement a new technology, the first
question to ask is, “Who is the customer, and how can
the new technology best meet the customer’s needs?”
To do this, in addition to basic benefits, the systems
(vehicles, CHP) need to have clear benefits other than
“environmental friendliness” to capture the attention
of potential customers. If possible, the systems should
provide multiple benefits (e.g., use of renewable waste
gas for heat, electricity, and Hz), which could attract

a number of different organizations that would then
want to see the systems being adopted. Thus, suc-
cess in marketing means moving from “projects” to
“products.”

1 Available at: http://www.youtube.com/user/cityofchicagotvitp/u/7/ke8dU8G-VmU.
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The government could help establish the market by
requiring, for example, GSA to purchase increasing
numbers of NGVs and FCVs when acquiring new ve-
hicles for government fleets. This would create ready
markets for the corresponding fueling stations. It
would be useful to conduct workshops for fleet main-
tenance managers, since they influence the decisions
on the vehicles to be acquired.

Another approach is to create a shared “Auto Park”
where OEMs could provide cars and fueling, so that
customers can try out different alternative fuel ve-
hicles. It would allow the technology to be put in front
of the masses.

NG WORKSHOP SUMMARY REPORT

For example, Clean Energy partnered with GTI to
upgrade their O’Hare Airport CNG dispenser so that
taxi vehicles could use it and pay with their normal
credit cards; now taxi companies want to order more
CNG taxis. Clean Energy is also installing a CNG station
for the biggest taxi operator in Queens, New York. In
West Haven, Connecticut, a demonstration wheel-
chair-accessible CNG vehicle with 290-mile range
brought together advocates for the disabled and for
clean transportation to seek deployment of additional
vehicles. Other options include working with Walmart
and other big-box stores as potential mass retailers of
NG and H, as motor fuels, once there are significant
numbers of NGVs and FCVs on the roads.

HIGHLIGHTS OF BREAKOUT GROUP DISCUSSIONS

Infrastructure Development; Regulatory, Safety, and Environmental Issues;
and Research and Development Needs

(Breakout Groups 1A and 1B)

Breakout Groups 1A and 1B addressed the issues of
infrastructure development, regulatory and environ-
mental issues, and research and development needs.

Infrastructure Development

Develop pipeline and other materials that are compat-
ible with both NG and H,, as well as with mixtures of
the two fuels.

» Standardize designs and increase manufacturing
volumes of fueling stations and components; for
example, some companies make thousands of gaso-
line pumps per year.

e Improve the quality of the equipment so that it is
reliable and effective.

* Make efforts to collocate gaseous fuels to avoid
duplication of work.

* Develop home fueling technology to drive the
market.

* Make gas more cost-effective to help get vehicles to
market.

Regulatory, Safety, and Environmental Issues

* Provide sustained incentive and regulatory plat-
forms, which may require congressional action
(e.g., CAFE).

* Reduce regulatory barriers for vehicle conversion.

* Duplicate models that have been successful at the
State level (California, Hawaii, New York,
Connecticut).

* Support analyses and data collection (DOE); issue

RFIs for broad input.

e Institute a carbon tax or similar policies at the State/
Federal level.

* Require busy gasoline stations to have at least one
NG dispenser.

* Harmonize codes and standards at the level of the
highest standards.

e Introduce Federal incentives for station owners and
State regulators.

* Facilitate the certification of vehicles by developing
proactive regulations at the Federal (EPA) and State
levels.

 Train and educate safety officials and their governing
bodies.

* Encourage development of “market pull” by conduct-
ing educational programs for the general public.

* Address public perception of safety to convince
people that H, is predictable and controllable.

Research and Development

* Recognize that the United States is not lagging in
either NG or H, technologies.

e Conduct research and development on component
and system hardware, such as storage tanks, valves,
compressors, and fuel dispensers, to lower costs and
improve durability and reliability.

* Encourage standardization in hardware designs.

» Conduct cost sensitivity analyses on where gas
cleanup is best accomplished (i.e., before/after con-
version to H,).
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e Increase manufacturing volumes and improve manu-
facturing processes to reduce component costs.
¢ Advance the NG storage tank technology by a combi-
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nation of research and development, scale, innova-
tion, and government intervention.

Deployment Synergies
(Breakout Group 1C)

Breakout Group 1C addressed the issues of develop-
ing collaborations to make use of existing or potential
synergies between NG and H, fuels.

Collaborative Activities

* Develop a vision, commercialization plan, and com-
prehensive strategy to move forward, using a collabo-
ration of OEMs, DOE, policymakers, and fuel providers
(independent gas companies).

* Develop a clear plan for the growth of commercial NG
and H, technologies for transportation and stationary
uses.

* Develop innovative ways to finance the commercial
applications of both NG and H..

* Find “champions” to promote these new technologies
to businesses, government, and end-users.

* Ramp up production to reduce costs—OEMs, industry.

Synergies in NG and H, Infrastructure

* Once the demand for H, grows to a stable, reason-
able volume, re-evaluate the use of the existing NG
infrastructure with on-site reforming as an alternative
to developing a parallel H, delivery infrastructure.

* Re-evaluate on-site reforming—industry and DOE—as

a complete package for a clean, high-pressure supply
of H,, including the technology’s readiness level and
the optimum sizes for deployment under various
scenarios.

* Exploit similarities in storage technologies for H, and
NG to lower costs of often identical or nearly identical
components.

* Improve compression technology (reduce costs, im-
prove durability).

Regulatory Synergies

¢ Involve the U.S. Department of Transportation to
ensure better regulations; current tank regulations are
overly burdensome.

* Develop coordinated standards among relevant
agencies.

* Expand scope of current H, work at the National
Renewable Energy Laboratory to include NG, on both
vehicle and infrastructure sides.

* Develop incentives, and eliminate barriers and dis-
incentives, for renewable sources of NG to help pull
it into the market (e.g., injecting renewable NG into
pipelines is currently prohibited in California) to pro-
vide both energy security and environmental benefits.

NGVs, FCVs, Specialty Vehicles, and Heavy-Duty Trucks
(Breakout Group 2A)

Breakout Group 2A considered potential issues in the
transportation use of NG and H,. The discussions sug-
gested the following potential activities:

* Develop a better and wider range of CNG powertrains
(vehicle manufacturers and engine suppliers, espe-
cially heavy duty engines and vehicles) to promote
market growth.

» Develop ground-up designs to improve efficiency of
CNG engines (vs. retrofits) through DOE-sponsored
research and development.

* Develop reliable, low-cost flow meters that dispense
H, with accuracy required by U.S. Department of Com-
merce regulations (+1.5% of meter reading).

» Conduct research and development to increase on-
board storage capacity and raise energy density (e.g.,
enhance properties of carbon fiber).

e Extend financial incentives for long-term support (e.g.,
tax credits).

¢ |dentify and develop dependable secondary/tertiary
markets for Class-8 trucks and other potential early
market NGVs to improve lifecycle costs.

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY

19



20

NG WORKSHOP SUMMARY REPORT

CHP, CHHP, and Synergistic Approaches
(Breakout Group 2B)

Breakout Group 2B discussed the research and
development needs, implementation strategies, and
synergies in the use of NG and H, for stationary power
generation combined with waste heat utilization and
hydrogen production.

e Conduct research and development for order-of-
magnitude improvement in materials’ properties.

* Improve performance of balance-of-plant (BOP)
components (for diverse constituents in fuel inputs).

* Seek policy parity for NG and H, with renewable
fuels.

* Develop partnerships between manufacturers and
fuel providers to accelerate market adoption.

* Analyze where there are H, applications that could
have added benefits of CHHP, beyond just CHP (and
vice versa).

* Develop standardized components for ease of certifi-
cation for CHP and CHHP.

Alternative Uses for Natural Gas and Hydrogen
(Breakout Group 2C)

Breakout Group 2C discussed potential alternative
uses for NG and H, that would spur demand and em-
phasize the need for growth in the supply infrastruc-
ture for the two fuels.

* Use H, as an energy storage medium to support the
power grid (for valley fills and grid stability).

* Develop neighborhood energy and power manage-
ment systems and require that new residential and
commercial developments install (1) H, and NG
dispensers, and (2) fuel cells for backup power.

* Simplify the permitting process for neighborhood
energy and power management systems.

* Promote the use of H, fuel cells for primary power,
auxiliary power, and in ground support equipment by
developing case studies of prototype applications.

* Use H, and NG to power locomotives or tugs in rail
yards.

* Blend H, in NG to improve the efficiency of ICEs (will
need to establish standards and limits for H, in such
blends).

* Develop H, fuel cell-based systems for electric
power in mines and other enclosed spaces.

* Develop H, fuel cell-based systems for portable and
field lighting in off-grid locations and other applica-
tions, such as concert venues and road repairs.
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ABBREVIATIONS, ACRONYMS, AND FORMULAS

BEV battery electric vehicle

BNL Brookhaven National Laboratory

CaFCP California Fuel Cell Partnership

CAFE corporate average fuel economy (mpg of gasoline or gasoline equivalent)

CHHP combined hydrogen, heat, and power (system)

CHP combined heat and power (system)

CNG compressed natural gas

co, carbon dioxide

DHS Department of Homeland Security

DOC U.S. Department of Commerce

DOE U.S. Department of Energy

DOE/EE U.S. Department of Energy, Energy Efficiency and Renewable Energy

DOE/FCT U.S. Department of Energy, Fuel Cell Technologies Program

DOE/FE U.S. Department of Energy, Fossil Energy

DOE/VT U.S. Department of Energy, Vehicle Technologies Program

DOT U.S. Department of Transportation

EID Energy Improvement District

EPA U.S. Environmental Protection Agency

FCV fuel cell vehicle

GHG greenhouse gases

GM General Motors

GREET Greenhouse gases, Regulated Emissions, and Energy use in Transportation
(a software package developed at Argonne National Laboratory)

GSA General Services Administration

GTI Gas Technology Institute

H, hydrogen

ICE internal combustion engine

LDV light-duty vehicle

LEED Leadership in Energy and Environmental Design

LNG liquefied natural gas

mpgge miles per gallon gasoline equivalent

NETL National Energy Technology Laboratory

NASA National Aeronautics and Space Administration

NG natural gas

NGV natural gas vehicle

NOW Gmbh Nationale Organisation Wasserstoff-und Brennstoffzellentechnologie (Germany)

NREL National Renewable Energy Laboratory

OEM original equipment manufacturer (most often, an automobile manufacturer)

ORNL Oak Ridge National Laboratory

PACE Property Assessed Clean Energy (bonds)

PHEV plug-in hybrid electric vehicle

RFI request for information

SNL Sandia National Laboratory

TRL Technology Readiness Level

ZEV zero emission vehicle
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APPENDICES

Appendix A Workshop Agenda

Appendix B Workshop Attendee List

Appendix C Notecard and Storyboard Details from the Breakout Sessions

Appendix D Presentation Slides: Workshop Goals, Objectives, and Desired Outcomes
(Steve Chalk, DOE)

Appendix E Presentation Slides: U. S. Natural Gas Markets and Perspectives
(Bill Liss, GTI)

Appendix F Presentation Slides: Synergies in Natural Gas and Hydrogen Fuels

(Brian Bonner, APCI)

Appendix G Presentation Slides: Natural Gas and Fuel Cell Vehicle Light-Duty
Transportation Perspectives
(Matt Fronk, Matt Fronk & Associates, LLC)

Appendix H Presentation Slides: Natural Gas and Hydrogen Infrastructure Opportunities:
Markets and Barriers to Growth
(Matt Most, Encana Natural Gas)

Appendix | Presentation Slides: Natural Gas Pathways and Fuel Economy Guide Comparison
(Bob Wimmer, Toyota)

Appendix J Presentation Slide: Hydrogen Generator Appliance (Gus Block, Nuvera Fuel Cells)

@ U.S. DEPARTMENT OF
Argonne National Laboratory is a U.S. Department of Energy
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OCTOBER 2011 | ARGONNE NATIONAL LABORATORY



Natural Gas and Hydrogen
Infrastructure Opportunities Workshop

Building 200 Auditorium « Chemical Sciences and Engineering Division (CSE)
Argonne National Laboratory *2700 S Cass Avenue, Lemont, IL 60439
October 18-19, 2011

WORKSHOP OBJECTIVES: A g e n d a

e Convene industry and other stakeholders to share current
status/state-of-the art for natural gas and hydrogen infrastructure.

