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Disclaimer

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

OVERVIEW

ConocoPhillips, in conjunction with Nexant Inc., Penn State University, and Cummins Engine
Co., joined with the U.S. Department of Energy (DOE) National Energy Technology Laboratory
(NETL) in a cooperative agreement to perform a comprehensive study of new ultra clean fuels
(UCFs) produced from remote sources of natural gas. The project study consists of three primary
tasks: an environmental Life Cycle Assessment (LCA), a Market Study, and a series of Engine
Tests to evaluate the potential markets for Ultra Clean Fuels.

The overall objective of DOE’s Ultra Clean Transportation Fuels Initiative is to develop and
deploy technologies that will produce ultra-clean burning transportation fuels for the 21% century
from both petroleum and non-petroleum resources. These fuels will:

= Enable vehicles to comply with future emission requirements;
= Be compatible with the existing liquid fuels infrastructure;

= Enable vehicle efficiencies to be significantly increased, with concomitantly reduced
CO, emissions;

= Be obtainable from a fossil resource, alone or in combination with other hydrocarbon
materials such as refinery wastes, municipal wastes, biomass, and coal;

= Be competitive with current petroleum fuels

The objectives of the ConocoPhillips Ultra Clean Fuels Project are to perform a comprehensive
life cycle analysis and to conduct a market study on ultra clean fuels of commercial interest
produced from natural gas, and, in addition, perform engine tests for Fisher-Tropsch diesel and
methanol in neat, blended or special formulations to obtain data on emissions. This resulting data
will be used to optimize fuel compositions and engine operation in order to minimize the release
of atmospheric pollutants resulting from the fuel combustion. Development and testing of both
direct and indirect methanol fuel cells was to be conducted and the optimum properties of a
suitable fuel-grade methanol was to be defined.

The results of the study are also applicable to coal-derived FT liquid fuels. After different gas
clean up processes steps, the coal-derived syngas will produce FT liquid fuels that have similar
properties to natural gas derived FT liquids.

TASK 1: LIFE CYCLE ASSESSMENT

ConocoPhillips and Nexant Inc. conducted the Ultra Clean Fuels Life Cycle Assessment (UCF
LCA), consisting of a Life Cycle Inventory (LCI) and a Life Cycle Impact Assessment (LCIA)
for GTL transportation fuels.

The UCF LCA study was conducted according to the requirements of the 1SO 14040
International Standard for Life Cycle Assessment, which included a critical review conducted by
an outside independent panel. The study was certified as being fully compliant with 1ISO
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Executive Summary

standards for LCA by the panel. A novel methodology for considering co-products in the
analysis was also developed.

The UCF LCA is based on three successive analyses:

= A detailed engineering analysis of the process efficiencies of current and future
commercial technologies for GTL production.

= A Co-product Function Expansion (CFE) for the petroleum and GTL systems based
on detailed modeling of petroleum and GTL fuel processing. This is a novel
methodology for considering the impacts of co-products.

= Sensitivity analysis that considers future heavy crude input slates for petroleum
refiningand flared gas used in the production of GTL products. In addition, a
comprehensive parametric sensitivity analysis is performed for all key study
parameters.

The UCF LCA utilizes the scope and results from the Market Study to examine likely future
commercial recovery, processing, and fuel distribution operating scenarios for GTL fuels and
methanol. In establishing the baseline scenarios for conventional transportation fuels, a detailed
assessment was performed for two Petroleum Administration Defense Districts (PADDs), due to
the fact that refinery location is an important factor in determining the likely changes in
petroleum product slates.

The LCA results showed that the well-to-wheel global warming potential (GWP) of GTL fuels
(Fischer-Tropsch diesel and FT naphtha ) is roughly equivalent to that of petroleum-based
transportation fuels in light duty vehicles. Criteria pollutants (NOy, SOy, and particulates) for
total and urban emissions demonstrated lower values for GTL fuels. The Life Cycle Impact
Assessment indicators for acidification, eutrophication, and human health (criteria, cancer, and
non-cancer) impact categories are consistently lower for GTL fuels, while ecotoxicity results are
varied.

A GTL industry synthesis LCA report was also developed as a result of this project.
Independent studies from Shell, SasolChevron and ConocoPhillips were compared, and a
synthesized set of conclusions applicable to all three studies were developed. The GTL LCA
synthesis report is included in the appendices to this final report.

