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Alternative Natural Gas
Applications Workshop:

Creating a Prosperous
Demand Market

1. Executive Summary

The American Institute of Chemical
Engineering (AIChE) Center for Energy
Initiatives, along with Savannah River
National Laboratory (SRNL) and the National
Energy Technology Laboratory (NETL),
organized a workshop entitled “Alternative
Natural Gas Applications Workshop: Creating
a Prosperous Demand Market,” conducted on
October 8 and 9, 2014, at the Hilton Hotel in
Alexandria, Virginia. The objective of the
workshop was to identify both high impact
applications for increased utilization of natural
gas (NG) and related technology gaps.
Participants included 71 key representatives
from industry, academia, national labs, and
the Department of Energy (DOE). Invited
speakers and panelists included
representatives from Shell, Dow, Honeywell-
UOP, Air Products, Gas Turbine Association,
Fuel Cell Energy, Sasol, Chrysler, Toyota,
Ford, Bayer, Braskem, Ashland Inc.,
University of South Carolina, Exxon, Global
CCS Institute, Trillium CNG, and DOE. This
report provides a summary of the workshop
results for each of the three market sectors.

This workshop was the first to focus
comprehensively on creating a
prosperous demand for natural gas
utilization. The workshop covered the three
market sectors - Transportation, Chemical
Synthesis, and Stationary Energy Generation
- that could potentially provide significant
energy efficiency gains and reductions in
greenhouse gas (GHG) emissions with
increased NG utilization. The workshop
addressed this scope by involving
industry, academia, and national labs
who are engaged in each of the three

market sectors. The workshop involved
both cross cutting sessions and market
sector focused sessions, seeking to

= |dentify the current and highest
impact alternative uses of natural
gas

» |dentify the technology gaps
associated with each major NG
alternative application

= Determine the roles for the
government as well as the private
sector for the RD&D

= Begin the development an integrated
RD&D roadmap for advanced NG
applications

The overall goal was to provide important
input to decision makers and
stakeholders in advancing NG utilization
in an economically and environmentally
sustainable way.

Transportation

Even though NG accounts for 26 percent of
total U.S. energy consumption, only about
three percent of the NG consumed annually
in the U.S. is used for transportation. The
fastest growing market is fueling for heavy
duty (HD) and medium duty (MD) trucks,
buses, and commercial fleets. This market is
expected to grow from 30 billion cubic feet
(bcf) of gas consumed in 2012 to 850 bcf by
2040. Other areas of anticipated expansion
are the marine, rail, and mining industries.

Major difficulties in the use of NG for
transportation include a combination of
regulatory and technical issues. Some of the
regulatory obstacles include inconsistent
taxes and credits for NG use at the local,
state, and national levels, as well as
inconsistent regional refueling and
infrastructure standards. The availability of
NG refueling stations continues to be an
impediment with only 750 compressed
natural gas (CNG) and 65 liquefied natural
gas (LNG) stations currently operating in the
U.S., compared to over 150,000 gasoline
stations.
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Key technical challenges involve storage,
engine technology, and infrastructure.
Storage needs include development of lower
cost composite tanks and tank materials, and
the pursuit of conformal tanks, with low-
pressure/adsorbent technology. Engine
technology needs include development of
higher temperature materials and lubricants
as well as new internal combustion engine
technologies such as lean burn, compression
ignition, methane oxidation catalyst,
Reactivity Controlled Compression
Ignitionand adaptive controls, along with dual
and tri-fuel engines. Infrastructure needs
include lower cost, higher efficiency
compressors; faster full fill capability including
heat of compression dissipation designs; and
home refueling options.

The major roles of government are to (1)
develop consistent federal and state policies
for using NG as a transportation fuel; (2) use
the national laboratories to help provide data
to support good market driven decisions; and
(3) coordinate individual stakeholders, both
for the short- and long-term, to address and
overcome the technical gaps.

The National Energy Goals and Presidential
Climate Action Plan call for a 50 percent
reduction in oil imports and 17 percent
reduction in GHG emissions by 2020.

Natural gas, as a transitional fuel, can play a
maijor role in helping to achieve these targets,
either by direct use or by aiding the
transformation to hydrogen, electricity, or
higher energy liquid fuels.
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Chemical Synthesis

With current domestic NG prices low, U.S.
producers have turned towards “wet” gas
reserves in an effort to capitalize on an
emerging energy and feedstock source and
maximize profit. The trends in NG production
have resulted in a surplus of ethane, while
petrochemical refining trends have resulted in
shortages of propylene, butadiene, aromatics
and pentanes.

The fastest growing NG chemical synthesis
and utilization market is the downstream
derivatives sector. Areas of consideration for
technological expansion that would further
the chemical synthesis and utilization sector
are new chemical processes focused on
direct conversion to the desire products and
new separation technologies circumventing
conventional, energy intensive distillation
methods (i.e. membranes).

The major obstacles affecting the use of NG
as a source for chemical feedstocks include a
combination of regulatory and technical
concerns. The regulatory barriers include
streamlining the regulatory process and
developing a rationalized regulatory
framework, including a comprehensive
energy policy.

The largest technical road blocks were
identified with associated time frames. For
short term implementation, R&D should
address selective C-H bond deviation, capital
cost reduction for syngas production,
selective building of C-C bonds, and
membrane-based separations. For the long
term, R&D should address direct catalytic
conversion of C1-C2 (non-syngas routes),
selective methane activation (C-H bond), and
development of cost effective high
temperature materials (>1300° C) enabling
CH4 pyrolysis.

The suggested role of government is to
develop technical roadmaps and to steward a
sustained long-term effort to enable Industry,
academia, and national lab partnerships. The
government should also provide basic R&D
funding, promote workforce development,
and rationalize the regulatory framework.



Stationary Energy Generation

The current system for generating and
delivering electricity consists primarily of a
fuel-to-electricity model where coal, natural
gas combined cycle (NGCC) and nuclear
plants are used as the energy sources,
followed by transport across the U.S. grid via
transmission and distribution (T&D) networks,
and finally to the end-user. The baseload
generation is complemented by spin reserves
such as simple-cycle natural gas turbines that
provide additional capacity during peak
hours, as well as, ancillary services such as
voltage regulation, load following and system
protection, etc. The primary benefit of the
chemical fuel-to-electricity centralized
approach is the cost and efficient
improvements at scale. For example, a state-
of-the-art 510 MW NGCC plant can have
electrical efficiencies on the order of 51-55%
on a higher heating value (HHV) basis’. In
contrast, smaller simple cycle gas turbines
with a capacity of 1-10 MW have electricity

1

http://www.netl.doe.gov/kmd/cds/disk50/NGC
C%20Technology 051507.pdf; Accessed on
March 20, 2015.
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generation efficiencies of roughly 21-29%
HHV?,

While the current approach for stationary
energy generation provides some key cost
and efficiency benefits at scale, there are
some significant disadvantages related to
emissions and energy security that arise from
the continued use of these technologies
without further advances in the technology.
Currently, 7% of all electricity generated in
the U.S. is lost during T&D which results in
218 million tons of CO, emissions and $25
billion in lost revenue®*. Also, using a
centralized approach increases the
vulnerability of those resources to natural
disasters and terrorist attacks including cyber
attacks, as indicated in the 2013
Congressional report, “Electric Grid
Vulnerability: Industry Responses Reveal
Security Gaps”. Finally, the centralized
approach does not lend itself to allowing an
increase in the integration of renewable
energy technologies that will be required to
meet future emission reductions.

The challenges associated with the
centralized power generation approach from
‘prime movers’ indicate the potential for

2 “Catalog of CHP Technologies,” U.S.
Environmental Protection Agency Combined
Heat and Power Partnership (2008).

3

http://www.eia.gov/tools/fags/faq.cfim?id=77&t
=11; Accessed on March 20, 2015.

* Calculation assuming 1.67 Ibs. of CO,/kWh
(average of coal and NG) and retail electricity
price of $0.10/kWh.

® “Electric Grid Vulnerability: Industry
Responses Reveal Security Gaps,”
http://democrats.energycommerce.house.gov
[sites/default/files/documents/report-electric-
grid-vulnerability-2013-5-21.pdf (2013);
Accessed on March 20, 2015.




significant benefits when shifting to
distributed generation (DG) approaches.
Currently, there are over 12 million DG units
in the United States with a capacity totaling
greater than 200 GW®; however, the majority
exist as backup generators that are
infrequently operated. Yet, increased DG in
the U.S, would have multiple benefits,
including peak load reduction, reactive power
and voltage support, reduced T&D
congestion, improved power quality and
reduce grid vulnerability. Another key benefit
of DG is the ability to utilize waste heat
generated in the process of converting
chemical energy to electricity, a.k.a.,
combined heat and power (CHP). Combined
heat and power has the potential to increase
efficiency of these generation systems to
greater than 80% percent at residential
homes, commercial businesses and industrial
facilities’.

Current DG technologies that could show
significant benefits from increased NG
utilization include micro-turbines, gas turbines
and fuel cells. Each of these technologies
has specific technical barriers that could

® “The Potential Benefits of Distributed
Generation and Rate-Related Issues that
May Impede their Expansion,” U.S.
Department of Energy (2007).

" “Combined Heat and Power: A Clean
Energy Solution,” U.S. DOE and EPA (2012).
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prohibit the expansion in stationary power
generation. However, there are common
challenges such as the need for high
temperature ceramics that would suggest a
national initiative into these material types.
Additionally, there are ancillary benefits such
as CHP and Polygen that would make
considerable contributions in overall system
efficiency and economic value.

The increased supply of domestic natural gas
has led to increased sales of land-based gas
turbines for power generation as both prime
movers and DG. A substantial investment in
associated R&D is needed for the U.S. to
build on these gains. For NG-fueled turbines,
major technical areas requiring attention are
combustion, heat transfer, high temperature
materials, and thermal barrier coatings.

For fuel cells, reliable, resilient, distributed
power generation is an emerging market
where NG has a demonstrated advantage for
use as clean fuel. Solid oxide fuel cell
(SOFC) technologies can efficiently utilize NG
in CHP (combined heat and power) and
electricity generation at scales ranging from
small commercial to large, distributed
generation. The technical gaps for fuel cells
include deployment of a clean and efficient
energy conversion system such as SOFC
and development and deployment of oxygen
transport membranes (OTMs). Technology
development areas include functional
ceramics and membranes, catalysts, and
robust filtration processes. Viable means of
extending the lifetimes and reducing the
materials and manufacturing costs of fuel
cells are needed. Greenhouse gas (GHG)
emissions mitigation is an uncertain factor.
Current proposed regulations exempt NG
generation from counting towards emission
reduction goals, but if GHG mitigation goals
are to be reached, eventually, regulations will
require mitigation from DG sources,
especially NG-fired sources.

If NG gas turbine or fuel cell technologies are
to reach their potential for near-zero GHG
emissions, carbon capture and sequestration
(CCS) will be required. CCS requires an
R&D program to develop capture
technologies specific to natural gas-fired



systems. DOE is actively funding coal-
focused R&D for CCS, but it should also
consider funding natural gas-focused CCS
R&D to overcome the differences in flue gas
content.

Cross-cutting R&D should focus on integrated
basic science programs designed to help us
understand thermal barrier coatings and high-
temperature materials. These technologies
are complimentary in nature, so integrated
research is required.

Cross-cutting areas of expansion, including
CHP and Polygen (in which value added
products, in addition to electric power are
produced), were also identified. Polygen
includes production of oxygen plus power,
production of CO, for enhanced oil recovery
plus power, and production of hydrogen plus
power and CO,.

Current state regulations and policies make it
difficult to connect CHP to the utility grid and
should encourage and/or incentivize utilities
to invest in or support CHP. State-wide
energy efficiency goals or air emissions
regulations coupled with monetizing the CHP
benefit could drive the adoption of CHP while
reducing the costs for the customer.

Government funding for NG-fueled turbines
R&D is needed in order to maintain the
current U.S. competitive advantage. For
SOFCs, the government should support
development of programs to attack the key
technical problems associated with
implementing the fuel cell technology in next
generation systems. Overall, the federal
government should fund R&D beyond the
near-term five-year vision, along with
demonstration projects that validate efficient
and cost-effective technologies. Stationary
power programs for natural gas should
develop and demonstrate cost-effective GHG
reduction strategies related to NG stationary
power generation (all technologies - gas
turbines, fuel cells, and CCS) with parallel
targets for reduction over time.
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2. Workshop

The Savannah River National Laboratory and
NETL teamed together with the United
Engineering Federation and the American
Institute of Chemical Engineering-Center for
Energy Initiatives to organize a workshop
entitled “Alternative Natural Gas Applications
Workshop: Creating a Prosperous Demand
Market”, conducted on October 8 and 9, 2014
at the Hilton Hotel in Alexandria, Virginia.
The objective of the workshop was to identify
both high impact applications for increased
utilization of natural gas and related
technology gaps. Participants included 71
key representatives of industry, academia,
national laboratories, and the U.S. DOE.

Invited speakers and panelists included
representatives from: Shell, Dow, Honeywell-
UOP, Air Products, Gas Turbine Association,
Fuel Cell Energy, Sasol, Chrysler, Toyota,
Ford, Bayer, Braskem, Ashland Inc.,
University of South Carolina, Exxon, Global
CCS Institute, Trillium CNG, and DOE. The
workshop focused on three market sectors:
Transportation, Chemical Synthesis, and
Stationary Energy Generation. The first day
of the workshop comprised keynote
presentations and panel discussions with
invited speakers who provided answers to
questions concerning technical gaps
impeding future deployment of natural gas.
The agenda on the following day was
comprised of three break-out sessions, one
for each technical topic, in which the experts
and interested participants discussed the
previous day’s talks and addressed specific
questions developed to identify the remaining
technical gaps and the role of government in
helping industry close them. This report
provides a summary of the workshop and the
break-out session results for each of the
three market sectors. This document is
provides input for a technical roadmap to
more effectively utilize the abundant natural
gas currently available in the U.S. market.

The workshop program book, including the
agenda, is in the Appendix A.3. The
workshop began with a welcome and
presentation of meeting objectives (Appendix



A.4.1) by workshop chairmen Don Anton of
Savannah River National Laboratory and
Bryan Morreale of NETL. Keynote
presentations were provided by Nick Jones
(Exxon), Monty Alger (Penn State), and Frank
O'Sullivan (MIT). Workshop participants are
listed in Appendix A.1.

21  Keynote Presentations
211 Nick Jones

Nick Jones, an Exxon Energy Advisor,
presented "The Outlook for Energy — a View
to 2040" (Appendix A.4.2.1), discussing how
much energy will be needed, where it will be
needed, and the related sources. He stated
that efficiency is key to meeting future energy
demand and projected that most U.S. growth
in natural gas utilization will be in electricity
generation.

Dr. Jones pointed out that NG fuel cost
savings for transportation are exceeded by
increased vehicle costs, but are nearly equal
to that of heavy transportation, and the key
issue for transportation is the fueling
infrastructure. Because of high investment,
NG is expected to be sold under long-term
contracts versus highly variable spot markets.

2.1.2 Monty Alger

Monty Alger, director of the Institute for
Natural Gas Research at Penn State
University, presented (Appendix A.4.2.2) a
perspective on market data, technology, and
policy related to the increased availability of
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natural gas. He encouraged investment in
projects with direct financial return including
power generation, novel supply chain
investments, and residential and industrial
conversion. Dr. Alger also pointed out risks
associated with the unknown, including the
long-term price of natural gas, regulation of
emissions and water usage, and high capital
risk. He identified needs for coordinated
supply chains; transportation fuel
infrastructure; and technologies to produce
gas to liquid fuels, hydrogen, compressed
natural gas, liquid natural gas, and dimethyl
ether.

2.1.3 Frank O'Sullivan

Frank O'Sullivan of MIT presented "U.S.
Natural Gas — A Decade of Change and the
Emergence of the Gas-Centric Future"
(Appendix A.4.2.3). Dr. O'Sullivan stated that
unconventional natural gas and oil have
fundamentally altered our perspective on

Pore Size in Shale

supply and price. (Natural gas produced from
shale now represents 50 percent of U.S. NG
production). He also said that we do not fully
understand the physics of shale gas
production and projected that NG will
dominate the building of fossil units going
forward due to carbon limits.

2.2 Panel Discussions

Panel discussions were conducted for each
of the three workshop focus areas. Industry



experts provided related perspectives then
discussed specific questions of interest.

2.21 Stationary Energy Generation

The stationary energy panel leader was
Professor Kevin Huang from the University of
South Carolina. Panelists were Michael F.
Carolan (Air Products), Bill Day (Gas Turbine
Association), Ron Munson (Global CCS

Institute) and Pinakin Patel (FuelCell Energy).

Related presentations are provided in
Appendix A.4.3.1.

2.2.2 Transportation Energy Generation

Dr. Donald Anton of Savannah River National
Laboratory led the Transportation discussion
which opened with a featured speaker,
Ruben Sarkar from the Department of
Energy. Panelists included Allen Aradi
(Shell), Dan Bowerson (Chrysler), William
Chernicoff (Toyota), Jim Coleman (Ford),
Joseph Rende (Trillium CNG), and Ned
Stetson and Kevin Stork (U.S. DOE).
Presentations given during this discussion
are presented in Appendix A.4.3.2.