* |dentify key challenges (both technical and non-technical, such as permitting, installation,
codes and standards) preventing or delaying the widespread deployment of natural gas and
hydrogen infrastructure. Identify synergies between natural gas and hydrogen fuels.

e |dentify and prioritize opportunities to address the challenges reported above, and determine
roles and opportunities for both government and industry stakeholders.

TUESDAY, OCTOBER 18, 2011

9:00-10:00 AM Registration and Continental Breakfast
10:00-10:15 AM Welcome

= Dr. Peter Littlewood, Argonne Associate Laboratory Director for
Physical Sciences and Engineering

10:15-10:30 AM Workshop Goals, Objectives, and Desired Outcomes
= Steve Chalk, Deputy Assistant Secretary, Energy Efficiency and Renewable Energy,
U. S. Department of Energy (DOE)

10:30-11:00 AM Natural Gas Markets and Perspectives

= Bill Liss, Gas Technology Institute

11:00-12:00 PM Panel Discussion #1: Fuel Supply & Infrastructure: Markets and Barriers
(Moderator: Bill Liss, Gas Technology Institute)

Panel Members: Roger Marmaro, Hythane Company, Mike McGowan, Linde North
America, Matt Most, Encana Natural Gas, Brian Weeks, Gas Technology Institute

= Natural Gas and Hydrogen Markets — Barriers to Infrastructure Growth
(Technical, Regulatory, Other)
12:00-12:30 PM Working Lunch (box lunches provided)
12:30-2:30 PM Breakout Session #1: Market Potential and Barriers
= 1A: Infrastructure Development, Regulatory & Environmental Issues, R&D needs
= 1B: Infrastructure Development, Regulatory & Environmental Issues, R&D needs

= 1C: Deployment Synergies

2:30-2:45 PM Break
2:45-3:30 PM Summary Reports from Breakout Group Discussions
3:30-4:00 PM Synergies in Natural Gas and Hydrogen Fuels

= Brian Bonner, Air Products and Chemicals, Inc.

4:00-4:30 PM Moderated General Discussion on the Day’s Topics
(Moderator: Fred Joseck, DOE)

5:00 PM Adjourn



Natural Gas and Hydrogen
Infrastructure Opportunities Workshop

Building 200 Auditorium « Chemical Sciences and Engineering Division (CSE)
Argonne National Laboratory *2700 S Cass Avenue, Lemont, IL 60439

October 18-19, 2011 Age nda

(Continued)

WEDNESDAY, OCTOBER 19

8:00-8:30 AM
8:30-9:00 AM

9:00-10:00 AM

10:00-10:15 AM
10:15-12:15 PM

12:15-12:45 PM
12:45-1:30 PM
1:30-2:30 PM

2:30-3:00 PM

3:00-3:30 PM
3:30 PM

Check-in and Continental Breakfast

NGV and FCV Transportation Perspectives
= Matt Fronk, Matt Fronk and Associates, LL.C

Panel Discussion #2: Fuel Use: Transportation and Stationary Applications

(Moderator: Matt Fronk, Matt Fronk & Associates)

Panel Members: Dan Hennessy, Delphi, Zaki Kabir, Clear Edge Power,
Bob Wimmer, Toyota

= NGVs (light- and heavy-duty vehicles)

= FCVs, CHP, and Fuel Providers
Break

Breakout Session #2: Transportation and Stationary Applications
= 2A: NGVs, FCVs, Specialty Vehicles and Heavy-Duty Trucks

= 2B: CHP, CHHP, and Synergistic Approaches

= 2C: Alternative Uses for Natural Gas and Hydrogen

Working Lunch (box lunches provided)
Summary Reports from Breakout Group Discussions

Panel Discussion #3: Innovative Strategies
(Moderator: Steve Chalk, DOE)

Panel Members: Gus Block, Nuvera Fuel Cells, Marc Klein, Clean Energy Fuels,
Gary Stottler, GM, Frank Wolak, Fuel Cell Energy

= [nnovative Approaches to Accelerate Deployment, including Policies, Financial
Incentives, Innovative Business Case Strategies

Moderated General Discussion: Suggested Next Steps
(Moderator: Sunita Satyapal, DOE)

Wrap-Up: Steve Chalk, DOE
Adjourn
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Workshop Attendee List

A a gee

Ahmed Shabbir Argonne ahmeds@anl.gov

Anderson Everett Proton Onsite EAnderson@ProtonOnSite.com
Black Jim NETL james.black@netl.doe.gov
Block Gus Nuvera gblock@nuvera.com

Bonner Brian Air Products BonnerBB@airproducts.com
Brown Tim UC - Irvine tmb@nfcrc.uci.edu

Browning Rick Praxair Rick_Browning@praxair.com
Button Jackie CaFCP Jbutton@CaFCP.org

Byron Bob UTC Power robert.byron@utcpower.com
Chalk Steve DOE/EE Steven.Chalk@ee.doe.gov
Clerkin Craig ANGI Energy Systems cclerkin@charter.net

Conway Gerry Plug Power Gerard_Conway@plugpower.com
Eisman Glenn H2PumpLLC glenn.eisman@h2pumplic.com
Fan Chinbay GTI chinbay.fan@gastechnology.org
Farmer Rick DOE/EE/FCT Richard.Farmer@ee.doe.gov
Fronk Matt Matt Fronk & Assoc mfronk@frontiernet.net
Gonzalez John NREL john.gonzales@nrel.gov
Hennessy Dan Delphi daniel.t.hennessy@delphi.com
James Wwill DOE/EE/FCT charles.james@ee.doe.gov
Joseck Fred DOE/EE/FCT Fred.Joseck@ee.doe.gov

Kabir Zaki ClearEdge Power zkabir@clearedgepower.com
Keller Jay SNL Jay.O.Keller@gmail.com

Klein Marc Clean Energy Fuels mklein@cleanenergyfuels.com
Kumar Romesh Argonne kumar@anl.gov

Lindsay Toni GTI tony.lindsay@gastechnology.org
Liss Bill GTI william.liss@gastechnology.org
Makinson John Lincoln Composites jmakinson@lincolncomposites.com
Marmaro Roger Hythane Company rmarmaro@hythane.com
McGowan Mike Linde Michael.McGowan®@linde.com
Mintz Marianne Argonne mmintz@anl.gov

Most Matt Encana Natural Gas matthew.most@encana.com
Nadeau John Hythane Company jnadeau@hythane.com

Ohi Jim Consultant jimohi@comcast.net

Papadias Dennis Argonne Papadias@anl.gov

Przesmitzki Steve DOE/EE/VT Steven.Przesmitzki@ee.doe.gov
Remick Bob NREL robert.remick@nrel.gov

Ruth Mark NREL mark.ruth@nrel.gov
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Satyapal Sunita DOE/EE/FCT Sunita.Satyapal@ee.doe.gov
Selman Nancy Avalence, LLC ncs@avalence.com
Stinton Dave ORNL StintonDP@ornl.gov
Stork Kevin DOE/EE/VT Kevin.Stork@ee.doe.gov
Stottler Gary GM gary.stottler@gm.com
Strabbing Patty Chrysler Pas2@chrysler.com
Wallner Thomas Argonne twallner@anl.gov
Weeks Brian GTI Brian.Weeks@gastechnology.org
Wegrzyn Jim BNL jimtheweg@bnl.gov
Wimmer Bob Toyota rwimmer@tma.toyota.com
Wolak Frank Fuel Cell Energy fwolak@fce.com

DPC
Byham Stephanie DOE/EE Stephanie.Byham@ee.doe.gov
Carbaugh Laurie Argonne Laurie.Carbaugh@anl.gov
Dwyer Mike Energetics
Eichner Melissa Energetics
Justiniano Mauricio Energetics
McQueen Shawna Energetics smcqueen@energetics.com
Waugh Dylan Energetics
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1A - Infrastructure Development Needs

FOCUS QUESTION 1: What is needed for widespread deployment of natural gas and hydrogen fueling infrastructure
for motor fuels or stationary power applications?

Tech Barrier/
R&D Needs

Regulatory
Issues

Strategies/
Approaches

Policy

Education/
Training

Better, cost-effective,
reliable hydrogen
compressors

New NG pipeline
materials of construction
that are compatible for
co-carrying H, or for
conveying NG and H,
separately in the same
line

Home refueling unit that
is inexpensive and
durable (light-duty
vehicle requirement)
Engineering and tooling
required for high-volume
(1,000-5,000 unit)
production of
compression and
dispensing units

A CNG and H, fuel cell
hybrid car

A “happy medium” on
vehicle storage pressure
(e.g., storage materials,
lower pressure)

Purify NG before H,
production to make the
process less complex
(e.g., odorant removal)
Continued support of H,
storage R&D

Ways to capture/re-use
LNG boil-off from vehicle
tanks

Reduce cost for OEMs to
meet safety (DOT) and
emission (EPA)
certification requirements
on low-volume units
Reduce cost of
distributed NG-to-H,
production and
purification

Implement incentives or
progressive rate policy to
allow gas utilities to
invest in NG and H,
infrastructure

Work toward global
harmonization of
components and system
qualification
requirements and
procedures (e.g., for
Type-IV tanks)

Work with authorities
having jurisdiction (AHJs)
to adopt codes and
standards for H, use in
parking, service facilities,
and tunnels

Collocate NG and H,
dispensing (and other
fuels) at each station to
spread costs
Use distributed
generation to facilitate
FCV refueling in the near
term
— Electrolysis
— Co-generation
— Recovery and
recycling
Establish political
leadership that creates
clear regulatory rules to
support goals
Develop standardized
hydrogen fueling station
layouts and designs
(storage, compression,
dispensers, safety
systems) for urban,
suburban, and rural
deployment
Explore strategies for
laying H, pipelines along
with new NG pipelines
Develop ways to
capitalize on the
secondary use market
(i.e., what to do with
vehicles after initial use?)
Identify and promote
another near-term, high-
volume market for H,

Provide a sustained
(~10 year) incentive
platform for NG and H,
fuels

— Fuel tax credit

— Investment tax credit

Develop “"alternative fuel
franchise zones” that
provide early station
investors and early
movers an advantage
Mandate that large
corporations (i.e.,
Fortune 500) adopt
alternative fuels in their
light-duty vehicle fleets
and among users to
incite market demand
Implement a $10/barrel
tax on imported oil and
use that money to
develop alternative fuel
infrastructure

End “chicken-and-egg”
dilemma by pulling
together vehicle and
infrastructure providers
and government funding
and tax incentives in key
markets, to plan
deployment (similar to
CaFCP and Hawaii)
Provide a means for
customer
choice/consumer

* Develop and provide
harmonized
education/training for
AHJs in areas where
stations are planned (or
where fuel is dispensed
publicly)

* Provide first-responder
training for AHJs
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Tech Barrier/
R&D Needs

Regulatory
Issues

Strategies/
Approaches

Policy

Education/
Training

* Lower cost of loading
700-bar H, on fuel cell
vehicles
— Compressor vs. high-

pressure storage
— Added soft cost

(after material handling
equipment; focused on
polymer electrolyte fuel
cells)
Leverage H, and NG in
renewable energy
storage applications to
help drive down costs
Build toward light-duty
vehicle applications from
sustainable markets
— H,: material handling
equipment
— NG: heavy-duty
vehicles
Natural gas infrastructure
is building out; can the
H, industry put H,
pipelines with new NG
pipelines?
Start with NG-H, blends
and move to pure H, as
a deployment strategy
Use H,-fueled internal
combustion engine
vehicle as a transition
vehicle
Build on what already
exists, so technology is
“backwards compatible”

preference input into
policy decisions
Provide policy parity
between renewable
power production and
renewable NG or H,
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1A - Infrastructure Development Needs

FOCUS QUESTION 2: What can be done to address or achieve the top priorities?