TASK 2: MARKET STUDY

The objective of the Ultra Clean Fuels Market Study was to assess the potential markets through
2015 for FT diesel, FT naphtha and methanol as transportation fuels, and FT naphtha as a
petrochemical feedstock. Coverage was global, with primary focus on the United States market.
The study was conducted in 2001-2002 and completed at the end of 2002. The study is based
upon then current market conditions and forecasts, which Nexant believes to be consistent with
long term market dynamics.

The study consists of nine focused topical reports on the market for UCFs:
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Executive Summary

= Conventional Fuels Market Overview

= Ethylene Industry Overview

= Methanol Conventional Markets

= United States Regional Fuel Markets

= Technology Evaluation of Selected Alternative Fuels
= Technical Issues for UCF Use in Transport

= Methanol Distribution Infrastructure Issues

= |mpact of FT Diesel on U.S. Refineries

= UCF Values and Market Potential

The key findings of the market study are summarized below.

FT Diesel

= FT diesel is expected to be an acceptable fuel to help meet low sulfur requirements in
vehicle engines and systems that will be developed over the coming decade.

= FT diesel is expected to be an acceptable diesel blendstock for United States
refineries. Blends containing up to 15-20 percent FT diesel are expected to be
economically attractive to produce for domestic refiners.

= The United States market for diesel/gas oil fuel is expected to increase by about 1.4
percent per year, representing an absolute increase of about 730,000 barrels per day
between 2001 and 2015. Globally, the market for diesel/gas oil fuel is expected to
increase about 2.3 percent per year or about 5 million barrels per day by 2015.
Approximately 60 percent of these volumes are consumed as on-road diesel fuel. A
typical worldscale GTL facility is expected to produce about 50,000 barrels per day
of FT diesel. This study concludes that the global market for diesel fuel is
sufficiently large and robust to absorb the industry’s ability to build GTL facilities
over the next 15 years.

FT Naphtha

The potential market for naphtha as an ethylene feedstock was evaluated in the Market Study.
The United States market for naphtha is expected to increase about 2.2 percent per year, or by
about 150,000 barrels per day. Global demand for petrochemical-grade naphtha is forecast to
increase by 3.6 percent annually, or about 2.3 million barrels per day by 2015. A typical
worldscale GTL facility is expected to produce about 18,000 barrels per day of FT naphtha. The
study concludes that the global market for naphtha as an ethylene feedstock is sufficiently large
and robust to absorb the industry’s ability to build GTL facilities over the next 15 years.

Methanol

The theoretical market for methanol as a transportation fuel is enormous. The current demand
for chemical methanol in the United States is about 3 billion gallons per year. Achieving a 20
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percent market penetration in the United States gasoline market, the minimum level required to
achieve a self-sustaining infrastructure, would result in slightly more than tripling the amount of
methanol consumed in the country. The transport market represents a very large area of potential
new demand for methanol. However, based on the analysis performed in Market Report Section
VI, methanol faces a number of critical barriers to successful commercialization and use as a
transportation fuel over the next 15 years. The study concludes that methanol will not become a
significant fuel for conventional motor vehicles over the next 15 years.

In contrast to its limitations for use in conventional motor vehicles, methanol appears to be
hypothetically more attractive as a fuel for fuel cells. However, the analysis concluded that the
technology for fuel cells is still too immature to achieve significant commercialization within the
next 15 years. The study concludes that methanol will not achieve significant demand as a
transportation fuel over the next 15 years.

TASK 3: ENGINE TESTING

Penn State University and Cummins Engine Company collaborated to evaluate the performance
of ultra-clean fuels in fuel cells and compression ignition engines. The key task areas were:

= Task 3.1: Database Compilation and Definition of Testing Needs
= Task 3.2: Indirect and Direct Methanol Fuel Cell Testing
= Task 3.3: Compression Ignition Engine (FT Liquids) Studies

Task 3.1

The Database Compilation and Definition of Testing Needs task includes a detailed literature
review in several major subject areas including impacts of diesel fuel formulation, alternative
diesel fuels (especially Fischer-Tropsch fuels), methanol reforming for fuel cell applications and
the development of PEM fuel cell technologies. This literature review helped to guide the
development of the research plans for the engine testing program.