2.2.3 Chemical Synthesis

Dr. Bryan Morreale of the National Energy
Technology Laboratory led the Chemical
Synthesis panel discussion. A featured
speaker presentation was provided by Billy
Bardin (Dow Chemical Company). Panelists
were Paul Barger (UOP-Honeywell), Jan
Boshoff (Sasol), Peter Dias (Braskem), Joe
Fox (Ashland), Mike Gallagher (Bayer),
Jonathan McConnachie (Exxon), and Brien
Stears (Dow Chemical Company).

3. Round Table Discussions

The second day of the workshop consisted of
roundtable discussions in each of the three
focus areas. Prior to the workshop,
participants were provided with
questionnaires (see Appendix A.2) covering
topics of interest. These questionnaires were
also used to guide the round table
discussions.
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3.1 Stationary Energy Generation

The focus of the Stationary Energy
Generation workshop session was to identify
opportunities to better utilize natural gas
feedstock to decrease dependence on
conventional centralized power generation
technologies that could also potentially
reduce grid vulnerabilities, increase
renewables integration while significantly
lowering GHG emissions. Summary slides
presented by the Stationary Energy
Generation Round Table group are in
Appendix A.4.4.1.

3.1.1 Areas for Expansion

Areas for expansion in stationary power
include gas turbines and fuel cells which are
complementary versus competing
technologies. These two sectors are
advancing on different time scales. The gas
turbine industry is established, and will grow
from a large base, while the stationary fuel
cell industry is not as established and will
grow slowly given appropriate economic
conditions. The capital invested in gas
turbine infrastructure precludes easy
replacement of gas turbines with fuel cells.
The size of installation makes a great
difference as well in terms of how gas
turbines compete with fuel cells (smaller
applications) because fuel cells are very
efficient at small sizes and right sized for DG
applications.

The increased supply of domestic natural gas
has greatly advanced the U.S. manufacture
of gas turbines. However, maintaining or
increasing these gains will require a
substantial investment in associated R&D.
The major variable is U.S. government
support of increased R&D funding. If it does
not happen, the share of the Natural Gas
Combined Cycle market filled by US-based
manufacturers is projected to drop from the
current 84 percent to 42 percent by 2037 with
36,000 fewer U.S. jobs by 2035. One area of
recommended research is improved
efficiency for combined cycles.

Reliable and resilient distributed power
generation is an emerging market where NG



has a demonstrated advantage for use as
clean fuel. Technologies such as SOFC can
efficiently utilize NG in CHP and electricity
generation at scales ranging from small
commercial to large distributed generation.

Siemens/Westinghouse 220 kWe Pressurized
SOFC/GAS Turbine Hybrid System

Cross-cutting areas of expansion, including
CHP and Polygen (where products, in
addition to electric power, are produced),
were also identified. Polygen includes
production of oxygen plus power, production
of CO, for enhanced oil recovery plus power,
and production of hydrogen plus power and
CO..

3.1.2 Major Players

The major commercial players in this section
are not meant to be a comprehensive listing,
but only a general characterization of the
current market. More comprehensive and
current listings of vehicle manufacturers and
users can be found at industrial organizations
such as Gas Turbine Association, American
Gas Association, or the Fuel Cell and
Hydrogen Energy Association.

For NG Turbines:

* The major players in NGCCs are US-
based manufacturers GE, Siemens
and Alstom; and Japanese supplier
Mitsubishi Heavy Industries (MHI).
For smaller gas turbines (< 5-10
MW4,) which are often used in simple
cycle or combined heat & power
applications the major players are GE,
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Rolls-Royce, Solar Turbines (part of
Caterpillar) and PW Power Systems
(part of MHI).

For Fuel Cells:
* Bloom Energy, FuelCell Energy, LG
Fuel Cell and GE Fuel Cells

CCS:
e Mitsubishi and Cansolv

Polygen Suppliers:
* Air Products; Praxair

3.1.3 Regulatory and Policy Barriers

Greenhouse gas mitigation is an important
factor in the future growth of the NG for
stationary energy generation. Current
proposed regulations do not recognize the
advantages NG generation, but if GHG
mitigation goals are to be reached,
eventually, regulations will require mitigation
through NG-fired sources. The interim period
where NG is not subject to GHG regulations
provides an ideal time for R&D targeted at
reducing costs for carbon capture, utilization,
and storage so that industry will be ready to
comply once regulations are introduced. This
is a persistent problem and the cost of solving
it will only increase over time.

Current state regulations and policies make it
difficult to connect CHP to the utility grid and
should encourage and/or incentivize utilities
to invest in or support CHP. State-wide
energy efficiency goals or air emissions
regulations coupled with monetizing the CHP
benefit could drive the adoption of CHP while
reducing the costs for the customer.

3.1.4 Technical Barriers

Maijor technical barriers related to NG
turbines are combustion, heat transfer, and
materials for thermal coatings. The overall
efficiency goal requires addressing all three
barriers.

Technical gaps for fuel cells include (1)
deployment of clean and efficient energy
conversion systems such as SOFCs, (2)
development and deployment of OTM, and
(3) reclamation of water used during NG



extraction. Technology development areas
include functional ceramics and membranes,
catalysts, and robust filtration processes.

Another barrier is the lack of low cost carbon
capture. DOE is actively funding coal-
focused CCS R&D but should consider
funding natural gas-focused CCS R&D to
overcome differences in flue gas content.
Demonstration would alleviate some of the
risks associated with the technology.

Primary technical gaps in terms of GHG
mitigation involve development of cost-
effective capture technologies that have been
demonstrated at scale. (Cost and energy
penalty associated with carbon capture).
Cost targets for 2025 $40/tonne. (Cost is
based on the use of the CO, being enhanced
oil recovery but not really understanding the
market value).

Demonstration would alleviate some of the
risks associated with the technology. Fuel
cells can produce quality CO, streams but
that needs to be proven so demonstration
could benefit technology. DOE goal is 90%
CO, with no increase in COE greater than
30%. Current technology requires 1/3 of
energy for CO, extraction/separation with
greater than 80% increase in COE.

The top three technical priorities were
considered to be:

1. Develop more efficient NG systems for
gas turbines and fuel cells with a 20
percent advantage (capital expense and
operating expense) over competing
technologies

2. Develop cost-effective strategies for
greenhouse gas reduction specific to NG
utilization with parallel regulatory targets

3. Emphasize parallel and complementary
technologies such as thermal barrier
coatings and membranes

3.1.5 Needed Science or Engineering
Research and Development

The workshop also identified programs that
should be expanded to address the technical
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gaps. The Gas Turbine Association pointed
out that the Tonko Bill would provide funding
sufficient to enable 64 percent of U.S.-based
NGCCs to go on line by 2022 and 67
percent by 2027. This House bill was
introduced in November 2013 and will be
reintroduced with the next congress
requesting $50MM/yr. for 7 years ($350MM
total), which would support major component
testing.

Viable solutions are needed to extend the
lifetime and reduce the materials and
manufacturing costs of fuel cells; for example,
a SECA Core Program — basic research to
understand ceramic membrane structural
changes.

Commercialization of the technology is
currently in sync with the national emphasis
on enhancing manufacturing ability and
increasing employment.

Cross-cutting R&D should focus on integrated
basic science programs developed to
understand thermal barrier coatings and high-
temperature materials. These technologies
are complimentary in nature, so integrated
research is required.

A CCS R&D program is needed to develop
capture technologies specific to natural gas-
fired systems. This program should be
focused on accelerating the development of
technologies tailored to the unique
characteristics of natural gas derived flue
gases such as lower CO, concentrations and
lower contaminant concentrations.

The need to extend life-cycle analyses for NG
utilization technologies is critical. For
example, studies on the energy-water nexus
need to show how NG utilization for
stationary power generation affects water
utilization.

3.1.6 Suggested Role of Government

DOE Fossil Energy Program and NETL would
be the government facilitating office in the
proposed Tonko Bill which would address the
R&D needs of the gas turbine technologies.



The government should continue to support
development of programs to attack the key
technical problems associated with
implementing fuel cell technology in next-
generation systems. These programs should
fund R&D beyond the near-term vision (i.e., 5
year horizon) along with demonstration
projects for efficient and cost- effective NG
utilization for stationary applications. An
example for Polygen is to gain market
confidence and acceptance and de-
carbonized fuel demonstration projects.

Public—private partnerships under the
guidance of federal/ state government,
university research and industrial participation
at the R&D and demonstration level should
be examined. National laboratories will play
key roles in developing big science and
engineered systems for accelerating
deployment.

Fuel Cells and Hydrogen for Greater
Sustainability Using Natural Gas

3.1.7 Metrics

Stationary power programs for natural gas
should develop and demonstrate cost-
effective GHG reduction strategies related to
NG Stationary Power Generation for all
technologies with parallel targets for
reduction over time. A goal could be to
demonstrate a 20 percent improvement
(CAPEX and OPEX) over current state of the
art, which will enable further capital
investment.
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3.2  Transportation

Even though Natural Gas (NG) accounts for
26% of the total U.S. energy consumption,
only about 3% of the NG consumed annually
in the U.S. is used for transportation, whereas
petroleum accounts for 92% of the energy
consumed each year in transportation. By
taking advantage of our increased domestic
supplies of NG as a transportation fuel, the
US could drastically reduce its dependence
on imported petroleum. This course of action
would not only have the potential economic
benefit of creating more U.S. jobs, but also
help reduce the trade deficit and enhance
overall national energy security. Summary
slides presented by the Transportation round
table group are in Appendix A.4.4.2.

3.2.1 Current Uses

Natural gas fueled vehicles today are
primarily heavy duty trucks where the current
low cost of fuel justifies the investment to
modify the engine to efficiently utilize natural
gas. Refueling can be accomplished either at
a fleet refueling site or at strategically located
interstate refueling sites which form
transportation corridors.

3.2.2 Potential Areas of Expansion

The fastest growing NG Transportation
market is direct fueling for Heavy Duty (HD)
and Medium Duty (MD) Trucks, Buses, and
commercial fleets. Below are projections for
the near-term NG vehicle market:
e HD Class 8 — largest use (10% of HD
sales by 2020)

¢ Refuse Haulers = 40-50% of new sales

10



e Transit (Buses) = 30-40% of new sales

e Light Duty (LD) Commercial: no current
market (5 to 10+ yrs.)

e LD Fleets/Taxis: have good potential for
continued growth.

Even though Light-Duty (LD) vehicles make
up approximately 60% of the total vehicle
market, natural gas penetration will be slow
except in certain fleet vehicle applications.
This is due primarily to a lack of refueling
infrastructure and the volume of CNG storage
in smaller vehicles. Automotive OEMs mostly
rely on 2nd tier manufacturers and qualified
vehicle modifiers (QVM) to provide small
quantities of NG vehicles, mostly to fleet
operators.

The market for HD/MD vehicles, which
represent 22% of the vehicle market, is
different. This is the fastest growing sector
for NG use and is expected to grow from 30
bcf on gas consumed in 2012 to 850 bcf by
2040.

Other areas of future expansion are in
Marine, Rail and Mining Operations. Diesel
exhaust regulations, especially near metro
area has allowed several NG niche
applications such as fishing and tug boat
fuels to gain some traction along with
shipping terminal cargo moving vehicles.

The pathways identified in this workshop for
enhancing the use of NG as a transportation
fuel include development of the following
technologies:

e Direct Fuel (CNG, LNG)

e NG to Electricity (Battery Electric
Vehicles — BEV)

e NG to Hydrogen (H2 Fuel Cell Vehicles
—H2 FCV)

e NG to Liquid Fuels (ICE and Hybrids).
3.2.3 Major Players

The major commercial players in this section
are not meant to be a comprehensive listing,
but only a general characterization of the
current market. More comprehensive and
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current listings of vehicle manufacturers and
users can be found at such industrial
organizations such as Natural Gas Vehicles
America, NGVA.

e Commercial Heavy Duty Vehicle
markets include: OEMs like PACAR,
Daimler, International, and Volvo;
qualified vehicle modifiers (QVM)
including BAF, IMPCO, Westport and
Landi; and commercial customers as
well as shippers such as Swift, UPS,
Frito Lay, P&G, and J.B. Hunt.

e The Mid Duty Vehicle market includes
automotive OEMs such as Ford and GM
who market primarily through QVMs.
Customers for Mid Duty are composed
mostly of fleet vehicles such as refuse
companies (e.g. Waste Management)
and municipal transit markets in areas
in New York; Washington, DC;
Richmond, VA(?); and Cleveland,
OH(?).

e Light Duty Vehicles, also run through
fleet operations, are supplied by Honda,
Chrysler with GM, and Ford through
QVMs.

¢ NG Suppliers include: Shell, Exxon,
Chevron, BP, and NG Utilities such as
Atlanta Gas Light and Southern
California Gas Company.

e NG Fueling Station Investors include:
Trillium CNG, TruStar Energy, Clean
Energy, and ANGI International

3.2.4 Technical and Regulatory Barriers
(Regulatory and Externalities)

The major difficulties affecting the use of NG
in transportation include a combination of
regulatory and technical issues. Some of the
regulatory issues involve inconsistent taxes
and credits for NG use at the local, state, and
national levels, while others involve
inconsistent regional refueling and
infrastructure standards. The unavailability of
NG refueling stations continues to be an
obstacle, with only about 750 CNG and 65
LNG stations currently in the U.S., compared
to over 150,000 gasoline stations. The cost
discrepancy between LNG and CNG is
another issue. LNG not only has higher
associated processing and delivery costs but
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also is often taxed at higher rate based on
being a liquid fuel. In addition, NG’s lower
combustion efficiency and the much lower
volumetric energy density (compared to

gasoline) are major issues for LD vehicles.

3.2.5 Magnitude of Technical Gaps

The top technical gaps for NG utilization in
vehicles revolve around:

e Compact, lower cost, and more efficient
on-board storage

e Improved fuel economy and engine
efficiencies

e Lower cost and higher rate refueling
stations

3.2.6 Level of Technical Gap Impact

The near-term impact of the technical gaps is
believed to be small compared to the impact
of inconsistent state and federal regulatory
policies. However, in the long-term improving
both the storage and engine efficiency of NG
HD and MD vehicles will be critical if NG will
eventually supplant today’s diesel fleets.
Technology improvements to improve the
delivery rate and cost of NG refueling stations
to match the current expectations from diesel
stations will also be needed.

3.2.7 Role of Government

The major roles by the government in
transportation include: 1) developing
consistent federal and state policies for NG
as a transportation fuel, 2) using the National
Labs (NLs) to help provide data to support
good market driven decisions, and 3) using
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the NLs, Universities, and Industry to help
address and overcome the technical gaps,
both for the short- and long-term.

3.2.8 Priority of Technical Gaps

Some of the goals and challenges related to
the technical gaps involve the following:

e NG Storage

o Develop lower cost composite tanks
and tank materials

o Pursue conformable tanks, with
absorbent/low-pressure technology

e Engine Technology

o Develop higher temperature
materials/lubricants

o Examine new ignition technologies
(lean burn technologies, methane
oxidation catalyst, RCCI, adaptive
controls, dual and tri-fuel engines)

e Infrastructure

o Pursue lower cost, higher efficiency
compressors

o Examine faster fill options, including
heat of compression dissipation
designs

o Evaluate home refueling options
3.2.9 Metrics

The National Energy Goals and Climate
Action Plan call for a 50% reduction in oil
imports and 17% reduction in GHG emissions
by 2020. Natural gas as a transitional fuel
can play a major role in helping to achieve
these targets either by direct use or by
transformation to hydrogen, electricity or a
higher energy liquid fuel.

3.3  Chemical Synthesis

The focus of the Chemical Synthesis and
Utilization workshop session was to identify
opportunities to better utilize natural gas
feedstock to decrease dependence on
conventional petrochemical routes toward the
development of a variety of beneficial end
use products. Summary slides presented by
the Chemical Synthesis Roundtable group
are in Appendix A.4.4.3.
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3.3.1 Current Uses

Low domestic natural gas (NG) prices have
prompted U.S. producers to consider “wet”
gas reserves in an effort to capitalize on an
emerging energy and feedstock sources and
maximize profits. During this time, crude oil
refining has been relatively flat while natural
gas processing plants have accounted for an
increase in nearly 75 percent of NGL
production from 2008 to 2014. NG
production trends have resulted in a surplus
of ethane, while petrochemical refining trends
have resulted in shortages of propylene,
butadiene, aromatics, and pentanes.

The current pathways for NG use in

chemical synthesis and utilization include:

e Continued dominance of ethane
cracking.

e Maturation of technologies focused on
the production of propylene, butadiene,
and aromatics through affordable NG.

What will success look like three years
from now?

e Successfully scaled pilots of one-to-
three economically viable processes.

e A prioritized research agenda for
federal resources in which research
efforts could have the greatest impact.
Also, development of a timeline and
identification of steps to accomplish the
plan.

e Concrete DOE policies for supporting
R&D to enable further/broader
utilization of NG in the chemical
industry.

3.3.2 Potential Areas of Expansion

The fastest growing NG chemical synthesis
and utilization market is the downstream
derivatives sector. Global demand for
ethylene and propylene is expected to
increase at five percent per year. Market
segments for “on purpose” manufacturing of
C3+ hydrocarbons are projected to fill the
gaps developed from steam cracking of
ethane. Areas of consideration for
technological expansion that would further
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the chemical synthesis and utilization sector
are as follows:

¢ New chemical routes/processes
focused on direct conversion to desired
products (i.e., direct conversion of
methane to methanol).

¢ New separation technologies
circumventing conventional, energy
intensive distillation processes (i.e.,
membranes).