Top Priorities

What?
(Actions)

Who?
(How)

e Sustained (10 year) incentive platform for

NGV and H, fuels
— Fuel tax credit
— Investment tax credit

Requires congressional action

Examine what codes and standards need to be
in place to enable widespread adoption
Implement a sustained incentive program for
H,modeled on the Natural Gas Act

Establish a sliding scale of tax credits (over
time) for fuel providers

Find ways for incentives provided to OEMs to
pass through as lower costs for product
consumers

Use CAFE and ZEV as models for regulations
that drive technology

Get States involved as means of economic
development

* Industry groups/associations

» States, economic development agencies, etc.

* DOE: Supporting analyses, support for
harmonized codes and standards

Reduce cost for vehicle OEMs to meet
safety (DOT) and emission (EPA)
certification on small-volume units

Provide tradable CAFE credits (e.g., 6.1 CAFE
multiplier)

Work on developing pre-certified components
for H, and NG use

Use the Global Technical Regulations as a
baseline for regulations in the United States
Work toward global harmonization of
component/system qualification requirements

* Industry groups/associations

* DOE: Solicitation for low-cost certified designs
(for pre-certified components or standardized
station designs)

Better, cost-effective, reliable H,
compressors

Develop engineering and tooling as if to make
high volumes (1,000-5,000 units)
Conduct R&D on cryogenic H, compressors

* DOE: (1) Solicitation around design of high-
volume manufacturable compressors, and
(2) R&D

Develop new NG pipeline materials of
construction that are compatible for co-
carrying H, or for conveying NG and H,
separately in the same line

Continue R&D on pipeline materials

Explore opportunities for laying H, pipeline with

new NG pipeline

— Also explore ways to recoup this investment
in the near term

* DOE

Collocate NG and H, (and other fuels) at
each station to spread costs

Work toward standardized station designs

* DOE: (1) Support R&D and (2) issue request
for Information
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Top Priorities What? Who?
(Actions) (How)
¢ |dentify and exploit opportunities to * Conduct analyses to determine if there is a cost | * DOE
reduce costs of distributed H, production advantage to purifying NG before H, production
for FCV refueling in the near term (e.g., to remove ordorants)
—  Purification of NG before H,
production
— Electrolysis
— Co-generation
— Recovery and recycling
" | » Modify PACE or EID laws or programs to X

* Develop “alternative fuel franchise zones’
that provide early station investors and
early movers an advantage

advance municipal investment
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1A - Infrastructure Development Needs

Breakout Group Participant List

Name

Organization

Everett Anderson

Proton Onsite

Brian Bonner Air Products

Glenn Eisman H2Pump LLC

Chinbay Fan Gas Technology Institute
Marc Klein Clean Energy

Bill Liss Gas Technology Institute
Marianne Mintz Argonne National Laboratory
Jim Ohi Consultant

Steve Przesmitzki U.S. Department of Energy
Bob Remick National Renewable Energy

Laboratory

Nancy Selman

Avalence, LLC

Gary Stottler General Motors

Jim Wegrzyn Brookhaven National Laboratory
Scott Weill U.S. Department of Energy
Frank Wolak Fuel Cell Energy

Shawna McQueen (Facilitator)

Energetics Incorporated

Stephanie Byham (Scribe)

SRA International
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1B - Infrastructure Development Needs

FOCUS QUESTION 1: What is needed for widespread deployment of natural gas and hydrogen fueling
infrastructure for motor fuels or stationary power applications?

Tech Barrier/
R&D Needs

Regulatory
Issues

Strategies/
Approach

Policy

Education/
Training

Develop home-fueling
technologies with low costs
for CNG and H,
Lower-cost components for
fueling stations

NGV storage tank
advancement

o Low compression

o Max capacity

o Tank shape

R&D to expedite cost
reduction for proven
technologies (high TRL)
H,/CNG compatible materials
R&D

Lighter-weight LNG tanks for
vehicles (heavy-duty
NG/Trans)

Increase demand by
introducing NG-consuming
technologies such as FC
CHP systems

* Harmonization of
codes and standards
from a fuel
perspective and
globally
o Facilitate

certification of
vehicles

* A common
“transport” of
gaseous fuels will
stimulate the
technology rollout

* Distribution pipelines
are needed to
overcome the
storage and size
barriers

* Vehicles with fuel
demand; market
strategy to create
demand for vehicles

* Sustainable and
substantial orders to
go to mass
production
Need a strategic plan
to put in X# of
stations across
United States that
are available for both
commercial and
consumer use; avoid
limitation of
closed/private
facilities
o Need public

access

* Acceptance from
Federal, local, and
State levels. To what
level (?), role (?) (CA
is a driver)

Government could provide disincentives

for oil-fueled vehicles (sustained and

substantial). Sustained high oil prices or

high cost of oil for consumers

For NG transportation, long-term

regulatory incentive environments. If tax

credits expire, it's hard to invest

o Longer term/more stable investment
and fuel incentives (tax credits, loans,
etc.)

National policy on energy and GHG

emissions

Rational common denominator for

alternative fuels

Jobs/economic development

o Emissions reduction

o Energy security

o Max benefit/$ incentive

Need to expand incentives for NGVs so

bi-fuel vehicles get the same incentives

as dedicated-fuel vehicles

Heavy-duty NG/transportation subsidy for

LNG-fueling development along trucking

corridors

Get rid of cost share or make cost share

a function of company size. Promote

high-TRL technologies focused on cost

reduction to get technologies to market

CAFE/GHG credits for NGVs

o Bi-fuel vehicles should get the same
treatment as dedicated-fuel vehicles

Education of local
code officials (more
so for H, than NG)
Public concern
about compressed
fuel safety,
especially H,
Increase availability
of
maintenance/repair
expertise for
vehicles and CHP
Consumer education
and marketing to
grassroots
consumers
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1B - Infrastructure Development Needs

FOCUS QUESTION 2: What can be done to address or achieve the top priorities?

Top Priorities What? Who?
(Actions) (How)
* Government could provide Tax GHG emissions; national policy on energy * State
disincentives for oil-fueled Sustained and substantial carbon tax policy approach * Federal
vehicles (sustained and Vary gas tax to keep gas price at $x/gal. Use revenue to incentivize
substantial). Sustained high oil technology
prices or high cost of oil for Provide disincentives, level playing field at pump, high import tariff, revenue-
consumers neutral tax structure, put money back into infrastructure
Develop home-fueling Cost-share reform—get companies to do it; provide on an as-needed basis * R&D
technologies with low costs for Regulations to support permitting—pre-approval processes - Industry
CNG and H; o Harmonize codes/standards - Government

Vehicles with fuel demand;
market strategy to create
demand for vehicles

For NG transportation: cost-effective vehicle availability

o Regulation and scale; OEMs have technology overseas—make it easy to
bring it here (sell in China, too)

For light duty: a good, reasonably priced bi-fuel CNG/gasoline mid-size sedan

certified to U.S. environmental and safety standards (Fiat/Chrysler?)

Need to expand incentives for NGVs so bi-fuel vehicles get the same

incentives as dedicated-fuel vehicles

CAFE/GHG credits for NGVs

o Bi-fuels should get same as dedicated-fuel

Public access to filling stations

Convenience

o Need to know where they are (build GPS-enabled database [25 for LA])

o Capacity: cluster, long haul along corridors

Harmonize codes and standards

For stations with more than "X#” gallons sales per month, require to put in NG

and H, pumps

* Station owners
» State regulators
* Federal incentives

* Education of local code officials

(more so for H, than NG)

More education
Strategy to get it out, such as a fireman’s ball and education

e Industry
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Top Priorities

What?
(Actions)

Who?
(How)

National policy on energy and
GHG emissions

For NG transportation, long-

term regulatory incentive

environments. If tax credits

expire, it's hard to invest

o Longer-term/more stable
investment and fuel
incentives (tax credits, loans,
etc.)

Clean and cost-effective fuels
Clean energy policy

Voters

Harmonization of codes and

standards from a fuels

perspective and globally

o Facilitate certification of
vehicles

Proactively address regulations
Remove regulatory barriers
Somehow reduce costs

Federal—EPA
States

Lower-cost components for
fueling stations

R&D manufacturing
Scale (needed orders)
Innovation

Industry—manufacturers
Government—materials
GTI—R&D

NGV storage tank advancement
o Low compression

o Max capacity

o Tank shape

R&D manufacturing
Scale (needed orders)
Innovation

Industry—manufacturing
GTI—R&D
Government—materials

Public concern about
compressed fuel safety,
especially H,

Public education

Government—education
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1B - Infrastructure Development Needs

NG WORKSHOP SUMMARY REPORT — APPENDIX C

Breakout Group Participant List

Name

Organization

Shabbir Ahmed

Argonne National Laboratory

Rick Browning

Praxair, Inc.

Craig Clerkin

ANGI Energy Systems

Will James

U.S. Department of Energy

Fred Joseck

U.S. Department of Energy

Zaki Kabir

Clear Edge Power

Jay Keller

Sandia National Laboratories

Tony Lindsay

Gas Technology Institute

Roger Marmaro

Hythane Company

Matt Most Encana

Mark Ruth National Renewable Energy
Laboratory

Kevin Stork U.S. Department of Energy

Patty Strabbing Chrysler

Melissa Eichner (Facilitator)

Energetics Incorporated

Michael Dwyer (Scribe)

Energetics Incorporated
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1C — Deployment Synergies

FOCUS QUESTION 1: What synergies exist between natural gas and hydrogen that could facilitate

or accelerate the deployment of natural gas and hydrogen fueling infrastructure for

motor fuels or stationary power applications?

Barriers to Synergies

Economies of
Scale

Piggyback
Opportunities

Technology
Synergies

Other Synergies

* Both NG and H, need to fit
into a total strategy to be
effectively implemented for
transportation

* There is no clear
commercial execution
plan

* There is a lack of
leadership (vision and
strategy)

* Funding is unlikely for
both H, and NG
infrastructure
development

Odorants are not acceptable

for fuel cell uses

Competing technologies

dilute initial markets

Footprint in fuel cell vehicle

“priority areas,” such as Los

Angeles, is an inhibiting

factor (underground tanks

* Use same pipeline
materials for NG
and H, (need R&D
to ensure it is okay).
For example, high-
density
polyethylene has
some H, diffusion,
but is it enough to
prevent us from
using it?

Will need build out to
occur in clusters to
support critical mass of
vehicles and
geographical areas

NG and H, use similar
building codes for
station construction and
vehicle standards; SAE
should follow this
example

NG right-of-way is a
valuable transportation
asset that facilitates use
of pipelines for H,
transport

Opportunity to leverage
market acceptance of
NG, followed by CNG,
and H, onboard storage
Distribution of H, in low
percentage in existing

On-site H, generation
from NG enables the use
of existing NG
infrastructure for H, and
H,/NG blends. Utilize
CHP fuel cell systems to
initiate H, infrastructure
for early deployment
Similar storage
e Current solutions
* Problems and areas
to improve
NG for medium- and
heavy-duty trucks will
require refueling along
interstates. Locate small
steam methane
reforming at refueling
sites along the same
routes
For gaseous fuels,
compression, storage,

Regulatory synergies
could be developed (both
are flammable, gaseous
fuels)

NG and H; share
conventional and
renewable sources
Non-energy, high-value
uses if H, can help
“subsidize” fuel use for
on-site generation
Develop regulations for
fuels all together,
including blends

versus above-ground tanks) NG pipelines and dispensing are
NGVs tend to be in interstate similar and require
highways or rural areas; similar componepts. Both
FCVs tend to be in cities systems utilize high-
Inequality of demand: pressure cpmponents.
uncertainty about who will EVG“fr']”ag gﬁgpresswe
take the cost of the lower f .
demand infrastructure configuration, costs and
pressure can be reduced
for H,, thus helping to
reduce the end costs
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1C — Deployment Synergies

FOCUS QUESTION 2: What can be done to address the top priorities and who should be involved?