Also under this task, fuel property characterization provided essential information on the
differences in fuel injection behavior for fuels ranging from methyl esters to pure normal
paraffins (e.g., spanning the range from biodiesel to Fischer-Tropsch diesel). The chemical
structure of a fuel substantially alters the injection timing, retarding or advancing injection
timing by as much as 1 crank angle degree relative to conventional diesel fuel, and therefore the
combustion phasing and emissions formation.

Task 3.2

Under Task 3.2.1, indirect and direct methanol fuels cell experiments and simulation showed
how carbon monoxide generated in the reforming of methanol influences the operation and
efficiency of an IDMFC and how cycling of the methanol federate can serve to enhance the
efficiency of a DMFC.

Under Task 3.2.2, a novel “tri-reforming” approach based on commercially available catalyst
formulation demonstrated an ability to produce reformate gas with between 50-60 vol.%
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hydrogen but less than 30 ppmv CO during methanol reforming. Together the outcomes from
Task 3.2.1 and Task 3.2.2 demonstrated the practicality of combining a methanol reformer and
PEM fuel cell.

Task 3.3

Under this task, observations were made of injection, combustion, emissions formation and
emissions control with fuels of substantially different formulation provided important insights
into how to interpret the performance of a turbodiesel engine operated on different fuel
formulations and how fuel formulation can impact the characteristics of the emissions. A key
observation was that variations in the bulk modulus of compressibility between fuels leads to
shifts in injection timing, shifts in combustion phasing and emissions formation. Even with the
electronic control present on the Cummins, ISB test engine, shifts in injection timing of as much
as 0.5 crank angle degrees were observed, although the trends were not consistent with the bulk
modulus of compressibility because the fuel system control is dictated by the settings in the
electronic control module. Since the cetane number, calorific value and compressibility varied
between the low sulfur diesel, ultra low sulfur diesel, biodiesel blends and GTL diesel fuel, the
throttle position to achieve a particular speed and load setting with the engine required different
throttle positions, and thereby shifted the engine to different parts of the control parameter map.
This observation has substantial significance for Fischer-Tropsch fuels, which possess
substantially different bulk modulus than low or ultra low sulfur diesel fuels. Nonetheless, the
neat GTL diesel fuel demonstrated reduced emissions relative to low sulfur diesel fuel of 17%
for hydrocarbons, 31% for NOx and 12% for particulate matter. Another key observation was
that the nanostructure of diesel soot and the corresponding oxidative reactivity of diesel soot can
shift significantly as fuel formulation changes. Biodiesel derived soots from a Cummins
turbodiesel engine showed much less ordered structure in the primary soot particles and 2.5
times higher rate of oxidation than soot derived from conventional diesel fuel, which has
significant implications for the regeneration of diesel particulate filters. Making the particulate
easier to oxidize from the filter will enhance the effectiveness of the operation of the filter and
may lower the fuel economy penalty that arises from the operation of the filter.
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Section 1 UCF Project Overview

11 INTRODUCTION

Throughout the world, there are large proven reserves of natural gas that are “stranded” because
their remote locations render them incapable of being economically brought to market.
ConocoPhillips is developing proprietary gas-to-liquids (GTL) technology to economically
convert this natural gas to GTL products, primarily diesel, for use as a transportation fuel.
Another significant product of the GTL process is naphtha, which may be used for a number of
applications, such as petrochemical feedstock or as a fuel for fuel cell vehicles. In this study,
GTL diesel and naphtha together are referred to as GTL products.

GTL technology is not the only means available to gas reserve owners or technology developers
for the utilization of remote gas. Methanol and liquefied natural gas (LNG) are the two primary
alternatives. Methanol has the technical potential to be used in fuel cell vehicles; LNG has been
used commercially for decades for power generation. ConocoPhillips believes that those
interested in developing and monetizing remote gas fields may consider methanol and LNG as
alternative competing options.

ConocoPhillips, in conjunction with Nexant Inc., Penn State University, and Cummins Engine
Co., joined with the U.S. Department of Energy (DOE) National Energy Technology Laboratory
(NETL) in a cooperative agreement to perform a comprehensive study of new ultra clean fuels
(UCFs) produced from remote sources of natural gas. The project study consists of three primary
tasks areas: an environmental Life Cycle Assessment (LCA), a Market Study, and a series of
Engine Tests, to evaluate the potential markets for Ultra Clean Fuels.