What is the value proposition in
capitalizing on NG?

e Profound economic development with
renewed U.S. manufacturing of durable
goods, packaging, pipes, nonwoven
fibers, etc., based on polymers derived
from NGLs.

e U.S. energy security with geopolitical
benefits.

e Economic security for future
generations.

e A return to a manufacturing-based
economy that provides good paying
jobs and a strong service sector that
provides services to manufacturers.

3.3.3 Major Players

The entire value chain, from resource
production through final product sales, can
benefit from a robust downstream market
capable of consuming NG at rates consistent
with production.

e Producers (ExxonMobil, Chesapeake
Energy, Anadarko)

e U.S. gas processors (Spectra Energy
Corporation, Enterprise Products
Partners LP, ExxonMobil, Targa
Resources Partners, and Williams
Partners LP) operate over 530
processing units.

e Transportation, storage, and fractioners
(Kinder Morgan, Dow, Formosa, Shell,
Chevron)

e Petrochemical derivatives sector
(MarkWest, Braskem, Dow, Chevron,

13



Oneok, Bayer, Ashland, and multiple
others)

e Catalysts and alternative methods
(UOP/Honeywell, BASF, JM, INECS,
Sasol, Siluria)

Megawatt-class Distributed power Generation
Solutions

3.3.4 Technical and Regulatory Barriers
(Regulatory and Externalities)

The major obstacles affecting the use of NG
as a source for chemical feedstocks include a
combination of regulatory and technical
concerns.

The regulatory barriers
e Streamlining the regulatory process

e Developing a rationalized regulatory
framework including a comprehensive
energy policy

What are the largest technical
roadblocks?

e 5Years
o Selective C-H bond deviation
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o Capital cost reduction for syngas
production

o Selective building of C-C bonds
o Membrane-based separations

e 20 Years

o (Direct) catalytic conversion of C1-
C2 (non-syngas routes)

o Selective methane activation (C-H
bond)

o Development of cost-effective
high-temperature materials
(>1300°C) enabling CH4 pyrolysis.

3.3.5 Magnitude of Technical Gaps

Successful development of a robust
downstream NG market is hindered by
several technical gaps. Some of the most
significant technical gaps for NG chemical
synthesis identified by industry leaders
revolve around:

o Efficient separation technologies for
intensive distillation processes.

e Direct, selective conversion of NG.
e Process intensification.

e The challenges of building small
chemical production facilities due to the
lack of market demand for stable end
products.

¢ The potential of biological,
electrochemical, and several other
processes to disrupt this environment.

e A need for better project economics —
capital costs to build NG chemical
synthesis facilities are too high (typically
a 30 to 50 year investment). For
example, $10B is needed to convert an
existing facility, and between $20B and
$25B is needed to build a new plant.
Financing these projects is very difficult.

e Completion of a (cradle to grave) life-
cycle assessment when developing a
project.

¢ NG chemical facilities require a larger
footprint than conventional crude oil
facilities.
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e High investment risks (both financial
and technical) are incurred by the
developer. A means of reducing
investor risks must be found.

¢ Quantifying the impact of siting projects
(near well head versus near
marketplace or transportation hub).

e The industry needs to analyze the
economic benefits of building small
versus large plants (scalability).

¢ Improving efficiencies throughout the
process is critical for obtaining
technology breakthroughs.

¢ Need to explore private/public
partnerships. Industry no longer has the
resources to conduct all of the research.

e The development of qualified personnel
to support R&D efforts in this area can
be a constraining factor. The education
of new scientists in this area is a
prerequisite for greater global
competitiveness.

3.3.6 Level of Technical Gap Impact

The technical gaps are being reduced in the
near term because the United States is
currently one of the lowest cost producers of
NG. In addition, several new NG processing
plants (feedstock and product driven) are
expected to come online over the next five
years, increasing overall U.S. capacity.
Longer-term goals may include building larger
plants to produce durable goods such as
polystyrene, polypropylene, and polyethylene,
and expanding into the international space by
exporting more products abroad. Successful
development of new technologies to improve
overall plant operating efficiencies will require
significant R&D. A deeper investigation of
infrastructure and plant operation
improvements may also be warranted. The
industry goal is to drive down the costs to
build new plants and stabilize the demand for
end products. The ultimate goals are to
decrease consumer costs over time and
achieve greater U.S. energy independence.

How do you see low-cost NG impacting
future chemical/synfuels production?
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5 Years

o

Displacement of oil-based
polymers by NG-based polymers.
No immediate impact (NG will
continue to replace coal).

Build chemical plants (abundance

of construction jobs and more
capital expense).

10 Years

o

R&D for technology to use C1
fraction is complete, awaiting
commercial demonstration (valley
of death).

Optimization of newly built
facilities based on conventional
technologies and complete
demonstration of novel methane
conversion technology.

Chemical Production from NG
liquids. Limited synfuel production.
Export of some plastic production
to areas where naphtha is cracked
and cheap raw materials are
available.

20 years

@)

If commercialization of new
technology is demonstrated in a
10-year time frame, use it to
monetize multiple HC sources. If
not, revisit methane activation.

Low cost NG: replacement of
conventional assets at end-of-life
and commercialization of a
handful of methane conversation
plants.

Other regions of the world with
shale gas catch up with U.S.
expansion of technologies to
utilize methane to produce
petrochemicals.

C1 chemistry has an established
niche in markets:

» Fuel mixture/transport

= Polyolefin Manufacture

» Bio-refineries
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3.3.7 Role (Government Programmatic,
Academia, National Laboratory, Industry)

What are the roles in developing a NG-to-
chemicals market?

e Government Role

o The development of a roadmap
and vision.

o Act as the steward of a
sustainable, long-term effort.

o Facilitate industry, academia, and
national laboratory partnerships.

o Provide basic R&D funding,
workforce development, and
rational for a regulatory
framework.

o Focus not on picking winners in
the technology game, but to
support basic research.

¢ National Laboratory Role

o Support the development and
scale-up of potential breakthrough
technologies that are too risky for
industry commercialization.

o The application of its high
performance equipment and
people.

e Academic Role

o Teach the petrochemical value
chain and train engineers to work
in a manufacturing economy.
= Twenty percent of the effort

would focus on immediate
needs, while the other eighty
percent on blue sky initiatives.

o Partner with industry to train the
workforce, educate the public, and
create an innovative science basis
for new hydrocarbon (HC)
processes.

o Develop new concepts, catalysts,

and processes for future pilot
plants.

o Apply an emphasis on training
researchers, testing new ideas,
and “targeted research”.

o Provide workforce development by
investing locally and partnering
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with national laboratories and
universities.

Industry Role

o Use R&D funding to develop and
validate novel technologies that
show promise of improving normal
feedstock conversion or allow
conversion of new feedstocks.

o Provide opportunities for and
invest in demonstration projects
that support bridging the
academia-to-industry “valley of
death.”

Develop a steering committee.

Take advantage of existing
technology; develop a technology
to bridge the gaps between oil and
gas feedstocks.

o Focus on adding value to NG
materials and test the practicality
of the ideas.

3.3.8 Priority of Technical Gaps

Some of the goals and challenges related
to the technical gaps involve the
following:

Reducing project complexity.

Reducing capital costs by innovation
(technology as well as infrastructure
costs).

Developing a clear, long-term
actionable policy. Inconsistent state
and federal regulatory policies are
disadvantageous for industry growth.

Providing better mapping of
supply/demand for end use products.
The capability to quantify the supply of
products is needed. The focus can be
on both domestic and international
demands.

Evaluate and better define
infrastructure improvements.

Confirm main project drivers and
conduct financial analysis (profits, rate
of return, financial pro forma analysis).
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What are the most impactful chemicals to
consider for NG conversion technologies?
e 5Years
o Propylene from new PDH plants.
o Ethylene (5 yr.), Polymers
(LLDPE, PP) (5—10yr.).
e 10 Years

o Researching C1to C2; C1, C2,
C3, to BTX; and C1 to alcohols.

o Focusing on C3-C4-C5 + BTX
derivatives.

o NG to ethylene and aromatics.

e 20 Years
o Direct production of polyolefins
from NG.
Gasoline range alkaline.

Methanol — not produced from
syngas (using only methane and
air) — no air plant, no hydrogen

peroxide.
o Methanol has the potential to be
highly effective.
3.3.9 Metrics

Natural gas, as a source for chemical
feedstock, can play a major role in returning
advanced manufacturing to the United States.
Meaningful metrics to measure progress
toward achieving this goal include:

¢ |dentify the domestic and international
costs related to NGLs and subsequent
polymer
manufacturing/commercialization.

e Consider talent and human capital
(schooling and subsequent jobs for
chemical engineers and NG skilled
technicians).

e Measure sustainability and
environmental effects (carbon
balance).

e Establish milestones that will
demonstrate progress, even without
success.

An analysis of the current petrochemical
industry should be conducted (baseline the
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industry) in order to properly measure such
metrics. A view of the U.S. current demand
for manufactured goods and existing U.S.
manufacturing capabilities relative to the
manufacturing of imported goods will help
identify meaningful data years after the
conclusions of this road-mapping effort are
published.

How can public/private partnerships make
this happen better/faster?

Works Well

o Collaboratives; R&D programs
that help communicate
commercial goals and economics
across industrial/academic
boundaries.

o Strategic partnerships that utilize
the strengths of each institution.

o All stakeholders have a voice in
leading a small, focused team.
Developing clearly articulated
goals and utilizing a go/no go
discussion processes.

o Clear expectations, honesty and
transparency, uninhibited debate,
transparent funding, shared
funding.

Does Not Work

o Large consortium with high
membership fees. Limited
accountability and a U.N. like
governance system.

o Productivity loss caused by
paperwork, proposals, and
reviews is a significant drag on
R&D.

o Government initiatives based on
political agendas (particularly
short-term agendas).
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Dr Michael Siskin ExxonMobil Research & Engineering Y
Brien Stears RT, Chem Syn
Prof. Goetz Veser University of Pittsburgh RT, Chem Syn
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Dan Bowerson Chrysler Group, LLC Panelist, Transportation






46
47
48
49
50
51
52
53
54
55
56
57
71
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

William Chernicoff Toyota Motor North America, Inc. Panelist, Transportation
Jon Coleman Ford Motor Company Panelist, Transportation
Prof Zoran Filipi Clemson University Panelist, Transportation
Will James U.S. Department of Energy Y
Mr William Liss Gas Technology Institute RT, Transportation
Di-Jia Liu Argonne National Lab RT, Transportation
Dawn Manley Sandia National Laboratories RT, Transportation
Margo Melendez National Renewable Energy Lab RT, Transportation
Dr Theodore [Motyka Transportation
Yarom Polsky Oak Ridge National Laboratory RT, Transportation
Joseph Rende Trillium CNG Panelist, Transportation
Reuben Sarkar Department of Energy Speaker, Transportation
Ned Stetson Department of Energy RT, Transportation
Deborah Stine Carnegie Mellon University N?
Mr Kevin Stork U.S. Dept of Energy N?
David Tamburello Savannah River National Laboratory support RT for Transportation
Dr Robert Wagner Oak Ridge National Laboratory RT, Transportation
Michael |Wang Argonne National Lab RT, Transportation
Bradley Zigler National Renewable Energy Laboratory Y
Mr Felix Ah-kee N
James Cooper AFPM N
Daniel DeCiero N
Matt Forman N
Pradeep Fulay West Virgina University N
FRANCIS OSULLIVAN MIT N? Plenary
PROF  |Ah-Hyung Park Columbia University N
Daniel Posen N
DR Joseph Powell unavailable






		All




Alternative Natural Gas Applications Workshop: Creating a Prosperous Demand Market
Chemical Synthesis Table Questionnaire

As an invited participant to the Round Table Discussion on Chemical Synthesis at the
Alternative Natural Gas Applications Workshop: Creating a Prosperous Demand Market, we ask
that you answer a few brief questions concerning expansion of the utilization of natural gas in
stationary energy generation. The intent of this brief questionnaire will be to stimulate
discussion at the Round Table Meeting. These results will be briefly summarized and presented
to the participants for comment and elaboration. Thank you for your time in preparing this
guestionnaire and in helping to make the workshop a success.

Please return by September 26, 2014 to Derrick Wu (derrw@aiche.org).

1. How do you see lower cost natural gas (on an energy basis relative to petroleum) impacting future
chemicals production? In 2-years? In 5-years? In 10-years?

2. What are the major barriers or roadblocks that is/could prevent growth of NG to chemicals?

3. What is the value proposition of utilizing NG nationally for chemicals production (versus exporting the
resource)?

4. What are the most impactful chemicals to consider for NG conversion technologies?
a. What are the largest technical roadblocks?
b. What metrics should be considered for R&D goals (i.e. S=C)?

5. What is the role of industry, government (programs/NLs), and academia in developing a NG to
chemicals market?

6. What is the view/role of public/private partnerships in the development of NG to chemicals
technologies?

a. What works?
b. What doesn’t work?
7. With the promise of methane hydrates, can you envision a “methane” economy in the future?
a. Can shale-gas be considered a transition fuel in this?
8. There has been a lot of discussion of the development of “small-scale, modular” reactor systems to

deal with distributed gas. Can small-scale systems make sense? If so, what is the nature, characteristics,
types of processes needed to make this work?
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9. Can renewables be integrated in a NG to chemicals approach, and what challenges/benefits do you
see?

10. What is the outlook of NGLs in the chemical sector, and will this drive research towards methane as
a feedstock?

Optional

Name:

Organization:

Contact Information:







Alternative Natural Gas Applications Workshop: Creating a Prosperous Demand Market
Transportation Round Table Questionnaire

As an invited participant to the Round Table Discussion on Transportation at the Alternative
Natural Gas Applications Workshop: Creating a Prosperous Demand Market, we ask that you
answer a few brief questions concerning expansion of the utilization of natural gas as a
vehicular fuel. The intent of this brief questionnaire will be to stimulate discussion at the Round
Table Meeting. These results will be briefly summarized and presented to the participants for
comment and elaboration. Thank you for your time in preparing this questionnaire and in
helping to make the workshop a success.

Please return by September 26, 2014 to Derrick Wu (derrw@aiche.org).

1. What are the current uses for NG in transportation and what are the current estimated
sizes of these markets?

2. What are potential areas for expansion for NG in transportation and what is the future
potential of these new markets?

3. Who are the current major players and leads for NG transportation applications?

4. What are the major technical and regulatory barriers or roadblocks that prevent growth
of NG as a transportation fuel?

5. What are the primary technical gaps inhibiting wider NG utilization and in what areas?

6. What is the magnitude or the level of impact of the technology gaps? i.e. How do they
compare with other political, social or environmental barriers?

7. What role should the Government play in addressing potential technology gaps? (i.e.
What role can the National Laboratories play in addressing the technical gaps?)
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8. To prioritize the efforts, what are the top three technical gaps which need to be
addressed first?

Optional

Name:

Organization:

Contact Information:







Alternative Natural Gas Applications Workshop: Creating a Prosperous Demand Market
Stationary Energy Generation Round Table Questionnaire

As an invited participant to the Round Table Discussion on Stationary Energy Generation at the
Alternative Natural Gas Applications Workshop: Creating a Prosperous Demand Market, we ask
that you answer a few brief questions concerning expansion of the utilization of natural gas in
stationary energy generation. The intent of this brief questionnaire will be to stimulate
discussion at the Round Table Meeting. These results will be briefly summarized and presented
to the participants for comment and elaboration. Thank you for your time in preparing this
guestionnaire and in helping to make the workshop a success.

1. What are potential areas for expansion for NG in stationary energy generation and what
is the future potential of these new markets?

2. Who are the current major players and leads for NG in stationary energy generation
applications?

3. What are the major technical, regulatory, or other barriers or roadblocks that prevent
growth of NG in stationary energy generation? Please rank in order of importance.

4. What are the primary technical gaps inhibiting wider NG utilization and in what areas?

5. What science or engineering research and development programs should be expanded
to address these gaps?

6. What is the magnitude or the level of impact of the technology gaps? i.e. How do they
compare with other political, social or environmental barriers?

7. What role should the Government (i.e., federal and state) play in addressing potential
technology or policy gaps? (i.e., What role can the National Laboratories play in
addressing the technical gaps?)

8. To prioritize the efforts, what are the top three technical gaps which need to be
addressed first?





Optional

Name:

Organization:

Contact Information:

Please return by September 16, 2014 to:

Scott McWhorter, Ph.D.
Renewable Energy Program Manager
Savannah River National Laboratory

scott.mcwhorter@srnl.doe.gov
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Alternative Natural Gas Applications Workshop

Creating a Prosperous Demand Market

October 8-9, 2014
Alexandria, VA

Agenda

Day 1 — October 8, 2014 — Washington/Jefferson Room

8:00a.m. — 9:00a.m.

Registration and Coffee

9:00a.m. — 10:30a.m.

Opening Session

9:00a.m. — 9:10a.m.

Introduction
Don Anton (SRNL), Bryan Morreale (NETL)

9:10a.m. — 9:35a.m.

Opening Keynote 1, Nick Jones (Exxon)

9:35a.m. — 10:00a.m.

Opening Keynote 2, Monty Alger (Penn State)

10:00a.m. — 10:30a.m.

Opening Keynote 3, Frank O ’Sullivan (MIT Energy Initiative)

10:30a.m. — 11:00a.m.

Break

11:00a.m. — 12:30p.m.

Panel 1: Stationary Energy Generation

Discussion Leader: Kevin Huang (University of South Carolina)
Panelists:

Michael F. Carolan (Air Products)

Bill Day (Gas Turbine Association)

Ron Munson (Global CCS Institute)

Pinakin Patel (FuelCell Energy)

11:00a.m. — 11:20a.m.