Priorities

What can be done?

Who should be involved?

Both NG and H, need to fit into a total
strategy to be effectively implemented for
transportation

Define vision
Develop commercialization plan
Find champion

Collaboration between DOE (lead), industry,
and academia

On-site H, generation from NG enables the
use of existing NG infrastructure for H, and
H./NG blends. Utilize CHP fuel cell systems
to initiate H, infrastructure for early

Reevaluate the technology (right size and
how to integrate it)
Research small-scale reforming

DOE with industry input

deployment Ramp-up production of cars and fuel Industry (OEMs)
processors to reduce costs

Similar storage (current solutions, problems, Improve compression DOE

and areas to improve) Find a better way to store, such as low DOT
pressure and high density Industry

NG and H, share conventional and renewable
sources

Incentivize use of renewables

Policymakers (local and Federal)

Enable the use of biogas by allowing pipeline
injection

Policymakers

Regulatory synergies could be developed
(both are flammable, gaseous fuels)

Develop regulatory synergies, standards

Standards development organizations:

* National Institute of Standards and
Technology

* International Standards Organization

*  ASTM International

* Society of Manufacturing Engineers

* International Code Council

* National Fire Protection Association

* SAE International

» Establish liaison between codes and

standards for H, and NG

DOE (for example, NREL has been involved
in discussions of standards for H,. These
discussions could include NG as well)

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY
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1C — Deployment Synergies

Breakout Group Participant List

Name

Organization

Jackie Button

California Fuel Cell Partnership

Jim Black National Energy Technology
Laboratory

Gus Block Nuvera Fuel Cells

Tim Brown University of California, Irvine

Rick Farmer U.S. Department of Energy

Matt Fronk Matt Fronk & Associates

John Gonzales

National Renewable Energy
Laboratory

Dan Hennessy

Delphi

Romesh Kumar

Argonne National Laboratory

John Makinson

Lincoln Composites, Inc.

Mike McGowan

Linde

John Nadeau

Hythane Company

Dave Stinton

Oak Ridge National Laboratory

Brian Weeks

Gas Technology Institute

Bob Wimmer

Toyota

Mauricio Justiniano
(Facilitator)

Energetics Incorporated

Dylan Waugh (Scribe)

Energetics Incorporated
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2A — NCVs, FCVs, Specialty Vehicles, and Heavy-Duty Trucks

FOCUS QUESTION 1: What is needed to make NG and H2 viable fuels

for a broad spectrum of vehicle platforms?

Class 7 and 8 Technical Regulatory Strategies/ Policy Education/
Barriers/ Issues Approach Training
R&D Needs
Better/wider CNG * Flow meters for H, * Truck emission Fueling stations for Taxes/fees on
engine availability to sell H, regulations may Class 8 and light traditional fuels
o LNG o ¥2.5% is drive use of NG duty o Port, State,
o No CNG Class 8 accuracy in type * Better understanding o Interstate Federal
and 7 evaluation of emissions (supply highway fueling o Easier entry to
More engine  Storage and vehicle) infrastructure market
platforms o Higher energy * Perform quantitative o Need for capital o Certification
(manufacturers) density, both analysis of for LNG (not National energy
users loyal to brand CNG and LNG regulatory barriers technical) policy and initial
Engine efficiency not o Decrease tank (certification, etc.) A dependable government
optimized for NG size o CNG and H, secondary market incentives to
For Class 8 trucks: * Simplicity for fuels o Then focus on for older Class 8 purchase vehicles
fuel tank capacity o Easy to use (no technology LNG trucks—i.e., 2— High gasoline/oil
(range) hazmat) solutions 5 year old (max) prices/volatility (e.g.,

o Twice the range
o Lower emissions
o Lower costs

e Light duty requires
home refueling to
have any chance for
success for CNG
(not Hy)

* Certified H, and
CNG bus engine(s)

* Onboard LNG
storage needs to
improve (tank
integrity; heat loss)

Start small number
of commercial
corridors with
dedicated fueling.
Also, some shorter
routes (500—
1,000 miles)
Education on
alternative fuel
advantage and
capabilities

China, carbon tax)
$7,500 tax credit on
LDV; incentive to
bring renewable H,
to parity with NG H,
Vehicle purchase or
retrofit Incentives
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2A - NCVs, FCVs, Specialty Vehicles, and Heavy-Duty Trucks

FOCUS QUESTION 2: What can be done to address or achieve top priorities?

Top Priorities What? Who?
(Actions) (How)
Better/wider CNG engine availability DOE solicitation for engines Congress
o LNG Target options in categories not available DOE
o No CNG Class 8 and 7 Easier entry to market CARB
More engine platforms (manufacturers) o Certification EPA
users loyal to brand
Engine efficiency not optimized for NG
Taxes/fees on traditional fuels Congress and State policies to make fuels more Congress
o Port, State, Federal attractive Utility commissions
o Easier entry to market Industry

o Certification

High gasoline/oil prices/volatility (e.g.
China, carbon tax)

$7,500 tax credit on LDV; incentive to
bring renewable H, to parity with NG H,

H, and NG stakeholders

Flow meters for H, to sell H,
o *2.5% is accuracy in type evaluation

DOE solicitation to help meet regulations on
performance

Can it be done

How to be cost effective

DOE
Scientific equipment and meter manufacturers

Fueling stations for Class 8 and light duty

o Interstate highway fueling
infrastructure

o Need for capital for LNG (not technical)

Identify where to put stations
Build out

DOE

Industry

DHS national security
Congress

National energy policy and initial
government incentives to purchase
vehicles

Vehicle purchase or retrofit incentives

Permanent and consistent policy

Congress
Industry

For Class 8 trucks, expand fuel tank

capacity (range)

Storage

o Higher energy density, both CNG and
LNG

o Decrease tank size

$5/Ib carbon fiber T700

o Decrease cost of carbon fiber to lower cost of
tank

o Applies to NG and H,

DOE
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Top Priorities

What?
(Actions)

Who?
(How)

* Onboard LNG storage needs to improve

(tank integrity; heat loss)

* A dependable secondary market for older
Class 8 LNG trucks—i.e., 2-5 year old

(max)

* Publicize opportunity to importer/exporter. Some
countries have prohibitive import taxes

* CalStart
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2A - NCVs, FCVs, Specialty Vehicles, and Heavy-Duty Trucks

Breakout Group Participant List

Name

Organization

Jackie Button

California Fuel Cell Partnership

Brian Bonner

Air Products

Tim Brown

University of California, Irvine

John Gonzales

National Renewable Energy
Laboratory

Dan Hennessy

Delphi

Marc Klein

Clean Energy Fuels

John Makinson

Lincoln Composites

John Nadeau

Hythane Company

Steve Przesmitzki

U.S. Department of Energy

Kevin Stork

U.S. Department of Energy

Brian Weeks

Gas Technology Institute

Melissa Eichner (Facilitator)

Energetics Incorporated

Michael Dwyer (Scribe)

Energetics Incorporated
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2B — CHP, CHHP Synergistic Approaches

FOCUS QUESTION 1: What is needed to increase the use of hydrogen fuel cells or natural gas turbines for
combined heat and power or combined hydrogen, heat, and power?

Enabling
Synergies

Market Drivers/
Policies

Strategies
Approach

Regulatory
Issues

Technology Barriers
| R&D Needs

CHHP integration at
neighborhood-scale
(planned unit
developments or gated
communities). Siting
CHHP facilities near H,
station (such as
warehouse facilities)
Further enhancement of
materials and materials
compatibilities for a
reduced balance-of-
plant:

- Compressors are
unreliable. Different
designs or better
materials may be
needed for CNG and
fuel cells

— Lower-cost components
for high-pressure H,
and NG systems

* CHHP enables vehicle

fuel for either home or

commercial use (adds
value)

Business case for CHHP

(e.g., for office buildings

[heat] and fleet [H,]).

Recognition of H,

storage compared with

batteries for grid backup

H, storage/H, fuel

cell—distributed

generation for grid

Reduce customers’
energy bills

Increase “coolness”
factor of product (e.g.,
"the i-cell”)

Provide backup power
and energy security
Make customers feel
good about their
decision to choose a
CHP system

Economics of all CHP
systems are marginal.
Monetize benefits of fuel
cell systems

Market pull for stationary
fuel cells (consumer
awareness and utility
acceptance)

Extend State Renewable
Portfolio Standards to
NG

Establish Renewable
Portfolio Standards on
national level

ARPA-E or DOE R&D
effort/focus to advance
technology performance
from 2011 levels to new
industry-suggested
benchmarks

Recognition of fuel
cell/H, CHP or CHHP as
having equal status to
renewables in Federal
energy goals
Partnership (perhaps
mandated) between fuel
cell manufacturers and
utilities. Government
package for residential
customers
More fair treatment of
CHP and CHHP
systems by the
Leadership in Energy
and Environmental
Design (LEED)
Identify gaps for
technology (e.g.,
through DOE’s RFls)
Strategy for broader
deployment:
— Achieve cost and
durability goals
— Develop financial
goals (rate base,
preferential NG
pricing, power
purchase
agreements)
Local education of
technologies outside the
states that are major
players (i.e., California
and New York)

Listing/certification of H,
fuel cell CHP systems/
components—evaluate
status. Facilitate testing
for certification

Tax GHG emissions and
reward renewables
Identify the
inconsistencies in
regulations that prevent
national/global fuel cell
penetration

Allow cost recovery by
electric or NG industries
for adoption of grid-
enhancing H, fuel CHP
or CHHP

* Reduce the cost of
bipolar plate and
membrane electrode
assembly by one order of
magnitude. Also, achieve
low-cost stack durability
of 100,000 hours

* Performance
degradation

- External (e.g., fuel
quality)

- Internal (e.g.,
membrane/electrode
interface issues)

* Gas quality: Need cost-
effective cleanup system

¢ Identify impact of
economies of scale and
learning by doing

* System
integration/optimization
of heat/electricity for
CHP in different
applications and in
different geographical
areas
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Enabling Market Drivers/ Strategies Regulatory Technology Barriers
Synergies Policies Approach Issues | R&D Needs
stability
NG/H, blends for

microturbines
(investigate NO,
reduction sweet point
such as with internal
combustion engines?)
High-value alternative
uses, such as use of
CHP for residential
swimming pool heating
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2B — CHP, CHHP Synergistic Approaches

FOCUS QUESTION 2: What can be done to address the top priorities and who should be involved?

Priorities

What can be done?

Who should be involved?

* Recognition of fuel cell/H, CHP or CHHP as
having equal status to renewable in federal
energy goals

* Recognize fuel cell/H, CHP or CHHP as
having equal status to renewable in
Federal energy goals

Federal government
State governments
Trade associations

* Reduce the cost of bipolar plate and

* Reduce the cost of bipolar plate by one

DOE (RFI and funding)

membrane electrode assembly by one order order of magnitude Suppliers
of magnitude. Also, achieve low-cost stack * Reduce the cost of membrane electrode OEMs
durability of 100,000 hours assembly by one order of magnitude
* Achieve low-cost stack durability of
100,000 hours
 Further enhancement of materials and ¢ ldentify areas that need the most DOE
material compatibility for a reduced balance progress Suppliers
of plant: OEMs
— Compressors are unreliable. Different
designs or better materials may be needed
for CNG and fuel cells
- Lower-cost components for high-pressure
H, and NG systems
* CHHP integration at neighborhood-scale * Determine the most economical scale— DOE
(planned unit development or gated cost per unit of output (review existing
community). Siting CHHP facilities near H, analyses and determine if they are still
station (such as warehouse facilities) valid)
* ldentify prime candidate users (Federal
facility, post office, etc.)
* Extend existing body of CHP analyses to
include CHHP
 Establish a stationary consortium Utilities
OEMs

States (New York State Energy Research and
Development Authority, California Energy
Commission, and equivalents)

* Partnership between fuel cell manufacturers
and utilities

* Get partners together

Public utility commissions
DOE
Industry (NG, electric, fuel cell, home builders)
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2B — CHP, CHHP Synergistic Approaches

Breakout Group Participant List

Name

Organization

Rick Browning

Praxair, Inc.