The overall objective of DOE’s Ultra Clean Transportation Fuels Initiative is to develop and
deploy technologies that will produce ultra-clean burning transportation fuels for the 21% century
from both petroleum and non-petroleum resources. These fuels will:

= Enable vehicles to comply with future emission requirement
= Be compatible with the existing liquid fuels infrastructure

= Enable vehicle efficiencies to be significantly increased, with concomitantly reduced
CO, emissions

= Be obtainable from a fossil resource, alone or in combination with other hydrocarbon
materials such as refinery wastes, municipal wastes, and biomass

= Be cost competitive with current fuels

The results from the Ultra Clean Fuels Project’s LCA, Market Study and Engine Tests will be
used to optimize fuel compositions and engine operation required for optimal engine
performance and to minimize the release of atmospheric pollutants resulting from the fuel
combustion. Conoco’s Fisher-Tropsch diesel, as well as methanol, was be tested in engines, in
neat, blended or special formulations, to obtain data on emissions. Development and testing of
both direct and indirect methanol fuel cells was also conducted and the optimum properties of a
suitable fuel-grade methanol were defined.

Ultra Clean Fuels Project DE-FC26-01NT41098 11



Section 1 UCF Project Overview

12 GOALS

ConocoPhillips undertook this study to help ensure that its investment in and development of
GTL technology will be sustainable into the future. ConocoPhillips believes that GTL fuels—
Fischer-Tropsch diesel (FTD) and FT naphtha—are competitive options in the development and
monetization of remote natural gas fields. These natural-gas-sourced fuels are assumed to
displace or offset conventional petroleum fuels for transportation end uses.*

In accordance with ConocoPhillips’s business planning and its corporate commitment to
sustainable development, it is important and necessary to understand potential life cycle
environmental and human health impacts of GTL products in comparison with alternatives.
Therefore the LCA study is designed to estimate, with available data and within available study
resources, the energy utilization and emissions life cycle profiles of ConocoPhillips GTL fuels
and selected competitive fuels in the future.

Successful results in this project will encourage ConocoPhillips and others in the energy industry
to make the large investments necessary to develop infrastructure and markets for Fischer-
Tropsch ultra clean diesel and/or methanol. Use of these alternative clean fuels will reduce the
reliance of the United States on foreign petroleum as a primary energy source while also
reducing transportation-related emissions.

The UCF Project will be used to help educate and inform stakeholders involved in gas
development projects. The audience includes:

= National oil companies (gas reserve owners)

= Government energy and environmental agencies

= Peer group of refiners and GTL technology developers

The results of the study will be made available to:

= Environmental non-government organizations

= Transportation and power industry trade and market associations

= The general public
ConocoPhillips also intends to use the study internally to assess, improve, and complement the
environmental programs (e.g., Product Stewardship and environmental impact assessment) used
to manage the life cycle impacts of ConocoPhillips’s GTL products.
1.3 STRUCTURE OF THE FINAL REPORT

This final report of the Ultra Clean Fuels project summarizes the results of each of the task areas.
Section 2 of this report provides an overview and key results of the Ultra Clean Fuels Life Cycle
Assessment. Section 3 reviews the results of the UCF Market Assessment, and Section 4

1 Because of the clean combustion properties of GTL fuels, ConocoPhillips believes that GTL transportation fuels (such as FTD) will substitute
for or directly displace traditional petroleum transportation fuels (such as conventional or ultra-low sulfur diesel), in neat or blended
formulations. It is assumed that over the time frame of the study, newer transport energy alternatives (such as hydrogen, biodiesel, and
electric vehicles) may be introduced over and above the mix of fossil fuels in use.

Ultra Clean Fuels Project DE-FC26-01NT41098 1-2



Section 1 UCF Project Overview

reviews the key findings of the Engine Testing activities. Section 5 reviews the key findings of
each task, and presents a set of recommendations focused on next steps for the
commercialization of UCF fuels.

14 PROJECT DELIVERABLES

Table 1-1 provides a list of the UCF Project deliverables as presented in the Project Management
Plan of September, 2001.

The Ultra Clean Fuels Life Cycle Assessment Final Report for Task 1 was issued in draft form to
ConocoPhillips and to the DOE in November 2003, and presented in final form at NETL in April
2004. A final presentation of the results of the Market Study for Task 2 was presented to DOE in
October 2002, and the Ultra Clean Fuels Market Assessment report was issued in January 2003.
The Literature Survey of Fuel Composition and Its Relation to Performance of Cl Engines, Fuel
Cells and Reformers for Task 3 was issued in January 2002. An Interim Technical Progress
Report, Evaluation of Ultra Clean Fuels from Natural Gas was issued for Task 3 in April 2004.
A final report for Task 3 was issued in February, 2006.