Introductory Comments from Panelists

11:20a.m. — 12:30p.m.

Panel Discussion

12:30p.m. — 1:30p.m.

Lunch

1:30p.m. — 3:15p.m.

Panel 2: Transportation Energy Generation
Discussion Leader: Don Anton (SRNL)
Featured Speaker: Reuben Sarkar (DOE)
Panelists:

e Allen Aradi (Shell)

e Dan Bowerson (Chrysler)

e William Chernicoff (Toyota)

e Jon Coleman (Ford)

e Joseph Rende (Trillium CNG)

1:30p.m. — 1:35p.m.

Introduction from Don Anton

1:35p.m. — 1:55p.m.

Featured Presentation from Reuben Sarkar

1:55p.m. — 2:15p.m.

Additional Introductory Comments from Panelists

2:15p.m. — 3:15p.m.

Panel Discussion

3:15p.m. — 3:45p.m.

Break






Alternative Natural Gas Applications Workshop

Creating a Prosperous Demand Market
October 8-9, 2014
Alexandria, VA

Day 1 (continued) — October 8, 2014

3:45p.m. - 5:10p.m.

Panel 3: Chemical Synthesis
Discussion Leader: Bryan Morreale (NETL)
Featured Speaker: Billy Bardin (Dow Chemical Company)
Panelists:

e Paul Barger (UOP-Honeywell)

e Jan Boshoff (Sasol)

e Peter Dias (Braskem)

e Joe Fox (Ashland)

e Mike Gallagher (Bayer)

e Jonathan McConnachie (Exxon)

e Brien Stears (Dow Chemical Company)

3:45p.m. — 3:50p.m.

Introduction from Bryan Morreale

3:50p.m. — 4:10p.m.

Featured Presentation from Billy Bardin

4:10p.m. — 5:10p.m.

Panel Discussion

5:10p.m. —5:15p.m.

Closing Remarks, Don Anton (SRNL)

5:15p.m. — 5:45p.m.

Break

5:45p.m. — 6:45p.m.

Evening Reception

Day 2 — October 9, 2014

8:00a.m. — 8:30a.m.

Registration and Coffee

8:30a.m. — 8:45a.m.

Introduction to Roundtable Discussions — Washington/Jefferson Room
Don Anton (SRNL)

8:45a.m. — 12:00p.m.

Roundtable Discussions

Stationary Energy Generation — Franklin Room
e Technical Lead: Ken Reifsnider (University of South Carolina)

Transportation Energy Generation — Madison Room
e Technical Lead: Don Anton (SRNL)

Chemical Synthesis — Washington/Jefferson Room
e Technical Lead: Bryan Morreale (NETL)

12:00p.m. — 1:30p.m.

Lunch and Prepare Key Findings

1:30p.m. — 1:55p.m.

Summary Presentations

1:55p.m. — 2:00p.m.

Next Steps/Closing Remarks and Adjourn
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MIT Recommended RD&D
Opportunities

Improve the long term economics of resourced
development ...

Reduce the environmental footprint of natural
gas production

Expand the current use and create alternative
applications ...

Improve safety and operation of natural gas
infrastructure

Improve the efficiency of natural gas conversion
and end-use ...
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Improve the long term economics of resourced
development ...

Reduce the environmental footprint of natural
gas production

Expand the current use and create alternative
applications ...

Improve safety and operation of natural gas
infrastructure

Improve the efficiency of natural gas conversion
and end-use ...





US Energy Sources and Uses (2011)

Sector

Source

Per cent Source Per cent Sector

Petroleum 2
36.0 22 ,:_f_;:;_-,-*
(37%) : 2 ---——-____-—" I‘/

- /7\4
\ "- - = < ;/—_-__;v— ; -
Natuzr:lIGGas .;iif-—j.'r" I / e
: — X )
(25%) W g
Coal — =5
20.8 2
(21%) ‘ it ;
,/’- 5 == e —
Renewable Energy T i :
8.0 (8%) P ‘ e
Nuclear Power _—

Total = 96 Quads

8.4 (9%)

EIA Annual Energy Outlook 2011

Industrial
20.0
(20%)

Residential/lCommercial
11.0 (11%)

Electric power
39.6
(40%)

v
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Workshop Objectives

ldentify the highest impact alternative uses of
NG.

ldentify the technology gaps limiting these
alternative uses.

Determine the role of government and the
private sector in addressing these gaps.

Begin the outline of a technical roadmap for
advanced NG applications.





Don’t think only of what is here now.
Think of what
can be,
could be, and
should be the future.

* Near Term (t<5yr.)
e Mid Term (5 yr. >t > 15 yr.)
 Long term (15 yr. < t)






Agenda

Wednesday, October 8th Speaker Name

8:00 AM  Registration and Coffee

9:00 AM  Introduction from the Chairs Don Anton/Bryan Morreale
9:10 AM  Opening Keynote Nick Jones

9:35 AM  Opening Keynote Monty Alger

10:00 AM  Opening Keynote Frank O'Sullivan

10:30 AM  Break

11:00 AM  Stationary Energy Generation

12:25 PM  Lunch

1:25 PM  Transportation Energy Generation

3:10 PM Break

3:40 PM  Chemical Synthesis

5:05 PM Closing Remarks Don Anton
5:10 PM Break

5:40 PM Reception





Agenda

Thursday, October 9th

8:00 AM  Registration and Coffee

8:30 AM _ _ Don Anton
Introduction to Round Table Discussions

8:45 AM Round Table Discussions

12:00 PM Stationary Energy Scott McWhorter
12:00 PM Transportation Energy Don Anton
12:00 PM  Chemical Synthesis Bond Calloway

12:00 PM  Lunch/Core Team Presentation Prep
1:30 PM  Summary Presentations

1:30 PM Stationary Energy McWhorter, Reifschneider, et. al.
1:39 PM Transportation Energy Anton, Motyka, et. al.
1:47 PM Chemical Synthesis Calloway, Moreale, et. al.

1:55PM  Next Steps-Closing Remarks/Adjourn Anton/Morreale





Workshop Proceedings

Alternative Natural Gas Applications Workshop: 1.1. Transportation
Creating a Prosperous Demand Market i chne e s

1.1.2. Potential Areas of Expansion
1.1.3. Major Players

1. Executive Summary 1.1.4. Technical and Regulatory Barriers
1.1.5. Magnitude of Technical Gaps
1.1.6. Level of Technical Gap Impact

2. Objective 1.1.7. Role of Government

1.1.8. Priority of Technical Gaps

3. Workshop 1.2. Chemical Synthesis

p 1.2.1. Current Uses
3.1. Summary of Keynote Presentations
. 1.2.2. Potential Areas of Expansion
3.1.1. Presentation 1

. 1.2.3. Major Players
3.1.2. Presentation 2

A 1.2.4. Technical and Regulatory Barriers
3.1.3. Presentation 3

1.2.5. Magnitude of Technical Gaps

3.2. Summary of Panel Discussions .
1.2.6. Level of Technical Gap Impact

3.2.1. Stationary Energy Generation
1.2.7. Role of Government
3.2.2. Transportation Energy Generation
1.2.8. Priority of Technical Gaps
3.2.3. Chemical Synthesis

4. Round Table Discussions .
2. Conclusions
4.1. Stationary Energy Generation

2.1. Major Findin
4.1.1. Current Uses ajo dings

4.1.2. Potential Areas of Expansion 2.2. Key Issues

4.1.3. Major Players 2.3. Key Technical Gaps
4.1.4. Technical and Regulatory Barriers

4.1.5. Magnitude of Technical Gaps 3. Appendix

4.1.6. Level of Technical Gap Impact 3.1. Participant List

4.1.7. Role of Government 3.2. Presentations

4.1.8. Priority of Technical Gaps . )
3.3. Summary Questionnaires (3)
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»The Outlook for Eh-érg :
A View to 2040 D

Nick Jones, Energy Advisor

AIChE Alternative Natural Gas Applications Workshop
October 8, 2014

This presentation includes forward-looking statements. Actual future conditions (including economic conditions, energy demand, and energy supply) could differ materially due to changes
in technology, the development of new supply sources, political events, demographic changes, and other factors discussed herein and under the heading "Factors Affecting Future -
Results" in the Investors section of our website at: www.exxonmobil.com. The information provided includes ExxonMobil's internal estimates and forecasts based upon internal data and Exon Mobll

analyses as well as publically-available information from external sources including the International Energy Agency. This material is not to be used or reproduced without the permission
of Exxon Mobil Corporation. All rights reserved.
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Global Progress Drives Demand
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Electricity Generation Leads Growth

Energy Demand by Sector
Quadrillion BTUs
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Global Energy Demand

Total Demand Gas By Sector
Quadrillion BTUs BCFD
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United States Energy Demand

By Fuel Gas by Sector
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U.S. Natural Gas Vehicle Economics

Light Duty Vehicles Heavy Duty Vehicles
5-yr. Cost of Ownership; 3-yr. Cost of Ownership;
$k $k
40 . 450 .
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20 | - |
10 i Vehicle =t i Vehicle
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— ~ ﬁ LNG Tanks

ExxonMobil 2014 Outlook for Energy
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Gas Into Transportation

2040 by Region
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Electricity Use by Region

Electricity Use
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Electricity Demand

Global Electrical Demand by Sector Global Electrical Demand by Fuel
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Pennsylvania’s 15x Increase

Pennsylvania Natural Gas Production
BCFD

10
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Source: Pennsylvania Department of Environmental Protection
ExxonMobil 2014 Outlook for Energy
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Remaining Global Gas Resource

Over 200 years coverage at
current demand L
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Natural Gas Supply and Demand Shifts

Global Gas Demand Global Gas Supply
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Natural Gas Trade
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Regional Energy Trends Evolve

By Region
Percent of World Total
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Conclusions
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% Energy and Economy

Per Capita GDP versus Total Energy Consumption
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S Unconventional Oil and Gas — Everything has Changed

Figure 1.1 Primary Energy Overview
(Quadrillion Btu)

Overview, 1949-2013
120=
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Consumption
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EIA Monthly Energy Review 9/2014
http://www.ela.gov/totalenergy/data/monthly/pdf/mer.pdf 4
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v Shale Gas Production

Natural gas production
million cubic feet/day

= October-2013 B October-2014

18,000
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?
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Marcellus Region
Natural gas production
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0
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Gas +222

million cubic feet/day
month over month

US Shale Gas Production

Production quadrupled 2 years

Ref: http://www.eia.gov/petroleum/drilling/pdf/marcellus.pdf
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% Estimated US Energy Use 2013

Estimated U.S. Energy Use in 2013: ~97.4 Quads National Laboratory

Net Electricity

Solar 0.0849 Imports \ 0.179

0.320 - o
Nuclear Soul|  FElectricity 25.8

8.27 . Generation

2.53 38.2 Rejected

Hydro ) 16.5 Energy

2.56 59.0

" 3.98
Wind 1.59 ;
1.60 Residential

Commercial

859 Energy

Services
38.4

Industrial
24.7

Trans-
portation

Petroleum 27.0

35.1 5.66

Source: LLNL 2014. Data is based on DOE/EIA-0035(2014-03), March, 2014. If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory
and the Department of Energy, under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA reports
consumption of renewable resources (i.e.,, hydro, wind, geothermal and solar) for electricity in BTU-equivalent values by assuming a typical fossil fuel plant "heat rate." The efficiency of electricity production
is calculated as the total retail electricity delivered divided by the primary energy input into electricity generation. End use efficiency is estimated as 65% for the residential and commercial sectors 80%
for the industrial sector, and 21% for the transportation sector. Totals may not equal sum of components due to independent rounding. LLNL-MI1-410527
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% Estimated US Carbon Emissions 2013

Estimated U.S. Carbon Emissions in 2013: ~5,390 Million Metric Tons

Solar
(0]

442

lear Electricity
" Generation
1580 2050
(0]

328

Commercial
216

Industrial
969

Trans-
portation
Petroleum e

2280

Source: LLNL 2014. Data is based on DOE/EIA-0035(2014-03), March, 2014. If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory

2050

328

969

1830

and the Department of Energy, under whose auspices the work was performed. Carbon emissions are attributed to their physical source, and are not allocated to end use for electricity
consumption in the residential, commercial, industrial and transportation sectors. Petroleum consumption in the electric power sector includes the non-renewable portion of municipal
solid waste. Combusition of biologically derived fuels is assumed to have zero net carbon emissions - the lifecycle emissions associated with producing biofuels are included in

commercial and industrial emissions. Totals may not equal sum of components due to independent rounding errors. LLNL-MI-410527

B Lawrence Livermore
National Laboratory

Carbon
Emissions
5390






PENN%TE US Energy Sources ... Fossil Fuels ~82%

Coal o]1 Gas
Biomass
Nuclear Solar
Hydro Wind
Geothermal
% US 19% 36% 27% 11% 1%
$/ MM BTU* 2.4 12 4.3
CO,/BTU 100% 710% 50% ~0% ~0%

*Cost of fossil fuels at electricity generating plant 2013, U.S. Energy Information Administration / Monthly Energy Review September 2014 page 129
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@ Public Policy

New Boundary Conditions

Air Pollution and the Clean Air Act

Experience with the
Clean Air Act since
1970 has shown that
protecting public
health and building
the economy can go
hand in hand

-72%

1] 2[Rl 4

Clean Water Act

240% -

2000 -

1206 -

B0% -

10%

-

~ Vehicle

& ‘:_ Traveled

Emissions of
6 Common
Pollutants

Increases in the Energy Efficiency of
Household Appliances, 1981 to 2012
Sowrce: Association of Home Appliance Manufactuwrers

Carpe Diem Blog

Percent Increase
in Energy Factor

63%

o .

Room Air Treeeer
Conditioner

102%

Clathes
Washur

217.5%
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y Sustainability

e s

ssor qu}ud CliftMironmental Strategy (CES), University of Surrey; www.surrey.ac.uk
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w Which is More “Sustainable” ?

Paper Bag Plastic

(Recycled Bag
Content)
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w Footprint for Paper and Plastic Bags

Impact Summary of Various Bag Types Paper Polyethylene
(Carrying Capacity Equivalent to 1000 Paper (30% Recycled

Bags) Fiber)

Total Energy Usage (MJ) 2,622 763
Fossil Fuel Use (kg) 23.2 14.9
Municipal Solid Waste (kg) 33.9 7.0
Greenhouse Gas Emissions (CO, Equiv. Tons) 0.08 0.04
Fresh Water Usage (Gal) 1,004 58
Landfill Half-Life Short e
Sources:

* “Bag fact sheet”, American Chemistry Council
* “ Life Cycle Assessment for Three Types of Grocery Bags - Recyclable Plastic; Compostable, Biodegradable
Plastic; and Recycled, Recyclable Paper “, Boustead Consulting & Associates Ltd
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@ Life Cycle Assessment

Virgin Inputs Life Cycle Stage GHG Emissions Sinks & Emission Offsets
i ‘ Raw Materials
| [\, Acquisition (0 ‘
L LLLLS & ' “O— O — 2 Gy
i ) Energy and Reduced Carbon
Materials Extracted: ay
Trees, Ore, Oil, etc. Non-Energy- Sequestration
A Related Emissions in Forests
' ' |/ Manufacturing
Y| O —— d é z e —T) c 2
\ \ q Energy and Non-
Energy Energy-Related Emissions
Use O“
- Recycling Increased
l Avoided Fossil Forest Carbon
Fuel Use Sequestration
Carbon
Snergy Storage in
the Soil
< Energy-Related . )
Compostmg co Emissions Avoided Fossil

Fuel Use

N,0 + (0,

Combustion : B RNF E Carbon in Long-Term
Emissions Emissions Storage in Landfill
4
Uncontrolled CH, Avoided
c H Emissions or CH, Flared Fossil

Landfilling 4 and Recovered Energy == Fuel Use

Source: EPA, http://www.epa.gov/statelocalclimate/images/flow_chart_life_cycle big.jpg
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® oummary — Push to the "A” Box
Sustainability

Performance @
Improve cleen out
Base e
Base Improve  profit, ROI

* “Shale Gas - new major investments, environmental improvement
» Sustainability — an evolving change to boundary conditions for solution
» Innovation — push for the @D box ; technology (solution) <-> Need (market)
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£ Chemicals — Shell Cracker

PENNSYLVANIA Energy. Environment. Economy. PENNSYLVANIA Energy. Environment. Economy.

REGULATION ~ ECONOMY ~ INFLUENCE +~ IMPACT ~ REGULATION ~ ECONOMY ~ INFLUENCE ~ IMPACT ~

Shell actively exploring Western Pa. | Shell’'s proposed ethane cracker could be a
cracker project | big emitter

NOVEMBER 19, 2013 | 5:30 PM  Comment B%d Email ‘| JUNE 23, 2014 | 12:45 PM @9 7 comments B4 Email

BY KATIE COLANERI W Tweet| /3 €3 Recommend R i | SRRATE COLANETS W Tweet | 5 £ Recommend FETY

Royal Dutch Shell's decision about The Pittsburgh Tribune-Review reports
whether to build a multibillion dollar

3 Shell’s proposed ethane cracker in
ethane cracker in Beaver County could @ Shell Aﬂ’f'“hi“ western Pennsylvania could be a
still be several years off, but the ; significant new source of air pollution.