Will James U.S. Department of Energy
Zaki Kabir ClearEdge Power

Marianne Mintz Argonne National Laboratory
Jim Ohi Consultant

Bob Remick National Renewable Energy

Laboratory

Dave Stinton

Oak Ridge National Laboratory

Gary Stottler

General Motors

Scott Weil

U.S. Department of Energy

Frank Wolak

FuelCell Energy, Inc.

Mauricio Justiniano
(Facilitator)

Energetics Incorporated

Dylan Waugh (Scribe)

Energetics Incorporated
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2C - Alternative Uses for Natural Gas and Hydrogen

FOCUS QUESTION 1: What are potentially significant uses of NG and H, that could spur growth in
demand and development of supply infrastructure?

NG

Hythane

H2

H, and/or NG

* Use LNG at the well head to fuel
trucks and machinery

* Use of NG-fueled turbines to
buffer intermittent wind power
will be a growth market

* Could CNG replace propane for
outdoor lighting?
— Trucks operating on LNG—

same source provides CNG

* Use Hythane in gas turbines for
mid-size to large stationary
peaking
_ Use surplus H, used as a

supply (for NO, control)

Use H, as a means of balancing
NG energy content to increase
the efficiency of gas engines
Use H, fuel cells for lighting and
electric power in mines and
enclosed spaces or for silent
lighting and electric power in
studios, concert venues, or other
applications

Utility-scale energy storage for
intermittent renewable energy
(as alternative to compressed air
storage)

Grid stabilization (frequency
response) with H, generated as
a byproduct

Develop and support recovery,
recycling, and reuse of H, from
industrial processes

— Heating value

— Power generation

— Recycling

— Distributed refueling

Use electrolyzers to produce on-
site H, fuel and enroll them in
utility load shedding programs
Racing—H, fuel cell race cars at
NASCAR/Indy

Use H, fuel cell in personal
electronics

Use H, fuel cell for
uninterruptible power systems
Use H, fuel cell APUs onboard
refrigerated trucks—low noise for
morning deliveries

Use H, as the working fluid for

Demonstrate use of H, or NG as
fuels in the aircraft industry
— For primary flight power,
ground support equipment,
and auxiliary power
Implement a policy that requires
new residential or commercial
developments to install a
community-scale CNG or H,
dispenser
Use of NG or H, to operate
trains, locomotives, etc.
— Or tugs in train yards
Foster use of H, fuel cells for
neighborhood backup or
emergency power where solar is
the primary energy source
Promote versatility and usability
of Hy-powered fuel cells at
tailgate parties
Use of rail or barges to transport
NG or H, from new production
sources
Use of NG and/or H, for cathodic
protection of pipelines
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NG

Hythane

H2

H, and/or NG

refrigeration

Wind 2 H, and H, > ammonia
(on-site at farm for on-farm use)
H, + CO, > fuel (for standard
resources)

Use H, for energy storage,
combined with a reversible fuel
cell to lower capital cost

Use H, as the working fluid for
solar Stirling engines
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2C - Alternative Uses for Natural Gas and Hydrogen

FOCUS QUESTION 2: What can be done to address or achieve the top priorities?

Top Priorities What? Who?
(Actions) (How)
Grid stabilization (frequency response) Conduct R&D on H,-fueled gas turbines DOE
with H, generated as a byproduct — Better link the H, R&D community with the
— Utility-scale energy storage for National Energy Technology Laboratory’s
intermittent renewable (as alternative ongoing R&D activities
to compressed air storage) Conduct R&D on geological storage
Conduct R&D on reversible fuel cells
Foster use of H, fuel cells for Conduct R&D to lower the cost of dispensing DOE (R&D)

neighborhood backup or emergency

power where solar energy is the primary

energy source

— Implement a policy that requires new
residential or commercial
developments to install a community-
scale CNG or H, dispenser

technology

Simplify permitting requirements

Work with power control authorities to develop
and implement neighborhood power
management strategies

Local government
Power authorities (e.g., GTI, EPRI)

Demonstrate use of H, or NG as fuels in

the aircraft industry

— For primary flight power, ground
support equipment, and auxiliary
power

Develop and publish case studies of existing
demonstrations in ground support equipment
Partner with NASA for onboard uses
Conduct R&D for onboard use of H, and fuel
cells

Federal Aviation Administration
Equipment integrators

Use of NG or H, to operate trains,
locomotives, etc.
— Or tugs in train yards

Conduct demonstrations and publish case
studies

Conduct and publish an analysis of the business
case

DOT
Rail companies and associates

Use H, as a means of balancing NG Now: it is possible to carry 5%—10% H, in NG GTI
energy content to increase the efficiency lines and most end uses would benefit DOE
of gas engines Work with GTI or others to establish a standard
H, quantity range

Use LNG at the well head to fuel trucks Publish case studies of existing uses and X
and machinery benefits
— We are doing this now but it is not

advertised
Use emission-free H, fuel cells for lighting Conduct demonstrations and publish case DOE
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Top Priorities

What?
(Actions)

Who?
(How)

and electric power in mines and enclosed
spaces or for silent lighting and electric
power in studios, concert venues, or other
applications

studies

* Evaluate H, storage options and capabilities for
these power demands
— Solve the size mismatch problem

* Develop codes and standards for mining
applications

* Department of Defense
* Equipment suppliers
* Regulators
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2C - Alternative Uses for Natural Gas and Hydrogen

Breakout Group Participant List

Name

Organization

Everett Anderson

Proton Onsite

Jim Black National Energy Technology
Laboratory

Gus Block Nuvera

Glenn Eisman H2Pump LLC

Chinbay Fan Gas Technology Institute

Rick Farmer U.S. Department of Energy, Fuel
Cell Technology Program

Jay Keller Sandia National Laboratories

Romesh Kumar

Argonne National Laboratory

Bill Liss

Gas Technology Institute

Roger Marmaro

Hythane Company

Mike McGowan

Linde

Mark Ruth

National Renewable Energy
Laboratory

Nancy Selman

Avalence, LLC

Patty Strabbing

Chrysler

Jim Wegrzyn

Brookhaven National Laboratory

Shawna McQueen (Facilitator)

Energetics Incorporated

Stephanie Byham (Scribe)

SRA International
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Presentation Slides: Workshop Goals, Objectives,
and Desired Outcomes

Steve Chalk, DOE

Workshop Goals, Objectives and P
Desired Outcomes ENERGY |:

-] |

Stixveds Chalk 9
Naturﬂl Gas and Hydrng‘e‘" Diptll’.ﬁll-lltlﬂt mt.l'lt.lﬂ far
Infrastructure Opportunities Renewable Energy

Workshop Office of Energy Efficiency and
Detabar 18, 2011 Ranewabla Enargy

Objective, Goals, Desired Outcomes ENERGY

Overall Objective:

« Accelerate the use of both natural gas and hydrogen for motor fuels
and stationary power applications

Goals:

* Identify key technical and non-technical challenges which prevent or
delay the widespread deployment of natural gas and H,
infrastructure

Desired Outcomes:

« Identify and prioritize opportunities to address the key challenges
and synergies between natural gas and H,

+ Determine roles and opportunities for government and industry
stakeholders

Spurce: S DOE 10018 dewlt Frogrss Plas
Inclhudes bagic pcionce Frough Ehe Offica of S<ience and aqped RDAD trevugh EERE. FE. NE
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Fuel Cell Patent Growth and Markets ENERGY | roacie b

. S Ry Pt . Fuel cell patents lead in the clean
P . energy field with nearly 1,000 fuel
80 cell patents issued in 2010,
vy ,-": *Number of fuel cell patents grew > 57%
—r— in 2010.
400 ]
el e Fuel cell market continues to grow
= —— __-:;._—r-"':_"‘ * ~36% increase in global MWs shipped
' . ' p————t b + ~50% increase in US MWs shipped
Various analyses project that the global

Magawatts Shipped, Key Countries: 2008-2010 fuel celllhydrogen market could reach
maturity over the next 10 to 20 years,
producing revenues of $14 to $139

billien/year in stationary, portable and

transportation sectors.

Widespread market penetration of fuel
cells could lead to:

180,000 new jobs in the US by 2020
675,000 jobs by 2035
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Fus | Colls 300, Pike Resssrch, Fusd Cell Today, ANL hilp fvewa] gt nargy g Tydganascusin Bt program_pland0 10 gl

Enengy Effic

Current Program Structure ENERGY i@ th sty

The Program is an integrated effort, structured to address all the key challenges
and obstacles facing widespread commercialization.

& Applied Research \ Updated Program Plan
] chnology Development A detaiiing strategic RDED plan
£ ' 3 released October 2011,
< s WIDESPREAD
- & COMMERCIALIZATION
8 3 ACROSS ALL SECTORS
E IE- * Transpart aticn
= » Statianary Pewer
- » Ausiliary Pewer
E * Backup Power e

* Poetable Poweer —

The Program includes activities within the Offices of

Energy Efficiency & Renewable Encrgy, Fossil Encragy,
Nucelear Energy, and Science. hydrogenandiuelcalls’

hitp:ihwwear1 eene energy.gos/
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Well-to-Wheels CO, Analysis

ENERGY |-

Analysis by Argonne National Lab, DOE Vehicle Technologies Program, and FCT

Program shows benefits from a portfolio of options
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Even greater smissions
reductions are possible
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renswables smnfer thae
market
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Well-to-Wheels Petroleum Analysis

Analysis by Argonne National Lab, DOE Vehicle Technoleogies Program, and FCT
Program shows benefits from a portfolio of options.

Well-to-Wheels Petroleum Ersrgy Use

Cawvenfioss dslermal
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H, from Matural Gas

FCEVs fusiad by M, from
aigtributed natursl gas
can almas! complhhely
alimina ts peirolsum use.

1 million FCEVs would
only increass current
nalursl gad conswmplion
by less than 0.2%"
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Natural Gas Infrastructure ENERGY | £ E™

tenéwab

Hatural Gas Pipeline Metwork, 2009
Potential Opportunities:

Cost reduction: Pipelines,
compressors, tanks (materials
issues), dispensing, onsite
reformers)

Mon technical barriers: Siting,
permitting, regulatory issues,
codes and standards

Natural gas fusling stations

L -
= - - i Y
L - - - g
-r = 1.". o
Sowce Emm Intgrmation Adminasrabon, Gfice of Osl & Gas - m A e ~
Wartutal Qg Thrvipion, G Trandponaten Intsrmation Spidm w = ™ SR Seterad e U e
o L a 'm o N
i I
. = - L L]
= 300,000 miles of e g Ry e
interstate and intrastate SO | e
transmission pipelines = : e

Hydrogen from Distributed Natural Gas — crsaress o2 | Enengy Efficiency &
The Near-term Approach ENERGY | rincvatse & gy

DOE-funded efforts have reduced the cost of hydrogen produced from natural gas (at the
fueling station) to £3'gallon gasoline eguivalent (gge), assuming high-volumes.

Pro [ Cioat of Hy Prosduced from Hatural Gas—al the Statlon |
Di :::": 5:::';" in lmrafected to hgh-vodume, Includes all station costs)

. AT i OMG reforming is an
Reforming: Cov prepruien

affardabie aption for

Shtesiarh Pt it

roul of Wi it /l range of natural
A Da N D 2 1

peyrasiet gas prices.