Associated Press has found that the
company is actively taking steps to
explore the site.

s : | The company has not yet committed to
Tioga Office i S '
building the multi-billion dollar
petrochemical plant, but has applied to
the Department of Environmental

More from the Associated Press:

MARIE CUSICK/STATEIMPACT PENNSYLVANIA

Protection for an air quality permit forthe 5,0 construction manager ken Conly talks about the
site in Monaca. Beaver County' ethane cracker project at a public meeting

SCOTT DETROW / STATEIMPACT PENNSYLVANIA

Potential New

Chemicals Investment Local / Global

Ref: http://stateimpact.npr.org/pennsylvania/tag/ethane-cracker/ 15





PENNSTATE

s Life Cycle Assessment — Horizontal not Vertical

Emissions .
T Emissions

Inputs Emissions
-> A =>  Products

Inputs = B =>  Products
i Inputs -> C -> Products

Waste i
Waste i -

Waste Total






PENNSTATE

% Delta Jet Fuel Sourcing

e |nvest ~150 MM$

« Savings ~ 300 MM$

e System savings

i TR :
Delta Airlines' Trainer, Pennsylvania Refinery
TRANSPORTATION More:  Airlines Delta Airlines Fuel Costs Transportation W

How Delta Bought A Refinery And Wound Up Saving Its
Rivals A Ton Of Cash

® BENJAMIN ZHANG & W

Delta sources Bakken crude for Pa. refinery

Deal accounts for one third of refinery's capacity.

By Daniel J. Graeber | July 21,2014 at 10:19 AM | 0 Comments (Leave a comment)

Ref: http://www.businessinsider.com/delta-airlines-fuel-prices-2014-8
http://www.upi.com/Business_News/Energy-Resources/2014/07/21/Delta-sources-Bakken-crude-for-Pa-
refinerv/527814050517R4/
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PENNSTATE

% Iransportation Fuel — Natural Gas

PiCkenS ABOUT VIDEO SERIES BLOG BOONECAM POLICY RESOURCES

TAKE ACTION

America's dependence on OPEC oil f e
three most critical issues America currently faces: the economy,

the environment, and our national security.

first name

Monthly Oil Numbers

Barrels of Oil / "_5 % Imported from Money Sent

Imported by the U.S. Foreign Countries Overseas

284 Million 51% $30.6 Billion
in April 2014 in Apr1l 2014

in Kpr1l 2014 \

Ref: http://www.pickensplan.com
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PENNSTATE

@ Iransportation Example

Stationary applications

ﬂ-@fﬁﬂ{i; = |
! - ‘U""‘_j m:’“. B 1 | S . ‘ 9
- e e 600~ 6% D' I E=Ti  foio- oo
Production ' Distribution - Fuelling » Vehicles
Technology Network
Natural Compressed Natural Gas (CNG) « Production, distribution
Gas  Liquefied Natural Gas (LNG)  Fueling stations

Vehicles: car, rail, marine ...

: * Dimethyl Ether (DME)
* Hydrogen

e Gasto Liquids

Ref: http://www.linde-gas.com/en/innovations/hydrogen_energy/index.html





PENNSTATE

v Information Technology Example

Technology Network

Infrastructure, standards





PENNSTATE

v Natural Gas Growth

Technology

Network

Risk, Unknown

Projects that have direct financial return
Power generation

Novel supply chain investments
Residential and industrial conversion

Need coordinated supply chain investment
Transportation fuels - infrastructure

H2, CNG, LNG, DME

GTL

Long term price of natural gas
Sustainability — regulation, emissions, water
High capital — risk

21





PENNSTATE

w oSystem Level — Sustainability and Profit

Em'ifsions . Emissions Emissions -

T T Total

Inputs Inputs

Energy A -> -> A -> -> A ->

| ! |

Waste Waste Waste

|

« System Level Benefits ,
« Operating Expense $ S
« Capital Expense





PENNSTATE

@ Future Goals for Energy

Public Policy

|

T T Security
« Economic
Technology Investment . Environment
* National

» Technology — create new opportunity
« System level thinking
 Profitability and Sustainability
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Discovery and
Exploration

Extraction and
Stimulation

Infrastructure
and Water

Utilization and
Chemical
Conversion

Supply Chain

Other

Penn State Institute for Natural

Gas Research

Penn State — Institute for Natural Gas Research

Stakeholders

“

Access Penn State Capabilities Across the University

Connect with External Markets and Stakeholders

External

* Business

* Public

* NGO’s
Internal

« Students

* Faculty

» Penn State
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AIChE - Alternative Natural Gas Applications Workshop

U.S. Natural Gas — A Decade of Change
and the Emergence of the Gas-Centric
Future

Francis O’ Sullivan

October 8th, 2014

Mir mire;





Natural gas — The new “unconventional” paradigm





The past decade has been a period of huge change for natural gas in the
United States — Perspectives on supply and price have been fundamentally
altered and a much more gas-centric future is being envisaged by many

Comparison of spot natural gas price with historical
oil-to-gas ratios
$/MMBtu of gas

“Decoupling”

14 +----------------- : ____________ of gas price

e=Spot Gas
12 -|=—0il-Gas10:1 |-~~~

10+ |- A\

0

2000 2002 2004 2006 2008 2010 2012 2014 2016

lllustration of gas production growth from the main U.S.
shale plays since 2005
Bcf of gas per day

36 -
34 -
32 -
30 -
28 -
26 -
24 -
22
20 -
18
16 -
14 -
12 -
10 -

Source: F. O’Sullivan, United States Energy Information Administration, HPDI Production Database

NOI\')-PCDCO
| I I |

Today, shale
supports 50% of US
gas production

®Bakken

® Eagle Ford

" Marcellus

® Woodford
Haynesville

® Fayetteville

® Barnett

005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015





However, the fact that shale gas production is still in its infancy means
that large uncertainties surround resource estimates — As more well data
becomes available the uncertainty envelope will likely narrow

lllustration of growth in US natural gas proved
reserve and resource estimates from 90 to ‘10
Tcf of gas

3000

B Resources

B Proved Reserves A-—————----

2500

2000

1500

1000

O V> P PP PFP R0
PP HTLLNX
SRR IO SIRC SN NP ANNAN

Breakdown of the PGC 2012 shale gas resource estimates
by major U.S. shale play*

Tcf of Gas Most
Min Likely Max

Fort Worth Basin:

Barnett Shale " 48 83

Arkoma Basin:

Fayetteville & Woodford 75 104 137

E. TX & LA Basin:

Haynesville & Bossier 76 149 293

TX Gulf Coast Basin:

Eagle Ford & Pearsall 29 59 105

Appalachian Basin:

Marcellus, Ohio & Utica 220 563 1242

Uinta Basin:

Mancos & Manning Canyon 37 60 129

Other Basins: 34 90 234

Total Mean Estimate: 482** 1073 0993+

1. EIA 2010 assessment based on 2008 PGC assessment with updated estimates of technically recoverable shale gas volumes

Source: F. O’Sullivan, NPC data, PGC data, EIA data






The shale formations supporting the recent production growth are essentially
source rocks — The physics underlying production from a shale setting is very
different to that of conventional gas reservoir

Darcy’s Law — A fundamental k q = Fluid flux
relationship in petroleum q= —-——VP k = Permeability
engineering u u = Viscosity
VP = Pressure gradient
Fine Pore throat size spectrum

sandstone

Shale

I II\IIII' I Illllll‘ I ||I|III| T IIIIHI| T II\HII| T II\HII, T II\IIII'
} } } J‘ oplical! microscope
‘ . , scanning elactro}l microscope ]
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| o9 Upper Cretaceous Mesaverde Fm., Piceance Basin

‘ Lower Cretaceous Travis T’eak Fm,, East Tex?s Basin

Pennsylvs.ni* shales, Anadarko Basin
L wmwis PI:I;ene shales, Beaufort-MacKenzie Basin |

Saurcd rocks, various areis in United States |
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Source: P. Nelson, Pore-throat sizes in sandstones, tight sandstones, and shales, AAPG Bulletin, v. 93, no. 3 (March 2009), pp. 329-340





The combination of horizontal drilling and hydraulic fracturing is required to
achieve an acceptable flow rate from a shale formation — Stimulation is not new
but the scale of today’s treatments are an order of magnitude larger

A fracturing stage pumping and pressure profile

Propagation Shut-in Flowback

Bot. Hole Pressure .
ISP A contemporary unconventional well layout

Breakdown pres.

Initiation pres.
P Closure stress

Treatable Groundwater Aquifers Private Well

Municipal Water Well:
< 1,000 feet

—
Spacer Main fluid

Additional steel casing
and cement to protect

Proppant conc. groundwater

/ )
~2/3hours / time

Protective Steel Casing

Hydraulic fracturing a single well demands:
— Horse power — 20-30,000 HP
— Pressures — 4-8,000 psi
— Water — 4-6 M gallons
— Sand - 1-2,000 Tons

Shale Fractures

e

NOT TO SCALE . .
Approximate distance

from surface: 8,000 feet

Source: F. O’Sullivan, Brice Lecampion 6





The rise of U.S. shale oil and gas production has led to a large increase in the
number of hydraulic fracture treatments — With this has come an increased focus
on the array of complex environmental issues associated with the process

Horizontal wells completed in major U.S. shale plays
Annual well completions Some of the environmental issues
associated with hydraulic fracturing

— Community impacts

1000 1 I
0 l — Ecosystem fragmentation

2005 2006 2007 2008 2009 2010 2011 2012 2013 ~ Induced seismicity

— Heavy traffic and surface
disturbance

9000 Over 35,000 shale wells
Bakken have been completed in — Water impacts
the U.S over the past 8
8000 " Eagle Ford . s - Ground water and surface
2000 ® Marcellus water contamination
" Haynesville — Very large and impulsive
demand on limited local
6000 ® Woodford resources
B Fayetteville
5000
® Barnett — Air impacts
4000 — Fugitive methane leakage
— VOC emissions and other
3000 B local air quality impacts
H =
2000 I . =

Source: F. O’Sullivan, HPDI Production Database 7





Understanding the shale resource — Productivity and economics





Reviewing early-life well performance across the major shale plays reveals
some interesting features — Well productivity distributions tend to be broad and
all display positive skew.

Distribution of absolute peak month well productivity’
Bakken H wells drilled between 2010 and 2012

X 103 T T T T T T
1.8 — .
Distribution of absolute peak month well productivity’ L& 1| H H P90-P10 = 4.2X |
Barnett H wells drilled between 2005 and 2012 14l — |
4 =212+ o —
4_5)5 18 T T T T T T T % ] | P90
- ] 29 800 bbls/day 1
- i
B B § 08 | .
3.5 ] P90-P10 = 4.7X o -
- 0.6 — .
) 3r —
= 0.4} i
C
8 25¢ gE P90
> 0.2+ —
E= 3,650 Mcf/day
g o "
£ | u % 200 400 600 800 1000 1200 1400 1600
151 o Absolute Production Rate: bbls/da
| P10
1L _190 bbls/day
05} . Identifying the drivers of performance variability is
f exceptionally difficult
% 1000 2000 3000 4000 5000 6000 7000 8000 — Impact of geological variation
Absolute Production Rate: Mcf/day . .
P10 — Impact of well completion design

780 Mcf/day

— Temporal impact of a creaming process

1. Peak month production rate reported in units of Mcf/day and bbls/day - Etc.
Source: F. O’Sullivan, HPDI database 9





Shale has provided the U.S. with an abundance of moderate cost gas, with
500 Tcf or more available at or below $6.00/MMBtu — Although often
suggested as such, shale gas is not cheap

Aggregate United States natural gas supply Breakdown of United States natural gas supply
curve curves by resource type
$/MMBtu breakeven gas price* $/MMBtu breakeven gas price*
20.00 20.00
18.00 18.00
16.00 16.00 500 Tcf is ~20
14.00 14.00 years worth
of US gas
12.00 12.00 demand
10.00 10.00
8.00 8.00
6.00 6.00 Conventional —
P90 e Shal
4.00 Mean 4.00 ale —_—
Tight —_—
2.00 P10 e 2.00 CBM
0.00 0.00
0 500 1,000 1,500 2,000 2,500 0O 100 200 300 400 500 600 700 800
Tcf of Gas Tcf of Gas

* Cost curves calculated using 2007 cost bases. U.S. costs represent wellhead breakeven costs. Cost curves calculated assuming 10% real discount rate
Source: F. O'Sullivan, MIT Gas Supply Team analysis, ICF Hydrocarbon Supply Model, Data strictly for illustrative purposes only 10





Naturally, the variability in well productivity has major implications for the
economics of the shale resource — Extensive drilling has pushed supply up
and prices down, but much of this gas has been produced below cost

Retrospective U.S. shale gas curves for the ‘09, ‘10 and ‘11 well vintages
$/MMBtu breakeven gas price’

10 T 1 T l
2009 vintage wellhead

Or price
2010 vintage

8- 2011 vintage

7

6

5 Many shale wells brought
online over the past 4-5 years

4 have yielded very poor

commercial returns

|

| |
1 15 2 2.5 3 3.5 4

First 12 month gas production
Liquids targeted drilling is from shale well vintage
increasingly delivering ultra Tcf of Gas

low-cost gas to the system

1. Supply curves include: Bakken, Barnett, Eagle Ford, Fayetteville, Haynesville, Marcellus and Woodford plays, and represent only gas produced by horizontal wells
Source: F. O’Sullivan 11





Domestic and international market evolution — The changing role for U.S. gas

12





Over the past several years falling gas prices have led to gas increasingly
displacing coal-fired generation — More gas use for power generation going
forward is certain

Evolution of natural gas prices for power generation Comparison of coal and gas-fired power generation levels in
from 2004 in the United States the U.S. since January 2008
$/MMBtu of gas TWhrs
Large-scale
14 shale gas and 200 —Coal-Fired
Quigrowth 180 = Gas-Fired
12
160
10 140
120
8
100
6
80
4 60
40 Very low gas prices in spring
2 ’12 led to a convergence of
20 generation output from coal
0 and gas units
0
2004 2006 2008 2010 2012 2014 2016
30(\ )‘} 500 )‘) s'bo 50 N 50 s'bo 30 s'bo }0 s‘bo

Source: F. O’Sullivan, United States Energy Information Administration 13





CO, emissions from U.S. power generation have fallen by 15% since

2005 due largely to coal-to-gas switching — The emission reductions have

had negative costs, but how sustainability these reductions will be is unclear

US CO, emissions from electric power generation
in 2005 and 2012
Tg of CO,

The McKinsey abatement curve - 2007

GHG REDUCTION OPPORTUNITIES WIDELY DISTRIBUTED - 2030 MID-

RANGE CASE I Abatement costs <$50/ton
Cost Real 2005 dollars per ton COze Commercial Residential
buildings —  buildings —
2500 133 I HVAC HVAC .
I equipment  equipment
> 80 - ffici ffici
70 - Fuel economy Industrial Coal Residential Distributed ereioney e1 cency
60 - packages — process mining —  buildings - solar PV }
50 - Residential Light trucks improve- Methane Shell ) ‘
| e i Active forest
2000 40 - electronics . m "‘f mQM} retrofits |
30 - Residential | l ‘ ? management
20 - buildings - |
10 - Liqhting E
0 » .
1500 A0 02| | 04 o || |08 0 D ! . . 20 22| 24 28 ] 2.3 3]0 3.2
20 | Potential
30 | | Biomass Industry — Gigatonsl/year
-40 i Industry - power — EC.;Sd new
1000 a0 hemang | e LS e
K | power HFCs ‘ intensive Car
o | | mgmt | processes hybridi-
o | Cellulosic | Coal power zation
-90 1 ! biofuels plants - CCS new
500 100 1 i Natural builds with EOR coatto
-110 FCommercial | -to-
i ; | Commercial Conservation gas and inter gas shift -
Bl S Eetoe || covercros il 8
0 -230 [ improvements mgmt Reforestation
2005 2012 ke e Aterston
— In 2007, McKinsey estimated that coal-to-gas switching would yield 80MT of CO, abatement at
at cost of >$50/ton
— Compared to 2005 levels, lower cost gas from shale has resulted in >350MT of annual CO,
abatement, at zero to negative cost
14

Source: McKinsey & Company. United States Environmental Protection Agency





Going forward, the abundance of moderate-cost gas in the U.S. points to
gas-fired generation dominating new build — This conclusion cannot be
drawn for other regions where gas markets are oil-linked

Gas price needed for new build coal selection ahead of NGCC assuming
various carbon emissions limits and no EOR'

$/MMBtu
T P90 — The structure of global gas
16 - —_— v markets means that dynamics in
| I — Mean the U.S. are not necessarily
: | — P10 relevant elsewhere
14 + I :
| |
I
— U.S. gas-on-gas market will likely
12 L il continue to ensure gas is the most
attractive new build option
I
10 i | .
I — Liquids-linked pricing outside
: II North America means coal-fired
8 —_— | plants are less disadvantaged
5 | 2
The U.S., has more than . .
500 Tcf of gas available — The breaking of oil-linked gas
6 at $6.00/MMBtu I E prici.ng in East. Asia oyer the
I coming years is a major
_ uncertainty
500 CO, Ib/MWhr 1000 CO, Ib/MWhr No limit

1. N=10,000. Heat rate, Capital cost and O&M costs scale linearly. CO2 emissions are function of emission standard, heat rate and unabated emissions. Costs based on NETL (2011) for
PC, EIA (2011) and IEA (2011) for NGCC. Costs for NGCC are interpolated from reported costs on 0% and 90% capture. Natural gas price constant over lifetime of plant. Capacity factor:

75% with 5% standard deviation. Transport and storage cost: $15/ton CO2 captured. Capital charge: 15%. Coal price: $2.1/MMBtu. Capital cost uncertainty: if capture, standard deviation
$100/kW, if no capture, standard deviation $25/kW.

Source: Analysis by J. Eide & H. Herzog, MIT, F. O’Sullivan 15





The global gas price differentials that exist today makes U.S. shale exports (to
Asia) look very attractive — The U.S.-Japan differential will likely narrow over the
coming years but shale gas supply will likely remain in-the-money

Variation in natural gas spot pricing in major global markets since 2000 Conceptual U.S. shale-based LNG
$/MMBtu value chain
20
—Henry Hub
LNG from US ® Market Price # Shipping * Liquefaction ®Feed Gas
18 - ——Europe
—Japan
16 P
LNG to US
14 /
12 1
10 , \
: N \
j ) %
6 u & FOB breakeven
’\ , i gas price
4 1)) M
8
2
0

Q»\lx LNG Value Chain Ex-Ship Japan

Qr Na Q° N AQ AL
O Q’\\q’0 Q’\\rzp Q’\\Q’Q Q’\\Q’Q 0’\\rL0 0’\\%

QQ
Q\\'LQ o\

Source: F. O’Sullivan, EIA, Bloomberg 16





Considering the medium term supply stack, U.S. export projects will be quite
competitive in supplying Asia — The real risk lies in the feed gas price, though
most U.S. projects are passing this through and running as tolling operations

Estimation of new LNG supply curve to 2025 based upon project with

high probability of completion
Ex-ship Tokyo breakeven price - $/MMBtu

16 -
14 - -
12 With $4 Henry
Hub feed, U.S.
AB projects
breakeven @
~$10 ex-ship in
Tokyo

0 3 60 91
B Middle East expansions " AB expansion
® Australia expansion mCanada LNG
®Mozambique ®Tanzania

Source: F. O’Sullivan, IGU, Deutsche Bank

121 152 182 213

B PB expansion B AB other greenfield mitpa
US Brownfield LNG FLNG
» Australian Greenfield LNG
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The capacity seeking LNG export approval is enormous but the realized
levels will be more modest — At full capacity, current licenses for NFT LNG
export would more than double U.S. gas exports

Snapshot of U.S. LNG import and export capacity

as of September 2013

Bcf/day

45
40
35
30
25
20
15

10

In Situ Regas
Capacity

The pace of recent project
approvals may not continue as
pressure mounts regarding the

assessment of ”national
interest” impact

Proposed Approved
Liquefaction  Liquefaction
Capacity Capacity

Variation in U.S. natural gas imports and exports
from 2000 and 2013
Bcf/day

14
13
12
11

-
o

O =~ N W b OO O N 0O ©

=—Imports
—EXxports

e===Net Imports

Today, U.S. exports
are ~4.5 Bcf/day

2000 2002 2004 2006 2008 2010 2012 2014

Source: United States Energy Information Administration, United States Department of Energy, CRS
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Fuel Cells and Hydrogen for Greater Sustainability
Using Natural Gas

Pinakin Patel
At AIChE Workshop. Washington DC October 8-9 2014





Design

Megawatt—
class
distributed
power
generation
solutions

Manufacture

Global
manufacturing
footprint

* North America
» Europe
* Asia via partner

FCE Products and Services

Sales

Direct &
via Partners

Installations &
orders
in 9 countries

EPC’

Project
Development
and Project
Finance,
Engineering &
Construction

Over 300
megawaltts
installed and in
backlog

* Engineering, Procurement &
Construction

Services

Operate &
maintain power
plants

« Over 100 DFC®
plants
operating at
more than 50
sites globally

e Three billion
kWh ultra-clean
power
produced

Providing turn-key distributed power generation solutions
that meet both economic and sustainability goals






Scalable Solutions

1.4 MW
DFC1500®

» Utilizes one module
» Adequate to power
1,400 homes

Four-Stack Module
1.4 megawatts

2.8 MW
DFC3000®

» Utilizes two modules
» Adequate to power
2,800 homes

Individual fuel cell
&
350 kW fuel cell stack

Completed module 59MW fuel
1.4 megawatts cell park






World’s Largest Fuel Cell Park

“The scale of this
installation is contributing
to the power and heating
needs of an urban
population and generating
the electricity in a highly
efficient and ultra-low
emission profile that
supports our National
renewable portfolio

Standard,”

Tae-Ho Lee

Chief Executive Officer
Gyeonggi Green Energy

Scalable consisting of 21 DFC3000® power plants

— Only ~ 5.2 acres for 59 MW

Supplying electric grid and district heating system

Constructed in only 14 months
Adequate to power ~ 140,000 S. Korean homes





Distributed Hydrogen Production

Vehicle Fueling

Industrial Hydrogen Use Emerging market

Existing market

Ongoing Projects:

* Orange County Sanitation District, CA —
Hydrogen from wastewater treatment
digester gas for vehicle fueling

« Village Farms, Vancouver Canada -
Hydrogen from landfill gas for vehicle
fueling

* Torrington DFC Manufacturing Plant —

Orange County Sanitation District Hydrogen for industrial heat treating
Renewable Hydrogen for Vehicle fueling

Zero or low-carbon H, economically produced near end users





Co-product
Power, kW
Hydrogen, kg/day
Heat, mmBtu/hr
Refueling Capacity
Cars, 4.2 kg/day
Buses, 25 kg/day

Fork Lifts, 2.1 kg/day

Plug-in Battery Hybrid,
12 kWh/day

What Can We Do With
By-Product Hydrogen?

DFC300°® DFC1500®

DFC3000®
250 1,150 2,300
125 700 1,400
0.5 2.0 4.0
30 140 280
5 24 48
60 280 560
500

2,400 4,800

MO3256A
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Enabling Renewable Energy Use
for Grid Independent Operation

Fuel

(Nc/BioGas/Propage)
A Co-Produced < Fuel Cell Cars
Hydrogen a ¢
onm
L 4 .”
Base Load 4 e
!
! ]

Fuel Cell ll
Hydrogen

n Storage

Enhanced Energy Security I o~ .
L]
L]

Maximize Green Energy Use .

n

Water Independent I Loalg Following _ e ™™ ™ @y, JeRID

. uel Cell e ., P
Load Following Power +* Yoo 4

. [ ] “ Ny ] "
Fuel Flexible l| ‘.‘
4
Ultra Clean Heat ; A
¥ Micro-GRID

Provides Distributed H,

for Multiple Uses
Compensates for Wind and Solar Power
P (Intermittent)

Intermittent Supplies



http://www.bing.com/images/search?q=power+linefocal=98f3666fe4fee14d1d5d149639952fc9&furl=http://www.genetec.com/English/News/newsletter/PublishingImages/may09/power-line.jpg



Chemical Integration /
Hydrogen Recycle

Other Hydrogen
Reformer Users
Chemicals
2:1-1:1 Desired Processing
Ratio
Natural
Gas PSA
/ Recovered /
Recycle H,
H, Containing
Off-gas
DFC® High o o
Temperature Fuel Electrochemical Hydrogen -gas
Cell Separation (EHS) for
Ratio Adjustment Pressurized EHS
Ultra-ClI CO2/N2/O Pure
ra-Clean CO2/N2/02
Hydrogen Off-gas H, Recycle

for Algae / Biomass

Chemical integration opportunities include H, to CO ratio adjustment,
H, recycle from processing off-gas and CO, for other uses





Carbon Capture with DFC Powerplants

» Carbonate electrochemical process transfers CO, from Air Electrode
(Cathode) to Fuel Electrode (Anode)

« CO, is easily separated from Fuel Electrode exhaust gas because it is
no longer diluted with air

 Demonstrated in small cells, 9 kW test starting this year

co, |
Fuel ? ANODE E‘;%L?t%% Fuel with co,
I Separation

DFC Powerplant
30 to 75% of Conventional
Plant Rating

. CO, to
Conventional Natural sequestration or

Gas or Coal Plant industrial use





Application Examples

Back-up slides
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Wind Power is Soft Energy

Hydrogen can also reduce size of battery storage needed
by increasing average wind + battery + H, output

\F

Battery charge
Battery discharge

[ |Hydrogen power

Hydrogen converts soft to hard, reliable power

11





Application Examples

Megawatt-class distributed power generation solutions
* Highly Efficient

o High electrical efficiency
o Combined heat & power supports economics and sustainability

« Ultra-clean
o Virtual lack of pollutants eliminates future clean air compliance concerns
o Low carbon footprint / net-zero carbon using renewable biogas

 Enhances grid resiliency
o Continuous power close to the point of use

On-site Power Electric Grid Support

12





Commercialization Roadmap

Present New Markets

Multi-MW fuel cell parks MW Distributed H, Generation

MW-class On-site & Biogas
High Efficiency DFC

Sub-MW Distributed H, Generation SOFC | Storage | Carbon Capture






Global Relationships
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Global Business

MW-class distributed generation solutions
* Grid support and on-site CHP power generation

* ~650 employees on 3 continents
* > 2.6 billion kWh produced

Manufacturing Countries with Installations
* ~325 employees USA * 50 sites in 9 countries
* ~15 employees Germany * >300 MW installed/backlog
* S. Korea via partner

15





Competitive LCOE

Unsubsidized Levelized

$/kWh
$0.25 -
$0.20 -
T Tt TN i
0150 .
i $0.14 - $0.15@ : CT Baseload Power $0.14
' : CA Baseload Power $0.12
1 1
1
$0.10 - : - .
1 1
| $0.09 - $0.11®) |
:- ---------- : 0.0
Utility
SOOS T Fue|Ce|| Distributed Solar Gas'® Combined Nuclear Coal
Solar PV  PV© . Peaking Cycle . “oomw 600 MW
Energy 10 MW 10 MW Wind 100-200 MW 550 MW ’
2.8 MW 100 MW |
s Intermittent Renewable Generation Central Generation(
0.00

(a) LCOE of $0.15/kWh with natural gas at $8/mmBtu or $0.14.kWh at $6/mmBtu; each $2/mmBtu change equates to about $0.01/kWh.

(b) Mid-term LCOE target of $0.09-$0.11/kWh based on global production volume of approximately 210 MW annually.

(c) Distributed solar based on rooftop installation in SW USA with 20-23% capacity factor; Utility solar based on tracking technology and 27-28% capacity.
(d) Installation and maintenance cost of Transmission & Distribution (T&D) is estimated to add up to $0.024/kWh.

(e) Gas peaking addresses intermittency of solar and wind when power is required but sun not shining/wind not blowing.

(f) Does not include waste disposal costs, incremental emission clean-up costs or nuclear-related security costs.

Source: Company estimates, Lazard’s Levelized Cost of Energy Analysis—Version 7.0, U.S. Energy Information Administration (EIA) & Oak Ridge National Lab.
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On-site Power & Heat

Project Overview
1.4 MW combined heat & power
fuel cell plant located at Central
Connecticut State University

O Providing ~1/3 of campus
power needs

Benefits
* High efficiency drives favorable economics
O CHP for heating and absorption chilling

* Ultra-clean emission profile supports CCSU
sustainability goals

* Micro-grid enhances campus energy security

* Private capital providing public benefits

1.4 MW utility-owned power
plant at CCSU - New Britain

“This power plant is a significant
step in helping CCSU achieve
our aggressive goals for
reducing greenhouse gases and

improving energy efficiency on
campus,” said Central

Connecticut State University
President Jack Miller.

17





Electric Grid Support

E . I Q . [ Output is adequate to power

14.9 MW of ultra-clean, efficient and continuous

approximately 15,000 homes

]

power generation on a remediated brownfield site in
Bridgeport, CT

Benefits

Clean & quiet on ~ 1.5 acres

Hardens electric grid by supplying 3 substations
Tax revenue for City of Bridgeport

Sustainable jobs for State of Connecticut

15 year service contract for FuelCell Energy
Diversify power generation for utilities/consumers

“The Dominion Bridgeport Fuel Cell is another important step in our efforts to identify and develop
opportunities to produce clean energy that is reliable and cost effective,” said Thomas F. Farrell Il,
Dominion Chairman, President and Chief Executive Officer. “‘We are now adding fuel cell

technology to our energy portfolio that already includes wind, hydro, biomass and, soon, solar. This

project supports Connecticut’s clean energy goals while producing significant economic

development benefits for the State and the City of Bridgeport.”
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Challenge for a Water treatment facility
* Compliance with clean air regulations
* Meet ambitious sustainability goals

Solution

World’s largest fuel cell power plant converting
renewable biogas into electricity and heat
O adequate to power 2,800 homes

Benefits

* Converts waste disposal problem into
multiple value streams

* Ultra-clean power facilitates clean air
permitting

* Distributed generation enhances power
reliability and energy security

* High efficiency drives economics

Renewable Power

2.8 MW power plant at Inland Empire
municipal water treatment facility
Ontario, California

“The clean electrical generation process
and the reliable 24/7 operating nature of
the fuel cell will help us attain the
objectives of our strategic energy plan

and position us to meet ever more
stringent clean air emission
requirements,” said Terry Catlin, Board
President, Inland Empire Utilities
Agency.
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Integrated Biomass Liquid

Fuel Production
\ Clean CO, Increases Biomass Production
Clean CO,
(Cathode exhaust, Low 02, Higher N2)
Low Level Heat Low Level Heat

Processing ngh Level Heat
vV VvV Waste
Biomass \ v
Growing Biomass \ CO2, CH4

H2, CO,

CO2, CH4 Hydrogen

|

Optional other biomass

Bio Hydrogen

» . .
v Crude Bio oil qul"d BlOfLJeI
Bio Refining >
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Low Carbon On-Site Power from Natural Gas

« 3.8MW ultra low carbon system for on-site power generation

from natural gas — larger systems possible

 Captured CO, can be sequestered or sold commercially

2.8 MW AC 1 MW AC
Power Power

DFC3000 Exhaust with
2600 Ibs/h CO,
31 Tons per day

Natural Gas Fuel Input Natural Gas Fuel Input
to DFC3000: to DFC1500:
20.3 MMBtu/h LHV 8 MMBtu/h LHV

Captured CO,
3200 Ibs/h CO,
38 Tons per day
2000 psi

DFC1500 Exhaust with
320 Ibs/h CO,
4 Tons per day

Only 80 Ibs CO,
per MWh
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Air Products:
Natural Gas Conversion to H,

e Air Products: World’s leading provider of Merchant Hydrogen

e Today: Majority of hydrogen is made from natural gas
- Steam-methane reforming
- H,0 + CH, + heat - CO + 3H,

e 60% of CO, could be readily captured. Remainder lost in
low pressure flue gas

e Future: Ceramic Membrane:
ITM Syngas

- Up to 90% of CO, could be
readily captured

- Potential capital and energy
efficiency improvements

- Largest demonstrations have

,,,,,,,,,,,,,, an. . 3 Low Pressure Air ’ Spent Air
been.at pilot scale (24 Nm-/hr) Y =

Natural Gas & Steam H, + CO

AIR /.
PRODUCTS 1=





Gaps

e Technical Gaps that can be addressed by the DOE and the
National Labs:
- Improved ceramic membranes:
e improved materials
e membrane designs
e fabrication methods
- Basic ceramic science and engineering of the application of
large scale, ceramics components in demanding service
e reliability
- Larger scale demonstration projects

AIR /.
PRODUCTS 1=
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\\ ‘ Competitiveness of US
Gas Turbine
Manufacturers

/

William H. Day
GAS TURBINE ASSOCIATION Managing Director, Gas turbine

Association
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GAS TURBINE ASSOCIATION

« Alstom

« GE Energy

» Florida Turbine Technologies
* Meggitt Sensing Systems

* Pratt & Whitney

* OPRA Turbines

« PW Power Systems

* Rolls-Royce Energy Systems
« Siemens Energy

e Solar Turbines

October 8, 2014 Page 2





= Acknowledgement

The information on the following charts is from a study
commissioned by the Gas Turbine Association and
performed by ICF International, 3/29/13.

To see the full study, go to the GTA website

www.gasturbine.org and click on the “Hot Topics™ tab.
Then click on “GTA White Paper on R&D Funding”.
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Background

US-based manufacturers currently have a large
share of the simple cycle and combined cycle
market.

With the expansion of European mfrs to the US, the
only other major producer of heavy frame units in
the US is Japan.

Due to the Fukushima disaster, the Japanese
government is funding large R&D to improve CC
efficiency as an alternative to decreased nuclear
power.

Without an expansion of US government R&D
funding, US-based mfrs will lose their competitive
advantage in the US electricity market.

October 8, 2014 Page 4





Results Summary

Foreign mfrs will gain a large share of the US
market for new electric generating capacity over the
next 25 years unless US mfrs develop advanced
NGCCs.

The study forecasts an increase in US jobs with
new capacity expansion.