(-1 Wy TR=E T

= Completed RED phase

- Achioved $igge cost for
H; dispensed al the station
ivalkdared by indapandenl
panei’)

- =
; 1
'_.-r

O Faseatatiock Cost
— Mear-term oplion for B s Y
commarcialization has DML Cest
poilential io reduce  Frosst CAM Cowt
transportation seclor GHG e
emissions by > 50% S0 Gt

Testrdogy Tachnalogy
e

mumg-ncml. Ygm

Proegress & Plans in Renewable Hydrogen (s costs assime high-volime proouchion )
534,80 - $5.TQigge for distribuled produdtion fincding & stabon costs) from ehecirobysis, pyrotysss oil relorming
- A3 ko a8 S2.T0Mepe for condralined production o rencwailos. (Tgh-wolume producsion, @ phind gl |
~— Direct solar conversion — piogress o several pallfrvays (pholoeiscrochemical beological. and Manmoohemcal)
- Ronewable slecirolysis — $5/gge or less i Sunahod and othar DOE renewable arpels ane mal
[aRdipgs willy Erigted e i Cllabeill Sad mamibeiasE S0l SorraRsn-iERianT Ard mad-charathe makviee|
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Tri-generation Approach ENERGY | oot oy
o
Electricity >
Matural Gas @
> I|O|ll
R i I" e
:Natural Gas I
jorElages Fuel Cel :
; |
e T | e 1
Coproduction of H;
Excess power / H
genaralad by the LS
fuel cell is fed to Combined heat, hydrogén
the grid and power (CHHP) ar
Adtagrlesy brom NREL Trigeneraliun

Long-Haul Trucks ENERGY

Enemgy Efficency &

Renewable Enérgy

- 2.8 M registered combination Class 8 trucks in 2010 — 9.4% of total U.S.
petroleum consumption

- [If could switch off oil completely, would eliminate the same amount of
petroleum as the U.S. imports from Saudi Arabia
- What are the options? What are the challenges?
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Potential Options

Diesel with Liquefied Drop-In Biofuels | Electrification
Improved MNatural Gas
Efficiency
Cost Vehicle minimal, Vehicla cost is Vehicle minimal, Vehicle cost
but fuel prices highar, but fuel but fuel not extremmely high; no
nging and costs low and currently at cost practical payback
unpredictable more consistant pariod
Energy Imported fuel; Domestic: could Domestic could  Domestic; will ba in-
security could reduce completely fulfill  fulfill some need. demand for light-duty
demand but not  need but aviation may
aliminata have higher
demand
Feasibility High High Medium Low

Energy Efficiancy &

Challenges and Responses ENERGY

Feeneveabile Cnergy

Infrastructure build-out:1,000-5,000 ' | SemSEiEe ™ amem otu
new stations P
- Private industry investing

— Potential unigue financing
mechanisms

* Uncertainty of change
- UPS Recovery Act pilot project
» Secondary market
— Recovery Act projects in multiple
applications
Vehicle cost differential
— Potential for further R&D
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Natural Gas Vehicle Technology Forum

nangy Efficiancy &

us sersareset o0 | Enapm
- 2011 Meeting ENERGY | renewatie Energy

= |dentify barriers to increased NGV market
penetration
= Held annually

= Primarily focused on medium- and heavy-duty
vehicles and associated infrastructure

R s SR

* Government/industry stakeholder discussion forum
- Technology development and deployment barriers for NGVs
= Impact of energy economics on technology development
- New standards development

= Ongoing projects: status updates from DOE/CEC/SCAQMD

October 25-26, 2011
San Francisco, CA
www.eere.energy.govicleancities/natural_gas_forum_meeting_octi1.html
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Presentation Slides: U.S. Natural Gas Markets
and Perspectives

Bill Liss, GTI

U.S. Natural Gas
Markets and Perspectives

>Bill Liss
Managing Director
End Use Solutions

L R i

GTI Overview

>Non-profit research,
development,
demonstration
organization with 70 year
history

>Facilities
— 18 acre campus
— 200,000 ft2
— 28 specialized labs

>Staff of 250

Energy & Environmantal Technology Center
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GTI' s Hydrogen
History

=Significant history with hydrogen
as alternative energy carrier

— Dr. Henry Linden
Dr. Derek Gregory

— Long-term vision of energy market

=40+ years of RD&D on
hydrogen, fuel cells, fuel
processing, gasification

>0Dver 250 hydrogen publications

Natural Gas & Hydrogen Timelines

l@ | Expanded u!tiul'phsl.u: diatribution p_an
|_ .

“Modern era” with interstabs gas ransmission j

[ Aboul 1500 marufaciured goas plants budt ]
[ Fradonia, NY 1" natural gas “system” ] ‘

Manuiactured gas/gas lights -
BaRimcee (1816). Boston (1822)

MNatural
Gas

.Hzﬂ-almns ]

Hydrogen

Lawnissr Inon-
Wiater Procass

| Carvardish H2 from m]

Energy Crisis &
birth of H2
Energy Syatem

concopt
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Natural Gas Industry Segments

MNatural Gas Industry

U.S. Gas Infrastructure

+= 11,000 Delivery Points

« 305,000 Miles of Transmission Pipelines

= 5,000 Receipt Points

= 1,400 Interconnects

= 400 Gas Storage Fields

= >2 000,000 Miles of Distribution Pipelines

= Carrying 22,000,000,000,000 cu. feet of gas annually

500 Electric Generation Plants
T4 TCF

5,000,000 Commaercial
Businesses 3.2 TCF

2,000 Industrial Plants
6.6 TCF

63,000,000 Homes
5.0 TCF
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Today’ s Big Story: Robust and
Expanding Gas Supply Estimates

>Substantial natural gas supply additions in past
five years (over 100x annual consumption)

U.5. Total Gas Supply (Tcf)

i P

2108 |
1,200 1
i |
. | 'I'n.-hi:ﬂ,-
il

PG D6 Ni'dl,lul
2008 Siuddy
for ACSF

PG 2008 I"I.n’l. 2

Sowrce: Nawigant Consulting, Inc.

gti
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Interstate Pipeline Investments of
$6-10 billion annually (INGAA/ICF)

e
IE—
Capital Expenditures for New Gas Pipeline
Millicn dollars (Real 20005 | Spent Each Year, Induding the Cost of Compreision
INTEAHATIONAL
v [Btwaen JOOS sl OB,
P T E T
i el Total Matural Gas Pipeline Expendituras By Year 1

SR p—— (Million Real 20005)
npondinugs e propned
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Distribution Infrastructure
Investment

>Natural gas distribution industry investing
significant resources on infrastructure

=2010 Investments

I
— $8 billion repairireplace ==
= 17,600 miles of new mains =1 L;l__aun El__—| =

> 19,300 miles of new service @ e v e = i
— $4 billion new construction A } e @
= 14,400 miles of new mains 11 L&E-HH {.\
> 13,300 miles of new service L© @ _
? = s
Vo ¥ N
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Short Term Implications of
Expanding Supply

>$40-100 billion consumer . . -
savings from lower prices r: //’\/"\\ e
-7 :

Average Monthly LS Wellhead Prices

e
L — ™
-

2 ]
am 1950 LW TeRl Fih 1998 2000 00D 3008 SO0 FDOE A0ID

ik > Greater U.S. energy

i security; reduced import

Sh TN, ORI, S0 BN RO, (Y, SR . T EXC, PR FO O rEIlarICE‘
EEREEEEEEEREREEEZE .
F3iifi3ik533i5i335%43 >5510biliontrade balance

Somarw. UL, W py Irdorenation A beneﬁt and gI'QW|ng

Mid-Term Implications of
Expanding Supply

>Growth in price-sensitive, energy-intensive
segments
> Power generation
> Industrial (esp. chemicals, petrochemicals)

= Transportation .
. i US Naturs! Gas Dernand gu
>Demand at all-time | | .o n
high in 2010 2 sz g
> 2011 will set a | R —
new record high s e
POttt | m m m m
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Natural Gas
Demand Outlook

>Growth led by expanding use in J== !

power generation

—Displace older coal power plants
>|ndustrial sector rebound

—Onshoring; improved logistics and

reduced shipping costs

>NGV interest growing sharply
—Price differential to gasoline/diesel . =

>Stable residential/commercial use ¢ <

—Smart, efficient use; source energy y

policies

New Announcements for Multiple
Major Projects and Expanded Use

Power, petrochemicals,

manufacturing: major plans

Hatural Gas Boom Helps Petrochemical Industry
The petrochemical industry is benafiting from the

reCnt boom in LS. natural .

K

Gas supphes, which has
lowered feedsiock costs.
“Capital investment is now
baing reconsidered,” said
Kevin Swilt, chiel economist
wilh the American Chamisiny
Council,

Matural Gas Taking America’s Electric Power

Sector by Storm

Currently, natural gas-fired generators constitute
39% of America’s iofal

alectric genaration capacity. .1

Matural gas is a newar
player-- B5% of America’s
natural gas-fired capacity
has beon added sinde 1980,

Mucor' s Matural Gas Direct Reduced Iron plant
Ower the next several years, Mucor Steel will ba
building whal could be ane of the most significant
industrial projacts in Louisiana history. The first
phase, a 2.5 milkon tong-per-
year kon-making facility, will
convert natural gas and iron
ane pellets ino direct reduced
iron for Mucor's steel mills
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Power Generation
Moving To 9 Tcf Annual Demand
% 1,606,000 1% a:
EE’ BO0.000 + 20% g
gé a0, G0N iss é
2
w SO0 00 r L% k|
: :
£ kL I P
_..--'-'"f'.
PRLEEIPPEIEPPS
—r ] GAL e NOr-H e Reney ables & Maturs] Gas %

gti

Natural Gas Opportunities to Reduce
Liquid Fuel Dependence

= Matural gas poised to gain
market from liquid fuels
— High fuel oil, diesel, gasoline prices
— Residentiallcommercial heating oil:
over 1 Tef incremental gas market
— Transportation: 1 Tcf with high
displacement scenaric

> Offset U.S. demand for imports

= mprove energy security and
balance of trade (about $25-35
billion)

Malural Gas
Equivalent
Pobontial
{Tcf)

4,600 0.3
3,000 04
7600 1.03

Ros/Coan
Markel

Currant Annual
Fuid Ol Sales,

Cisplacomant milllien gallons

Potemial

Natural Gas
E quivnlant
Podaeniial
Tt

840 570 0.1
2,800 1,640 032
B oo a0 e

gt

Gasoline
Galens,
millions

Tranapoatan Diesel
sk pliis il Gallans,
Scanaricy millions
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Transportation Sector and
Natural Gas

=>Natural gas use for vehicles is
multi-faceted
— Direct, indirect
— About 1.3 Tef (mostly indirect
“industrial sector” fuels production)
>Direct: NGVs
— CNG, LNG (about 40 bef)

>|ndirect
— Hydrogen for petroleum refining
— Ethanol, biofuel production

Matural

\G as

>New paths:
— H2 vehicles, GTL, PHEY power

Natural Gas Vehicles

>Strong market interest, driven by
fuel price differential

— Medium and heavy-duty fleet
vehicles are core markel

— Off-road opportunities (e.g., marine)

— Light duty (and home fueling) is
long-term goal

>Main challenges: cost reduction
for vehicles, infrastructure

— Growth & volume will move market
towards improved pricing over next
five years
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Summary

>U.S. natural gas industry in a special period due to confluence of E&P
innovations & supply endowment

> Poised for demand growth: led by power generation, industrial
(chemicalipetrochemical), and transportation

— Reduce coal, liquid fuel use - major societal benefits: reduced
emissions, increased energy security, improved balance of trade

— Many major capital projects announced (power & industrial)
> Natural gas pipeline & distribution companies investing $15-20 billion

annually on new/replacement delivery systems and related assets

=Major step-change increase underway in NGV infrastructure
investments and vehicle purchases 2

I $Z0°0°0°0 o U
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Presentation Slides: Synergies in Natural Gas
and Hydrogen Fuels

Brian Bonner, Air Products and Chemicals, Inc.