If US-based NGCC efficiency targets are not met
and foreign mfrs meet theirs, there will be fewer US
jobs as GT mfg is increasingly done offshore.
Developing high-efficiency NGCCs will reduce the
growth of CO2. AS US NGCCs will be more
efficient than foreign ones, other countries will
produce less CO2 as well.
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A

=@GTA Projected Combined Cycle Build Out

GAS TURBINE ASSOCIATION

Exhibit ES-1
Projected Combined Cycle Build Out

H Actual as of 2013 | 2037 - Foreign government investment Case | 2037 — Enhanced US investment Case

191,100 191,900 327,745
Non-U5 35,196 16% 262,432 28% 128,371 28%
Total 226,296 100% 454,333 100% 456,115 100%

Source: Ventyx and IPM output

 In the Foreign government investment case, without
Increased US government R&D funding US mfrs will

become much less competitive.
« Market share would drop to 42% from 84% today.
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=GTA Projected Jobs Impact

GAS TURBINE ASSOCIATION

Exhibit ES-2
Projected Jobs Impact on the US Economy

Foreign government investment Case | Enhanced US investment Case H

2020 26,000 23,000

2030 16,5000 203,000 38,000

2035 172,000 208,000 36,000
Annual Average 90,000 102,000 12,000

Source: IMPLAN output

The Enhanced US Investment case supports 36,000

(~ 20%) more jobs vs. the Foreign Government case by
2030.
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\\\I
Z—:/\Gl'A Timeline of Advanced Combined Cycles

GAS TURBINE ASSOCIATION

Exhibit 1-1
Rollout Timeline of Advanced Combined Cycles

2015 2020 2025
Foreign government investment: Foreign government investment: Foreign government investment:

1 Class 61.5% Rollout | Mat'| Class 653.5% Rollout 1 Nat’| Class 65% Rollout

e . R SRR S >

T I i v
2014 2015 2016 2017 201E 2014 2020 2021 20 2023 2024 2025 2026 2097 2028 2029

013 2022 2027 2050
Enhanced US investment: Enhanced US investment:
JS Class 64% Rollout S Class 67% Rollout

* Funding needed for advanced NGCCs: $50 million
per year for 7 years

* Representative Tonko (D-NY) introduced bill
112H2781 on 5/31/13 to provide for the R&D funding

October 8, 2014 Page 8






Natural Gas Based
Stationary Power
Generation





Panel Discussion Agenda

* Introduction (10-15 minutes)

* Introduction and overview by panelists (each 5-7
minutes)

* Panel discussion starts (60 minutes)
* Open questions from audience (7-10 minutes)





Estimated U.S. Energy Use in 2012: 95.1 Quads
Contributions of Major Energy Sources

Renewables

Nuclear

Coal

— -
,’

( Natural Gas
~

e B

Petroleum

Source: DOE EIA-0035 (2013/05)





NG: The Rise of Production and
Fall of Price
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Major NG Applications

* Power generation
* Centralized: NGCC

 Distributed: GTSC, NGFC, reciprocal engines,
microturbines

* Chemical synthesis
* H, production
* Fertilizers
* Refinery
* Transportation fuels





Centralized NGCC

% Qin

Major advantages:
* 50.2% efficiency
e Half the carbon emission of

Gas turbine

W
steam cycle
B * Less emission of other air
pollutants
Heat-recovery
steam gener ator
] r—
Vapor Weap
cycle
G ,."\1"_> Steam
PL}mp N Condensate

Source: Moran et al, FUNDAMENTALS OF ENGINEERING THERMODYNAMICS, 7t ed., 2011





NGCC with CCS

Matural Gas

Direct Contact
> Cooler

HRSG

Air ) . Cooling Water
Combustion Turbine B|g#er

<

MEA Stack

:| »CO,
?) 2200 psig
02

Compressor

Stack Gas

Reboiler Steam

L J

Condensate Retum

NOx Control: LNB + SCR to maintain 2.5 ppmvd @ 15% O,
Steam Conditions: 2400 psig/1050°F/950°F

Source: Life Cycle Results from the NGCC LCI&C Study, NETL, September, 2012





NGSOFC for DG

Atmospheric Pressure

e Efficiency: 45-50%

e Heat/Power Ratio=0.8
I A e Exhaust temp: 600F

h e |deal for CHP

\ 4

—\,— |—— Exhaust

—lo
>
(@]

Q)

o)

>

@

2

o
i?.

Pressurized Hybrid

e Efficiency: 55-60%

e Heat/Power Ratio= 0.5
e Exhaust temp: 500F

e Suitable for CHP






Westinghouse EDB/ELSAM 100
kW SOFC-CHP






100 kWe SOFC Power System
Operation Summary

e 20,350+ hours
» 4035 hours Pittsburgh/Netherlands in 1998

* 12,577 hours in The Netherlands in 1999 & 2000 (95%
availability)

* 3,500+ hours at Essen, Germany
* Major performance:
* 46% [Net ac/LHV] at 109 kWe AC to the Grid
e 65 kWth to district heating system
e NO, <0.2 ppmy, undetectable SO,, CO, VOCs

e No detectable cell degradation





Siemens/Westinghouse 220 kWe

Pressurized SOFC/Gas Turbine Hybrid
System






Performance Summary

e 774+ hours
—110 hours FAT
—150 hours SAT + operation
—514 hours operation

e 188 kW total
—SOFC - 166 kW
—MTG - 22 kW

® 52% (net ac/LHV)






CCS Technology

Post-combustion

Fuel ——

Alr m—

Pre-combustion

Fuel gas

Power &Heat

N,, O, H,0

1

CO, separation

Gasification or partial
oxidation shift & CO,
separation

H,

Al s—

Al —

Oxy-combustion

[

Air separation

Power &Heat

N,, O,, H,O
Power &Heat )

I 0 Recycle CO,(H,0)
2

Al m—

Air separation

N,

co,
co,

CO, dehydration
compression
transport and storage

CO,(H,0)






Carbon Capture Technologies






H, Production

. 0,
SMR. 96/) H2 STACK
production in the US 11:
> HRSG ———14——pmd MEA AGR UnIT
STack Gas 15
CDs
15 COs co,
compressor | 1C ™ Proouct
STEAM HoO CO,
! g
3
ae PRESSURE =] '
Gas SuLrur | o) STEAM ] syneas i SHIFT MDEA AGR u RODUCT
2™ Guro [ ™ ™| Rerormer o COOLER - Reactors | 0™ Unit — 77— ASW'"G G-
DSORBER
1 12
H20
FUEL Gas
- 10
AMBIENT AIR
11
SUPPLEMENTAL
MaTURAL GAs

Source: DOE/NETL-2010/1434





H, Utilization

* Fuel cells

* Fertilizers

* Refineries

* Transportation fuels





Barriers to Implementation

* NGCC
* High-temperature corrosions

* NGSOFC

e Cost, durability and performance

* CCS
* Cost, energy and efficiency penalty

* HCU

* Cost and performance





Questions to be Discussed

* What are potential areas for expansion for NG in
stationary energy generation?

 What are the major technical, requlatory, or other
barriers or roadblocks that prevent growth of NG in
stationary energy generation?

* What are the primary technical gaps inhibiting
wider NG utilization?





Questions to be Discussed

* What science or engineering research and
development programs should be expanded to
address these gaps?

* What is the magnitude or the level of impact of the
technology gaps?

* What role should the Government (i.e., federal and
state) play in addressing potential technology or

policy gaps?





Backup Slides





Westinghouse Field Test Units

Time Customer Stack Cell Cell Oper.
Year Rating Length  Number (Hrs.)
(kWe) (cm)
1986 TVA 0.4 30 24 1760
1987 Osaka Gas 3 36 144 3012
1987 Osaka Gas 3 36 144 3683
1987 Tokyo Gas 3 36 144 4882
1992 JGU-1 20 50 576 817
1992 UTILITIES-A 20 50 576 2601
1992 UTILITIES-B1 20 50 576 1579
1993 UTILITIES-B2 20 50 576 7064
1994 SCE-1 20 50 576 6015
1995 SCE-2 27 50 576 5582
1995 JGU-2 25 50 576 13,194
1998 SCE-2/NFCRC 27 50 576 5380+
1997 EDB/ELSAM -1 100 150 1152 4035
1999 EDB/ELSAM - 2 100 150 1152 12,577
2001 RWE 100kW 100 150 1152 3500+
2000 SCE 200 150 1152 774+





3 MW SOFC/GT Hybrid - 70%
Electrical Efficiency

. enerator
desulfurizers 9

Recuperator/
fuel heater






3 MW Power System Layout






Class Hybrid PSOFC

300 kWe






500 kW SOFC/GT Hybrid System






NGFC Configuration — Ambient

Pressure SOFC

NG Expander

2
preheated MG
L 4
4 JAutothermal| 7
steam 7| Reformer » Preheat
4
oxidant|§ I
6 1
T . natural
ASU axy-cemhb gas
oxidant
3T
air

LP-process
Cathode | steam
Blower  Cathode HTX T
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I HRSG [—*
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I"N * : “HP-cteam
13 I LP-process
SOFC :6 =team
| |exidant T
Cathode I
g 1 15 » HRSG 1‘2
Anode Dify.(:c-mbustor :
T ! condensate
1
anodlz
— Dﬁ-*S
1 anode
|
Anods HT X " recycle gas

Recycle Blower

Source: DOE/NETL—-2011/1486





NGFC Configuration — Pressurized

SO

FC

air

12

———Cathode
Blower

e

14

— exhaust gas

I I
| |
| |
: Recyecle Blower : Steam
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NGFC Performance

Net Efficiency (% HHV)

50.0

At -5 OFC NGFC

g ress-SOFC NGFC
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NGFC Performance

COE ($/MWh)

75.0

—r—Aim-SOFC NGFC —r=Press-S0FC HGFC =0=|ntemal Reform MGFC

.

Conventional NGCCw CCS

— S

390 /KW SOFC

Stack Module Costwith
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Atm-Base

Cell Degrade 0.2%/1000 hr

CF 85%
CF 9%

Inverter Eff 98%

Owverpotential 70 mV
Stack Cost Reduced B

Advanced Cell Mat| (90%
utilization)

Source: DOE/NETL-2011/1486






SOFC for DG

Cathode
Cathode HTX
Air 15,000
14.000 1 MWe class unit
Exhaust ’ Netee (HHV) ~ 61.3%
Recycle Blower g !
12000
ot
- 5 11,000 -
S DR [ Modgle Ao 2 10,000 * Government Funding
[ combustor ﬁ * Government Subsidies
I | ‘é‘ $,000 * Municipalities
| [’_G_ AC 8 8,000 = Demos
o | e Gl §
e— | J I Combustor Ex:aa:st i 6,000
| | %2 5000 * Industry Partnership
« Utility Aggregator
| I g ! = Green Customers
— '— — 3,000
Desulfurizer 2,000
ool I Anode 1.000 Sales ~ 100 MM$ -
gas ecycle blower off-gas Sales ~ 2000 MM$
1]
0.1 1 10 100 1000
Natural gas Sourca: NETL Cumulative installed capacity (MWe}
{includes mass-manufacturing, economy of scale, technological progress)
Source: NETL Anode HTX

Source: DOE/NETL-342/093013
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GLOBAL CCS INSTITUTE

@

1.1 Drive knowledge transfer

1.2 Build on our world-leading CCS
knowledge base

Authoritative
knowledge

sharing

1.3 Optimise global collaboration and
dissemination of high quality
information

OUR MISSION

To accelerate the 4
development, Fact e

influential advice |§

demonstration and and advocacy_J
deployment of CCS
globally ))

Create favourable
conditions
to implement CCS 4

2.1 Improve public awareness
and understanding of CCS

2.2 Position CCS as a key
low—carbon technology

2.3 Equip Members to make
better informed decisions

3.1 Help develop supportive
policies, standards and frameworks

3.2 Encourage collaboration on
business cases

3.3 Develop enabling capabilities






‘ Fossil fuels will be important for along time to come

Total remaining recoverable resources
Proven reserves

. Cumulative production to date
3 050 years

233 years
178 years

54 |ears
Oil

Source: IEA (2013)

142 years

61 years

Coal Natural gas






[‘] When expectations collide

» ‘Business as usual’ is incompatible with climate change objectives.

= ‘Business as usual’ leads to a world of rising average global
temperature.

= Renewable technologies are not the sole answer to mitigating the
rise in global temperature:

o decarbonizing power without CCS would cost 40% more than
with CCS

o in many industrial processes, accounting for over 20% of CO,
emissions, there is no alternative to CCS.





‘ CCS is a critical component of a sustainable energy system
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2011 2020 2030 2040 2050
M End-use fuel and electricity efficiency 38% W CCS 14% Source: IEA Energy
M End-use fuel switching 9% M Renewables 30% Technology Perspectives

B Power generation efficiency and fuel switching 2%  Nuclear 7% 2014






E] No CCS - No 2°C

CCS is an important technology in

Many energy and Wide adoption of CCS part of .
- . : the | ...depl tto d
climate researchers the scenario that achieves 450 . og gvczllostgli) soé/g?rgblz b
believe that CCS is vital ppm atmospheric stabilization _ _
to avoiding a climate level for CO, UK Committee on Climate
tastroph : Change
catastrophe World Energy Council ¢
Wired Magazine March
2013
We intend to promote the use
of low carbon technologies
(renewable energies, nuclear
Availability of CCS is critical Importance of in the countries which opt to
for producing 450 ppm CCS use it, and carbon capture and

storage
Energy Modeling Forum 27 acknowledged ge)

Study G7 Energy Ministerial
Meeting, May 2014
Commercial demonstration of CCS essential CCS to be cost effective when
for deployment in the 2030 timeframe transformational technologies emerge

European Commission US Climate Action Report 2014





Government and Industry Advance Carbon Pricing

ALBERTA MANITOBA NORWAY FINLAND
ONTARIO

SWEDEN

| KAZAKHSTAN REBUBLIC

BRITISH A OF KOREA
COLUMBIA Ehrt
WASHINGTON — Q - v
OREGON 3 JAPAN
CALIFORNIA { WS ‘4
TURKEY
SWITZERLAND CHINA
MEXICO

THAILANDr

BRAZIL
RIO DE JANEIRO AUSTRALIA
SAO PAULO
NEW
CHILE SOUTH AFRICA ZEALAND
" > )
. ETS implemented or scheduled for implementation ’ Carbon tax mplemented or scheduled, ETS under consideration
. Carbon tax mplemented or scheduled for implementation . ETS and carbon tax implemented or scheduled

. ETS or carbon tax under consideration

Source: World Bank (2014)






[.] Business case for CCS

TECHNOLOGY

= Confidence that the technology will work

= Operational projects in power critical to positive perception
of CCS and to gain experience.

UNDERSTANDING

AND ACCEPTANCE

= Awareness and
understanding of CCS
is low, perception of it
as ‘experimental’

POLICY AND

MARKETS

= |mportance of CCS
consistently
acknowledged in global
climate discussions, but

= CCSis not treated = QOperational projects
equivalently to other low- are key to turn this
carbon technologies. around.
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Natural Gas Transportation Fuel
Panel Discussion






Panelists

Reuben Sarkar, DAS-DoE-EERE
Jon Coleman, Ford

Dan Bowerson, Chrylser
William Chernicoff, Toyota
Joseph Rende, Trillium CNG





Many Possibilities to be Considered

* Near term * CNG

* Mid term * LNG

* Long term e ANG
e GTL

e HDV

e LDV

e Ralil

* Ship





What are the current uses for NG in transportation and
what are the current estimated sizes of these markets?

What are potential areas for expansion for NG in
transportation and what is the future potential of these
new markets?

Who are the current major players and leads for NG
transportation applications?

What are the major technical and regulatory barriers or
roadblocks that prevent growth of NG as a transportation
fuel?





What are the primary technical gaps inhibiting wider NG utilization
and in what areas?

What is the magnitude or the level of impact of the technology
gaps? i.e. How do they compare with other political, social or
environmental barriers?

What role should the Government play in addressing potential
technology gaps? (i.e. What role can the National Laboratories
play in addressing the technical gaps?)

To prioritize the efforts, what are the top three technical gaps
which need to be addressed first?
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NG as a Stationary Power Gen Fuel

1.

What are the current uses for NG in Stationary Power and what are the current
estimated sizes of these markets?

What are potential areas for expansion for NG in stationary power gen and what
IS the future potential of these new markets?

Who are the current major players and leads for NG stationary power gen
applications?

What are the major technical and regulatory barriers or roadblocks that prevent
growth of NG as a stationary power gen fuel?

What are the primary technical gaps inhibiting wider NG utilization and in what
areas?

What is the magnitude or the level of impact of the technology gaps? i.e. How
do they compare with other political, social or environmental barriers?

What role should the Government play in addressing potential technology
gaps? (i.e. What role can the National Laboratories play in addressing the
technical gaps?)

To prioritize the efforts, what are the top three technical gaps which need to be
addressed first?





1. What are potential areas for expansion for NG in stationary energy generation
and what is the future potential of these new markets?

For NG Turbines

* Improved efficiency for combined cycles as pointed out in the Tonko Bill

 The major variable in this is whether US government support of increased R&D
funding materializes. If it doesn’t happen, the share of the NGCC market filled by US-
based manufacturers is projected to drop to 42% from 84% today by 2037 (Exhibit ES-
1) and 36,000 fewer US jobs by 2035 (Exhibit ES-2).

For Fuel Cells

* Reliable and resilient distributed power generation is an emerging market where NG
has the demonstrated advantage for use as clean fuel. Technologies such as SOFC can
efficiently utilize NG in CHP and electricity generation in scales ranging from small
commercial to large distributed generation (hundreds of kWe to MWe).

Cross-cutting Areas

e CHP

* Polygen, where products in addition to electric power are produced.
Oxygen + Power
CO, for Enhanced oil recovery + power
H, + power + CO,

The Global Home of Chemical Engineers





2. Who are the current major players and leads for NG in stationary energy
generation applications?

For NG Turbines:

e The major players in NGCCs are US-based manufacturers GE, Siemens and
Alstom; and Japanese supplier Mitsubishi Heavy Industries (MHI). For
smaller gas turbines (< 5-10 MW,, ) which are often used in simple cycle or
combined heat & power applications the major players are GE, Rolls-Royce,
Solar Turbines (part of Caterpillar) and PW Power Systems (part of MHI).