SYNERGIES IN NATURAL GAS AND HYDROGEN FUELS

Department of Energy — Argonne National Laboratory
Matural Gas and Hydrogen Infrastructure Opportunities Workshop

Brian Bonner
Oetaber 18, 2011

:
© A Pk and Cramcam, . - 201 PRODUETS £=:

Who Is Air Products?

+ 59 Billion global company in atmospheric,
process and specialty gases, performance
materials, equipment and services provider

* Serving industrial, energy, technology and
healthcare markets worldwide

* Fortune 500 company
* Operations in over 40 countries

* 18,300 employees worldwide

* Known for our innovative culture and
operational excellence

* Recognized industry leader in safety

0 A Prosducts and Ohvacsin, e - T8
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" World’ s Leader in Hydrogen

- World’ s largest merchant supplier
- H, production equivalent to fueling ~8
h.-iilliun cars/day
= Bulk, liquid and pipeline distribution
- More than 500 H, customers
- H, Energy projects since 1993
#» »130 hydrogen station projects
» »350,000 fuellings/yr

= Parlayed MHE, cell tower, DOD
experiences

« Stations in 19 countries
= Broad |P estate

0 A Prosiucts and Chasmicain, ec. - JAY

World' s foremost provider of Natural Gas Liquefaction technology and

Equipment

. * Full range of process options: from small plants to the world’ s largest
LNG process trains: 6 AP-X" Units On-Stream in Qatar

* Awarded equipment supply for the world” s 1% floating LNG (FLNG)
project: Shell Prelude FLNG

*+ Majority of the world' s LNG production employs Air Products’
processes and equipment (main cryogenic heat exchangers)

* Main cryogenic heat exchangers manufactured by Air Products in the
United States and exported worldwide

FA
i Prosiucis and Chamicals, bnc. = 3018 pmj%t:.
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Natural Gas in US

AEO 2011 Reference Case
2009 Consumption 22.71 Tef 2025 Consumption 25.07 Tl

Annual Enengy
i 'I,II,|||| ik Ll 11

4 ot s o e 400 ProoudTS £

US Consumes ~3.2 Tcf of hydrogen annually

Refining Hydrogen and Energy Driving

sty o Hydrogen Growth

Ot g 1%

* Transportation fuels growth
* More heavy, sour crude

* Clean fuels legislation
i * Increased outsourcing trend

0 kir Prosdcis and Chamicain, lnc. - HAE m&é
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Natural Gas Pathways Into Transportation

4 ot s o e 400 ProoudTS £

Transportation Energy Price Projections [ELA Reference Case)

—sswe
B

s bl o] HGE Taxs b s
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0 o Prosiocis mnd Chamicain, Inc. - FAE mﬂé‘
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Hydrogen Feedstock Evolution

Years After Mass Market Commercialization Effort Stans

#Hydrogen from natural gas is today” s starting paint
~ Biomass is first logical step for large-scale renewable hydrogen
= Hydrogen from renswable electricity is regional | long-term

T Elﬂml‘l— £ e Prosocts aned Chmicain, bec. - 3910 Mé‘u

Renewable Hydrogen Potential

4 ot s iy e B0 prooulfS £5:

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY




NG WORKSHOP SUMMARY REPORT — APPENDIX F

Significant GHG Reduction with Today’ s Supply

Well-to-Wheels Greenhouse Gas Emissions
(direct emissions, based on & profected state of the fechnologies in 2000)

Vehicles

Hyhrid
Electric

Fuel Call
i Vehicles
o Huclear Hagh-Temy Tleciroiynin
W, froam Cowmtral W B lectrodye B | ]
108 200 300 ann
Grams of CO-oquivaknt por mik

et st nanr Hoem theas puithamgs will e brwer d these Sganes sre sfented b exhaie
- Ty e (F ity P g [ e S Pl mE el afet b POl b GG ] T o e
+ Vo St o wrmaaorn b g poar— e i ul muay goou T ewctioly & o] aif byger 1 P b ol
e ® et o

| Lt fraie Lk e = B e b .

AR B AT DO
0 har Prosdocts and Chamicsin, inc. - JEAY mﬂﬁ —y

Lh]

CNG/LNG Supply Chain

| LD Vehicles
e | cnGsation | e
MO Trucks/
' Buses
1 I HD Trucks
4
Feeciok | - Liquetaction |—>|msmm|—.— LNG Station -
Uncomvantinal NG
Biomstrane ym
S| S

0 o Prosiuct and Chamicain, Iz - FAY 12 mﬂﬁ —
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Hydrogen Supply Chain Options

Lbpasedas

T
CHP & Wpdrogon
Emargy Stafion

0 A Prosiucts and Chasmicain, ec. - JAY

. . ,'-=:
)
Diwtrituted W

Codes &

Importance of Codes
& Standards

Improves Safety
— Paramount importance to all
Provides Education to AH)J
— Example: CGA pamphlets
Provides Consistency
Assists with Permitting

— Appropriate CES help AH) s
make decisions

Helps with legal issues

Levels playing field for all
participants

i ke Prosucts and Chasmicain, e, - HAB

Standards

Progress in Codes and
Standards Development

It" s frequently said “There are no
Codes abpd Standards for Hydrogen
Fueling .

This is not the case.

In fact, there are so many, we can’ t
cover them all here today

Industrial Codes and Standards
— Adopted by reference

Specific Fuel Station Codes and
Standards

= MFPA

— |-Codes
- SAE J2719
= SAE 12601

PRODUETS 2=
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Energy Equivalent Ratios (EER) for Transportation Fuels

Light/Medium-Duty Heawy-Duty/Off-Road
Applications Applications
EER Relative to Gasoline EER Relative to Diesel
25 4 o 35 4
Econgery of |
2.5 7
1.5 + a0 4

Gasoline CNG/ICEV H2/FCV CNGor LING  H2/ FCV

15K
10 15 1
T Ha— . B
' = N
00 - : 00 - :
Diesel

Tetmrin. B e i Pyt iralbin UCF B 201 bl it i

© A o and Cramicam, e, - 201 ProDUSTS £=:

Energy Independence Environment
Sustainability

Market Pull and
Acceptance

Energy Efficiency

R AR erooullE £
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Summary

* US has an abundant amount of natural gas that’ s
expect to be developed at low cost

* The substantially lower carbon footprint for natural gas
and hydrogen produced from natural gas makes natural
gas a bridge to a low carbon future

* US renewable energy supply is also abundant and
important in developing the long-term solution

* Natural Gas and Hydrogen supply chain infrastructure
continue to lower cost and expand in targeted markets

* End market Total Cost of Ownership of vehicle and fuel
will influence market acceptance and market scale of
alternative fuels

F A
© A o and Cramicam, e, - 201 PRODUETS £=:

Thank You!
www.airproducts.com/h2energy

Brian Bonner
bonnerbb@airproducts.com

© A Prodcts and Cramica, e, - 391 PRODUETS =
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Presentation Slides: Natural Gas and Fuel Cell Vehicle
Light-Duty Transportation Perspectives

Matt Fronk, Matt Fronk & Associates, LLC

NGV AND FCV LIGHT DUTY
TRANSPORTATION
PERSPECTIVES

Matt Fronk
Matt Fronk & Associates LLC

Natural Gas & Hydrogen Infrastructure
Opportunities Workshop

October 19, 2011

Agenda

CAFE through 2025
Technology Options
Natural Gas & Hydrogen
Infrastructure developments

Next Steps
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CAFE standards set to rise to 54.5 mpg for 2025

President Barack Obama on (7/29/2011) revealed ambitious plans to raise the
corporate average fuel economy standard for cars and light trucks to 534.5 mpg
by the 2025 model yvear, a landmark move that will dramatically remake
carmakers' product portfolios and consumers' buying habits,

“GM plans to pursue the technical challenge ahead and to lead in delivering new
fuel-saving technologies in cars and trucks customers want to buy and can
afford,” the company said in a statement. "Reducing fuel consumption and
lessening the automobile's impact on the environment is important to our
business because it's important to our country and our customers.”

Toyota concurred:

“Toyota has embarked on the most aggressive expansion of hybrid, electric and
hydrogen-fuel-cell cars of any automaker, and we are committed to continuing
our demonstrated environmental leadership,” Toyota Motor Sales COO Jim
Lentz said in a statement. “We share the administration's goal of achieving major
advances in clean, fuel-efficient vehicles, Db-viuuﬂ_y, there is still a great deal of
uncertainty as to how the market will respond and what vehicle technologies
consumers will embrace, which is why we are rolling oul and testing a range of
alternative fuel options.”

Agenda

CAFE through 2025
Technology Options

Natural Gas & Hydrogen
Infrastructure developments

Next Hteps-‘.
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“Cleaner” Options - No Silver Bullet
Portfolio Approach

B Gasoline/diesel
B Corn Ethanol

B Current US Electric Grid for Electric Vehicle
Charging

B Compressed Natural Gas
Cleaner Electric Grid for Electric Vehicle Charging
Natural gas to Hydrogen for FCVs

B Cellulosic biomass to liquid fuel/vehicle
charging/Hydrogen

I Nuclear electricity for electric vehicle
charging/Hydrogen

I Renewable Electricity for electric Vehicle
charging/Hydrogen

Energy & Technology Options

Despite Variety of Resources, 3 Predominant Energy Carriers
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Goodbye gasoline? GM gives natural

gas cars a boost
Edward McAllister Automolive News - July 2, 2011

Matural gas is used mainly in electricity generation and for industry,
but with just 120,000 natural gas vehicles on the road and only 900
filling stations, transport remains a tiny fraction of total demand.

However, assuming production forecasts are correct, natural gas
will likely remain cheap for years and could help cut U.S. reliance
on oil. While crude prices soared above 5110 a barrel this vear due
to unrest in the Middle East, US. natural gas prices, impervious to
international influence, remained low as there was no shortage of
natural gas at home.

Drivers who fill up with natural gas at the pump saved up to $2 per
gallon when gasoline prices hit $4 a gallon.

s CHEVROLET EXPRESS | CNG CARGO VANS: FUEL-EFFICIENT,
EVIC GMC SAVANA ENVIRONMENTALLY FRIENDLY

300+ Mile Range, 23 Gasoline Gallon Equivalent (GGE)
© Longitudinal, underbody (10.0" x 737 6.4 GGE
Q Behind rear axle, underbody (13.2°x317) 4.5 GGE
@ Behind rear axle, underbody (13.2"x32") 4.9 GGE
@ Interior, cargo floor (optional, 15.4° x 39°) 7.2 GGE

fl‘-’ . L

Approach and departuie sagles and ground clearande provide increxsed ity
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Telecommunications giant AT&T has taken interest in
The General's offering of full-sized compressed matural gas (CNG) vans and has

ordered exactly 101 Chevy Express 2500 cargo vans for its service fleet,
o | e

t |-

The only downside is that the package itself costs 515,910 upwards, plus
the cost of whatever Express van it's to be fitted in.