For Fuel Cells:
* Bloom Energy, FuelCell Energy, LG Fuel Cell and GE Fuel Cells

CCS:
e Mitsubishi and Cansolv

Polygen suppliers
e Air Products; Praxair

The Global Home of Chemical Engineers





3. What are the major regulatory, or other barriers or roadblocks that prevent
growth of NG in stationary energy generation?

GHG Mitigation is an Uncertain factor -

* Current proposed regulations exempt NG generation, but if GHG mitigation goals are
to be reached, eventually regulations will require mitigation from NG-fired sources.
The interim period where NG is not subject to GHG regulations provides an ideal
time for R&D targeted at reducing costs for carbon capture utilization and storage so
that when regulations are put into place, industry will be ready to comply. The
problem will only cost more if we wait to address; will not just go away.

Difficulty in connecting CHP to the Utility Grid
* High charges for back-up power; low prices for produced power

The Global Home of Chemical Engineers





4. What are the major technical barriers or roadblocks that prevent growth of NG
In stationary energy generation?

For NG Turbines:

* Major technical areas are combustion, heat transfer, materials — thermal barrier
coatings). It’s very much the overall efficiency goal that includes the 3 barriers.

For Fuel Cells:

e Technical gaps include (1) deployment of clean and efficient energy conversion
system such as SOFC, (b) development and deployment of OTM, (c) reclamation
of water used during NG extraction. Technology development areas include
functional ceramics and membranes, catalysts, robust filtration processes.

For CCS:

 DOE is actively funding coal focused CCS R&D but should consider funding gas
focused CCS R&D to overcome the differences in flue gas content.
Demonstration would alleviate some of the risks associated with the
technology.

The Global Home of Chemical Engineers





5. What science or engineering research and development programs should be
expanded to address these gaps?

For NG Turbines:

e The Tonko Bill would provide sufficient funding to enable US-based NGCCs of 64% to
go on line by 2022 and 67% by 2027. It was introduced in November 2013 in the
House. Bill will be reintroduced with next congress. S50M/yr for 7 years (S350M
total). Does not fund a demonstration plan as could be too expensive for
government input. This would support major component testing.

For Fuel Cells:

e Viable solution to extending the lifetime of fuel cells and reducing the materials and
manufacturing costs

Cross-cutting R&D:

e Across the board integrated basic science programs to understand thermal barrier
coatings and high temperature materials (these technologies are complimentary in
nature so an integrated research is required)

For CCS:

e An R&D program to develop capture technologies specific to NG-fired systems is
needed. This program should be focused on accelerating the development of
technologies tailored to the unique characteristics of NG-derived flue gases such as
lower CO, concentrations as well as lower contaminant concentrations.

The Global Home of Chemical Engineers





6. What is the magnitude or the level of impact of the technology gaps? i.e., How
do they compare with other political, social or environmental barriers?

For Gas Turbines

* the impact of the technology gaps are significant. As pointed out in Question
#1, the gaps equate to the loss of 42 percent loss of market share of US-based
manufacturers and 36,000 US jobs by 2035.

For Fuel Cells:

e Commercialization of the technology is currently in sync with the national focus
on enhancing the manufacturing ability and increasing the employment

Energy-water nexus — need to show how NG utilization for stationary power gen

impacts water utilization. The need to extend life-cycle analyses for NG utilization

technologies is critical.

The Global Home of Chemical Engineers





7. What role should the Government (i.e., federal and state) play in addressing
potential technology or policy gaps? (i.e., What role can the National Laboratories
play in addressing the technical gaps?)

For NG Turbines:

The National Energy Technology Laboratory (NETL) would be the major government
player in the proposed Tonko Bill which would address this issue for Gas Turbines.
Presumably NETL would manage the program, as they did for the quite successful
Advanced Gas Turbine Systems Research (AGTSR) Program which ran from about 1992
to 2000 to demonstrate major components.

For Fuel Cells:

e Developing programs to attack the key technical problems associated with
implementing the fuel cell technology in next generation systems; fund the R&D
that is beyond near term vision (i.e., 5 years horizon) along with demonstration
projects efficient and cost effective NG utilization for stationary applications, for
example in polygen, to gain market confidence and acceptance and De-carbonized
fuel demonstration projects

Public—private partnership under the guidance of federal/ state government ;
university research and industrial participation at the R&D and demonstration level
should be examined. National labs will play key role in developing big science and
engineered systems development of accelerating the deployment.

The Global Home of Chemical Engineers





8. To prioritize the efforts, what are the top three technical gaps which need to be
addressed first?

Develop and demonstrate cost effective GHG reduction strategies related to NG
Stationary Power Gen (all technologies gas turbines, fuel cells and CCS) with
parallel targets for reduction over time. A goal could be to demonstrate a 20%
improvement CAPEX and OPEX over current state of the art which will enable

further investment.

The Global Home of Chemical Engineers
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NG as a Transportation Fuel

1.

What are the current uses for NG in transportation and what are the current
estimated sizes of these markets?

What are potential areas for expansion for NG in transportation and what is the
future potential of these new markets?

Who are the current major players and leads for NG transportation applications?

What are the major technical and regulatory barriers or roadblocks that prevent
growth of NG as a transportation fuel?

What are the primary technical gaps inhibiting wider NG utilization and in what
areas?

What is the magnitude or the level of impact of the technology gaps? i.e. How
do they compare with other political, social or environmental barriers?

What role should the Government play in addressing potential technology
gaps? (i.e. What role can the National Laboratories play in addressing the
technical gaps?)

To prioritize the efforts, what are the top three technical gaps which need to be
addressed first?





1. What are the current uses for NG in transportation and what are the current
estimated sizes of these markets?
1. OnRoad

o Class 8 - largest use/growth area
Heavy duty flee - >0.1%x3.9MMG/day
Refuse haulers 40-50% of new sales CNG
Transit 30-40% of new sales CNG
o Light duty (Class 2 to Class 7)
Commuters / Consumers — no current market (5+ to 10+ year possibility)
—  Bifuel vehicles

—  Dependent on competitive alternative fuels (as well as traditional gas)
Fleet vehicles / Taxis

Uses for Natural Gas:
CNG
LNG
GTL
Biomass to Liquids
Diesel / Gasoline alternatives
Methanol
Alcohol fuels
BiFuel

e
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1. What are the current uses for NG in transportation and what are the current

estimated sizes of these markets?

2. Off Road
»  Marine (regional vs. national markets)
«  Regional example: Tug boats in Pittsburg
 Rall
e  Mining operations
3. Refueling stations
« CNG at 3600 psi

o 95% of natural gas vehicle market
e  Standard refueling is 3 — 5 gge/min

* LNGis $0.50 to $0.70 higher than CNG

e Limitations on NG pipeline based on
season/time of year/location

. On site location or Public access locations

Uses for Natural Gas:
CNG
LNG
GTL
Biomass to Liquids
Diesel / Gasoline alternatives
Methanol
Alcohol fuels
BiFuel
Dual Fuel





2. What are potential areas for expansion for NG in transportation and what is the
future potential of these new markets?

1. Heavy Duty CNG highest near term 10% HD truck sales by 2020

 Returnto base
Refuse trucks / Buses / Municipal Fleets

Regional hauling Largest areas for market growth:
e Heavy duty vehicles / large trucks / fleets
* Coast-to-Coast e Off Road market / Marine / Rail /etc.

Hub-and-spoke transportation e Component manufacturers

Network of refueling stations necessary
Shippers versus carriers... shippers driving market

Retrofitting/Conversions of high-mileage vehicles

Dual Fuel (range / refueling guarantee) Wish list for future growth:

 Weight of pressure vessel
e Penalty of up to 1000 — 1500 |b
* Can increase vehicle Class,
requiring CDL
e Efficiency of engine
e (CNGis 6 mpgvs. diesel at 8 mpg)
e Off-board infrastructure improvements
e 10 gge/min or better fill rate
 Temperature issues during refueling

The Global Home of Chemical Engineers





2. What are potential areas for expansion for NG in transportation and what is the
future potential of these new markets?

2. Heavy Duty LNG declining sales

e (Coast-to-Coast

e  Similar market penetration points
Largest areas for market growth:

»  Higher energy density / longer range than « Heavy duty vehicles / large trucks /
CNG, but higher cost fleets
i e Off Road market / Marine / Rail /etc.
3' Mld DUty i Component manufacturers
4. Off Road

Wish list for future growth:

1. Marine  Weight of pressure vessel

e Penalty of up to 1000 — 1500 Ib
* (Can increase vehicle Class,

e  Fishing industry (single-day round trip

applications) requiring CDL
e  Emission controls/reductions drive in this * Efficiency of engine
market e (CNGis 6 mpgvs. diesel at 8
. mpg)
2. Ralil e Off-board infrastructure
improvements

3. Privately owned LDV _ ,
e 10 gge/min or better fill rate

e Temperature issues during
refueling

The Global Home of Chemical Engineers





3. Who are the current major players and leads for NG transportation applications?

1. Consumers
»  Heavy Duty - Swift, UPS, Dillon, Saddle Creek, Frito Lay, P&G, J.B. Hunt
*  Refuse - Waste management, Republic Services, Waste Connections
«  Transit- NYC, Boston, Washington, Richmond, Cleveland and many more
2. OEMs

 Ford  Volvo o  Peterbilt
o  Chrysler  Honda o  Kenworth
« GM e  Freightliner  Toyota

3. Second Tier MFG. & QVM
e  CumminsWestport

 Rousch
o Caterpillar

4. Suppliers of NG (LNG, CNG, etc.)
e  Shell e NG Utilities
e  Exxon e« BP
e  Chevron

5. NG Investors
e Trillium CNG





4. What are the major technical and regulatory barriers or roadblocks that
prevent growth of NG as a transportation fuel?

1. Regulatory
Inconsistent interpretations of codes and standard (NFPA 52) requirements

Evaluation of codes and standards impact (planned or unforeseen)

Level of involvement — city, county, state, or federal

Inconsistent measure of energy usage / billing
—  Desire an absolute standard of comparison: dge vs. gge vs. BTU vs. kg vs. ???
—  Consumers are accustomed to volume measurements (gallon, liter, etc.)

*  Regulatory uncertainty from state and federal government

Policies based on factors other than science / in opposition to science

Consistent tax incentives / credits could accelerate innovation (5+ year window)
«  Ultility tariffs are inconsistent, and at times irrational
«  Variability of technology incentives / investment

Levels of research — fundamental research through commercialization

Standardize targets and technologies
—  Competition of components / options / features
e  Carbon Taxes / Café Standards / Penalties / Incentives

Markets most affected will have greatest change / growth / reduction





4. What are the major technical and regulatory barriers or roadblocks that
prevent growth of NG as a transportation fuel?

2.  Commercial
High incremental cost of the truck

NG storage: mass, volume, package, and cost
Pressure vessel / tank

Accompanying technologies

o  Fast full fill (> 10 gge/min fill rate)

*  Fuel Availability (Network of refueling stations, hub-and-spoke, home refueling, etc.)
o  Supply of vehicles, engines & parts

Dual Fuel technologies

*  Engine efficiency and cost versus gasoline / diesel / other alternative fuels

»  Competitiveness versus gasoline / diesel / other alternative fuels
LNG is not market efficient except in certain applications

—  $0.50 to $0.70 more per gge than CNG, but higher energy capacity / range
Advances in CNG or ANG can overtake LNG





5. What are the primary technical gaps inhibiting wider NG utilization and in
what areas?

1.
2.

3.

4.

5.

CNG engine tuning and truck specifications — improved MPG (10-15% less than diesel)

Adsorbed Natural Gas — where weight is not an issue, lower pressure and conformable
tanks — lowers infrastructure and vehicle costs

CNG Pressure Vessel / Tank Cost, Mass, Volume, and Package
Safety certification cost
Reduction in Mass/Volume of storage while maintaining / increasing storage energy / capacity
e  Maintain safety and reliability
e  Cost of composite material
*  Manufacturing processes of composite pressure vessels (Type 3 and Type 4)
Reduction in Cost
Change in packaging (ANG, conformable tanks, etc.) without cost increase

Heat of compression — will improve fill efficiency, reduce truck weight and upfront cost
Cooling technologies (at refueling station, within vessel, outside of vessel)
Compression technologies — cost, energy use, life cycle

Robust SIDI conversion to NG





5. What are the primary technical gaps inhibiting wider NG utilization and in
what areas?

6. Refueling Station economics

»  Compressor technology cost

*  Refueling speed must be maintained / increased ( > 10 gge/min)
7. Cost/ Technical Barriers to alternative NG fuels

«  Ethanol, Methonal, GTL, and other liquid fuels





6. What is the magnitude or the level of impact of the technology gaps? i.e. How
do they compare with other political, social or environmental barriers?

1. Small in comparison. As the market grows, innovators will step in and improve
products and performance.





7. What role should the Government play in addressing potential technology gaps?
(.e. What role can the National Laboratories play in addressing the technical gaps?)

1. Consistent, long term and visionary federal and state policy. Regulatory and policy
certainty is key to investment.

2. From a National Labs perspective - The market needs good data. Work on getting and
distributing that so the market can make good decisions and move forward.

3. Short and Long term R&D Needs

NG Storage
Decrease in composite tank manufacturing costs and composite material cost

Conformable tanks

Adsorbent materials / low pressure technologies

Compression technologies
* Infrastructure
Compatibility with complimentary fuels at existing and new refueling stations

Pipeline quality — regional, seasonal, and economic variability
- Varying levels of ethane within NG

Home refueling Technology





7. What role should the Government play in addressing potential technology gaps?
(.e. What role can the National Laboratories play in addressing the technical gaps?)

3. Short and Long term R&D Needs (continue)

* Engine Technology
«  Efficiency improvements in dedicated NG engines
e  High temperature material components and lubricants
e |Ignition technologies
e  Lean burn technologies
e  Methane oxidation catalyst
« RCCI
»  Adaptive control
e  Dual and Tri Fuel Engines





8. To prioritize the efforts, what are the top three technical gaps which need to be
addressed first?

1. Fuel economy - diesel engine technology has been evaluated for 60 years. Natural
gas engines for 2 years. The evolution of the natural gas engine needs to continue,
iImprove both Sl and develop dual fuel technologies.

2. Tank storage weight versus heat of compression valuation and technology road
mapping.
3. High Hp NG engines for on- and off-road markets

»  Market failure is lack of private investor/manufacturer willing to put forth money to address
this market

»  Accelerated catalyst aging for certification
«  DICl engine conversion technologies
*  Fuel supply logistics
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What is the most efficient use of NG?
e Producing electricity from NG is perhaps the least efficient.
 What about Vehicles?

Matural Gas delivered to your home instead of being converted to electricity conserves
three times as much of the original natural energy!

NATURAL GAS = 90% Energy System Efficiency

100,000 Btus - Less 10,000 Btus transmitted through pipelines = 90,000 Btus Delivered to Your Home

ELECTRICITY = 27% Energy System Efficiency

100,000 Btus - Less 73,000 Btus converting electricity and = 27,000 Btus Delivered to Your Home

moving it through transmission lines ‘ ﬁ» CENTER FOR ENERGY INITIATIVES
A

An AIChE Technological Commumity
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Which is more efficient EV vs. CNG Vehicles

e Producing electricity from NG is perhaps the least efficient.

Pump to Wheels
| |

Feedstock Transport Refining Fueling Tank to Wheels

DERE -

Wellto Pump ——J

l Well to Wheels

Tank-to-Wheels
Well-to-Pum =~76 - 85% Well-to-Wheels
UmP Newov Flieney = ~14 - 26%

Ncompression
NG Recovery |
Processing and - 95%
Distribution

What about hybrids,
hydrogen...?

What about GHG
emissions?

CNGV
’ ~11% - 22%

Tank-to-Wheels Well-to-Wheels
Fng,="~79%

Nrurbine a0
NG Recovery
Processing and - 51% &
Distri . I:! 22% - 35%
Gl'id losses

Source: Gas2.org

Well-to-Pump 1, = 28 - 45%
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MROE
40 MPG NYUP '
RFCM  T12MPG A
NP 10 PG =

MROW
43 MPG

GHG emissions for EV in
equivalent MPG for gasoline
vehicles.

How do the global warming emissions of electric vehicles W h a t a b O u t C N G ?

compare with gasoline vehicles in your region?

coop  BETTER | BEST )
What about LNG vs. Diesel?

An EV charged in the given region produces emissions equivalent
to a gasoline vehicle with a fuel economy rating of:

31-40mrc 41-50 MPG >50 MPG

The sources of electricity generation vary by region, meaning the global warming ¢ Ib C ENTER FOR E NERGY I NITIATIVES
benefits of owning an electric vehicle depend on the electricity grid where it is charged. ".L"' An AIChE Technological Community

2014 Union of Concerned Scientists
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Chemical Synthesis

Discussion Centered On
e NG Future Impact, Value Proposition, Roles, Metrics, Technical
Barriers, Defining Success, National Benefit, Public Perception, ...

Some Discussion Results

 Clear Policy - Develop concrete policies for supporting RD&D to
enable technology options for NG in chemical industry.
e Sustainable Funding Policy - Fund for the long term to allow
development and sustainability of programs that meet the goals.
* Focus
— Short: Increased efficiency, separations
— Mid-long: Displacement of Qil-based polymers
e Maturation — To a level where assessment can be accomplished.
e Research Agenda - Prioritizing the Federal research agenda to
have the greatest impact, and look at industry as customers.
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