Transitioning From Mechanical to Electrical

Conventional Liquid-Fueled Vehicle Hybrid Vehicle (HVY)
Y S i S

Extended-Range Electric Vehicle (EREV)

A

Battery Electric Vehicle (BEV) +
EREV - Engine - Generator

.Three electric vehicle options: BEV, EREV, FCEV
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Portfolio of Options

HEWV & PHW
with ICE Zone

covering area by fuel Travel Distance
Mﬁ\m\-ﬂmM
Compiled from Toyola document

Agenda

CAFE through 2025
Technology Options

Natural Gas & Hydrogen
Infrastructure developments

Next Steps
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By-Product Hydrogen Production by Plant Location

- -

B

=
amm

it - Laar e 0
o 1, .., I g
A 2 Sl e S, L 7
any_ oo » [ o feTige gL 1 o
o & " | e ———" . | S - hH
/ 3 | v kuid e i ‘ b1 e =
[ - ] o W
L 2 = -—1" !I:|"'.'$I:":-""e %
e el T g S bl ¥
S e, =, . ’ .
" T e R Bt €& } oy AP
NG A ] LR =
m n-_ ; ._u. . oovomasa e | P -_" _. — . L A
ET M, ! T i g ;
o wn i E 1 4
e 1 : el . . : £ ™y e
= ] LB T ; £
g i . [
o o g -
"'_ll:uti-: o Thy e
na ’ r L
- - N
., .,
i e gk
L o *?—
SHT G oo

Excess H2 concentrated along East Coast

OCTOBER 2011 | ARGONNE NATIONAL LABORATORY




NG WORKSHOP SUMMARY REPORT - APPENDIX G

Agenda

CAFE through 2025
Technology Options
Natural Gas & Hydrogen
Infrastructure developments

Next steps

Infrastructure Developments
Technology for both NG and hydrogen refueling is available

Commercial stations in play around the world
On board storage still requires more development

To implement a national plan requires a team effort between
Fed/State Gov't, Auto OEMs, Gas suppliers, and other
interested parties - a team sport:

v Energy Independence & Security

¥ Industrial Competitiveness - NGVs and FCVs

There are some state infrastructure initiatives already in
play - CA, Hawaii, and NY as examples
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Letter of Understanding Signed in Germany — Sept 8, 2009
Automotive Industry Support for Battery & Fuel Cell Technology

DAIMLER  #G» Fl© sonoa
@PHERD  menaulT nissan TOYOTA

Lefter of Undarstanding
an the Development and Market Introduction of Fusl Cell Vehicles

T Cd and Endvgy Companies. Govermment Qrgasdzations and NOW GembH

* Battery and fuel cell vehicles complement each other

Fuel Cell Electric Vehicle commercialization from 2015
onwards anticipated

» Hydrogen infrastructure network with sufficient density
required by 2015

* (Germany is starting point for Europe

Japan 2015 Announcement (Jan ‘11)

Japanese gas suppliers and oil companies will seek to build some 100
hydrogen supply stations at four major city areas to prepare for the
launch of mass-produced hydrogen-powered fuel cell vehicles in
2015.

A total of 10 energy companies made the announcement in a
statement jointly issued with Toyota Motor Corp, Nissan Motor Co and
Honda Motor Co, signaling their coordinated efforts to expand the
next-generation eco-friendly vehicle in Japan.

“Automakers and hydrogen fuel suppliers will work together to
expand the introduction of FCVs and develop the hydrogen
supply network throughout Japan,” the statement said, while
also calling on the government to support their efforts.

The four areas where the companies would seek to build hydrogen
fueling stations center on Tokyo, Aichi, Osaka and Fukuoka.
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Case Study - NY State

NY is in a position to:

¥ Support the US H2 infrastructure and Commercial FCV Vehicle
deployment in 2015 for the Northeast/East Coast sector

¥ Participate in the jobs creation that the introduction of a new,
game changing technology would provide (Infrastructure &
System Mfg)

v Demonstrate National leadership
v Walk the talk on 80 by 2050 CO2 reduction
v Energy Independence — utilize NY State resources of NG,
Hydro, Nuclear, Wind & Solar to make Hydrogen
v Energy Security
v" Industrial Competiveness

¥ Position the US to compete globally with Germany and Japan

¥ The time is now to do this as both Ca and Hawaii have funded
plans in place

East Coast/National Hydrogen Infrastructure

Massachuspetts - Billenca, Boston
Mazvera borklifes
Tranait buses

Boston-Miami=1500mi . __

& major cities

_ =100m paople Canfdcticut . Walkaglord, Hartlasd, East Hartfard

Sun Hysdno, Profon,
WTE, ULConn,
Tranait Authodity bases/station

Maw York - NY City, Rochester, Buffalo, Albany
NYHYZ Initiative, JEK, White Plains, Hempstead
Praxair green HE, ATE, GM stations, RIT, Plug Power

statian
e -

Mew Jersey - lersey City
Heid, Daimler

-3 o —
¥ T

L+ i Dl A

Ghio - Engelwood
B Reign Enpigy

WL [ Vieginia Fadrfax County station
Fori Bebir, sdditional itation

Teninesiee

Wit od Hydriggiens

Geowgla - Atlanta
Urited Hyslresgen station

Florida - Miami, Dlardo, Cape Canweral
MASA - ation
Froton, Lumber Ligisdators, ho rel
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NY Job Creation

In February, 2011, the US Department of Energy released a
comprehensive study concluding that the fuel cell and
hydrogen industries could generate substantial revenues
and job growth. Over the next two decades, assuming
hydrogen does indeed play a central role in our energy
future (an assumption which is still very likely, despite the
US falling behind other nations), it would create between
360,000 and 675,000 jobs.

Should New York State see but 10 percent of the benefit
from this economic growth, it would still translate to the
creation of between 36,000 and 67,500 jobs over two
decades. When looking at the public expenditure this
proposal calls for, the return on investment would be
substantial.

Why NY?
Vision

v Executive Order sets a goal for 80% reduction of greenhouse gas
(GHG) emissions by 2050

v State Planning Legislation in place that requires developing an
inventory of GHG emissions and identification of GHG reduction
strategies

v NY Climate Action Plan Mationally recognized for approach and
thoroughness hitp:/lwww.nyclimatechange us/index.cfm

Early Strategy in Place
v NY BEST (NY Battery & Energy Storage Technology Consortium) —
hitp:/hwww.ny-best org/ - Batteries, Fuel Cells, Uliracapacitors, &
Electrolysis technologies
* NY, US, and International Members
will
v World Class Public/Private team in place to Lead/Execute a
Hydrogen Infrastructure and Fuel Cell vehicle deployment program
in parallel with Germany and Japan
v We need government to take a leadership role — set a vision - The
is fallin hin rmany & Japan
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Public/Private Partnership

Automotive OEMs.

GM

Toyota m mﬁm Hﬁl?ﬂl

Daimler S U

Honda w u @
Hyundai

Ford

Hydrogen Suppliers
FEia [:“EE:] iSue. ZHEPRAXAIR proouliS €=
Linde -
Praxair ..J{_)
Air Products 4. Proton ¢ R e s
Proton izl HennaGEnIGcS
H2 Pump LLC
Hydrogenics

Government r =
z::;:EALEEIﬂE“UFE 9 m WATIGNAL LABORATORY
Brookhaven National lab

Additions Since June

Hydrogen Suppliers
United Hydrogen (JFK)

United Hydrogen
Industry
ATK = 5tation Installer
Parsans — Station Installer fee LSy Pamsons NUVERA

MNuwvera — Fuel Cell and Refueling

Vehicle/Station Users > Whao P
& = I
port Authority  (SETEP T =
White Plains

Town of Hempstead

e ———

P 'ﬁ & UCONN

UConn
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What is Needed?

Plan for New York State Hydrogen Highway and Connecting City
Plan in Support of early FCEV Deployment — 2015-2020

100 station plan asiare
@ 70 City Stations :

© 30 Highway Stations

@ 7 stations today (down from 101)

« NY state is 54,0000 sq miles of land
+ Germany & Japan are approx 3X larger
* California is 163,000 sq miles

¥ NY should be easier to implement
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Proposed Infrastructure Rollout

Fed Garet
Ineperoy Total o't Mesmbar
itk

Calerduar Mis ¥ Covs Total Camy  pav car  Isdintive o L]
Wear  Peguired 0 N7 (L0 5R) Progres
8% 1560 1580 T4 10 i
MIER L] 0 L] Ll 1
T 000 S0 5 Fatiii] 4
M ] 17500 15 IR000 5
Hikh 13508 30DGD 3 b &
2020 20000 L0000 2 SO0 T
L foe] LEATSa L

Erra Lead i indhusary Vebale Deplopnent, BT Fillng Saarks, #ae
T cties by 2000 - Albany, Rochator, MY £ty Bufials, Syrscue, Binghamton, Ut
100 stamons by 2300 (10 per city] = 0 + § per year 08 donnechag "Highwiy Eaial]
40,000 1l cars by 2000

2015 - Initial NYC (10) and Upsta ity ] pitial launch

2016 - Add Upstate City # w . gy®tation along Thruway
; 2 (18 acid hlgmrav stamns

2020 - Add Unsme B'(10) and add last 10 highway stations
* Station location selection bosed on input from Greet/Street Model

Public-Private Investments
in 2011-2020 timeframe

Cumulative Program Spending by Sector

4500

1504

 New York State

Millions of Dollars

B Hydeogen Suppliens

® § OEM annual Budger

a
2011 2012 2013 2014 2015 2016 2017 2018 2013 2020
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Agenda

CAFE through 2025
Technology Options

Natural Gas & Hydrogen
[Infrastructure developments

Next steps

Next Steps

It really is about leadership and connecting all of the
appropriate organizations to support a vision to make
these initiatives happen

It will also take all of us as a team and as individuals to
make this happen
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Presentation Slides: Natural Gas and Hydrogen
Infrastructure Opportunities: Markets and Barriers to Growth

I

Matt Most, Encana Natural Gas

ARE & CROART ID0N

Matural Gas and Hydrogen Infrastructure Dppﬂrtunmes:
Markets and Barriers to Growth

Matt Most
Vice President — Natural Gas Environmental Policy Developmeant

. Oclober 18, 2011
Lamornt, IL

Future oriented information
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Advisory Regarding Reserves Data &
Other Oil & Gas Information Disclosure Protocols
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Natural Gas Value Proposition
Four Deliverables

Environmental Benefits Social Banefits

« Reduced GHG ammsiong [ 20-30%) =  Produchon related nevenues

: - Foysties, aes, job creatis
+  Reduced 3550calVE STHSEIONS YR, L, e o

CO, 502 NOX . FIJEHHQ nfrasiructne reveues

Lenwer engine nose Job creation, inues, scendeic sgmn-off

Economic Benefits Energy Security Benefits

» Lower heel pnoe than desel | gasoling »  [Domestic anengy souros
Ecanomes banells Brough vaue tren

»  Reduoed masndenanoe oosts
DFF mainienanoe s immaisd +  [Depinces foregn of
=  Extended trme babwesn oil changes = A5% US palrodsum s impored

O% COM pain a
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Taking Action
U.S. Transportation Sector Displaceament

e Fuel Consumption by Market Segment
Displaceable Market Volume: 51,6 Bolaid
23 25 Befeld represants OPEC displacemeant opportunity

45 g
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0
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II Barriers and Opportunities for Transportation

How Can the DOE Research Agenda Help?

= Technolegy accelerates market penetration, key challenges:
~ capital cosi
- tank design limitations
— \ehicle range

« Adsorbed natural gas subsirate conformable storage tank
- Replacement for bulky, heavy-walled CNG tanks
~ Flat, lightweaight tank stores natural gas in adsorbed form
- Utilizes spent com cobs inside the tank (o absorb natural gas
~ Holds 180 times more gas per volume
= Can ba mounted undar the floor
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Presentation Slides: Natural Gas Pathways
and Fuel Economy Guide Comparison

Bob Wimmer, Toyota

Toyota estimation

Natural Gas Pathways
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Slide Presentation: Hydrogen Generator Appliance

Gus Block, Nuvera Fuel Cells

PowerTap Retail Automotive (2015)

Small Simple

Silent Scalable

High Fuel
Efficiency Quality

Potential Assurance
Low Cost

Potential

Nuvera PowerTap™ GENIIl+ Hydrogen Generator Appliance
250kg/day Ultra-High Purity Grade H, Capacity, 800-bar Output
Target Footprint Dimensions: 12'Lx6'W

' NUVERA

FULL CELLE Muvera Fusl Cells, Billerica, USAis 50 8001: 2008 certified
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