Each of these reports is included in the Appendix to this final report.

Table 1-1 Project Deliverables and Completion Dates

Tasks Task/Deliverable Completion Date
Phase | Project Management Plan October 2001
Task 1 Life Cycle Analysis May 2004

Subtask 1.1 Environmental LCA
Subtask 1.2 Engineering LCA (as part of the Market Assessment)
Task 2 Fuel Market Assessment January 2003
Subtask 2.1 Fuels Market Study
Subtask 2.2 Infrastructure
Task 3 Engine Testing February 2006
Subtask 3.1  Literature Review and Data Compilation
Subtask 3.2.1 Methanol Fuel Cell Testing
Subtask 3.2.2 Methanol Reformer Testing
Subtask 3.3  Compression Ignition/FT Liquids Engine Testing

Project Management and Reporting Ongoing through February 2006
Deliverables: Topical Reports & Test Plans
Task 1 Topical Report Ultra Clean Fuels LCA November 2003 Draft, April 2004 Final
Task 2 Topical Report Ultra Clean Fuels Market Assessment November 2002
Task 3 Topical Reports | Literature Review Data Compilation Jan 2002

Methanol Fuel cell Tests September 2004

IC Engine Tests on FT liquids Final Report January 2006
Task 3 Test Plans Methanol Fuel cell Tests May 2003

IC Engine Tests on FT liquids July 2003

Ultra Clean Fuels Project DE-FC26-01NT41098 1-3



Section 1 UCF Project Overview

15 OVERALL PROJECT APPROACH AND METHODOLOGY

The overall objective the Ultra Clean Fuels Project was to address the suitability of UCFs —
specifically Fischer-Tropsch diesel, Fischer Tropsch naphtha, and methanol produced from
remote sources of natural gas — for use as transportation fuels. Three key dimensions were
addressed: environmental, economic, and end-use performance. The UCF LCA, Market Study
and Engine Tests were coordinated to examine comparable scenarios of production and use over
similar time frames to evaluate the potential market for GTL fuels, from both the perspective of
the producer and the consumer. Where appropriate, data and results were shared and used by the
individual project teams.

The methodology used in the UCF LCA was based upon internationally accepted standards. 1SO
14040 standards were used in the development of the LCA scope, data collection, and in the
documentation and verification of the results. The study was reviewed by an independent peer
review panel, and the study was certified by the panel as being compliant with the ISO standards.
It is the only GTL industry LCA that has been 1SO 14040 certified by a third party peer review
panel. In order to enhance transparency, the UCF LCA used two publicly available models, the
Greenhouse Gases, Regulated Emissions and Energy Use in Transportation (GREET) model
from Argonne National Laboratory and the Tool for the Reduction and Assessment of Chemical
and other Impacts (TRACI) model from the U.S. EPA, in addition to two commercial process
modeling systems, AspenPlus and the Process Industries Modeling System (PIMS).

The Market Study drew upon Nexant’s extensive experience in the petroleum and petrochemical
industries. Nexant regularly provides market assessments, competitive analysis, data analysis,
data forecasting, and profitability analysis for the global petroleum and petrochemical industries.
The Market Study was based upon Nexant’s in-house data as well as publicly available data and
data that were provided by ConocoPhillips.

The Engine Testing task drew upon and supported the research facilities of Prof. Boehman and
Prof. Song at the Penn State Energy Institute, where they supervise the Diesel Combustion and
Emissions Laboratory and the Clean Fuels and Catalysis Laboratory, respectively. Prof. Wang
heads the Electrochemical Engine Center.

The Diesel Combustion and Emissions Laboratory is home to seven engine test stands and
supporting instrumentation for fuel characterization, particulate and gaseous emissions
measurements, in-cylinder digital imaging of combustion and detailed combustion analysis. The
engines range in capacity from single-cylinder to V-8 and include a highly instrumented 2.5L
common rail diesel engine, a Ricardo Hydra single-cylinder research engine, a Cummins ISB
turbodiesel and a 7.3L International V-8 turbodiesel.

The Clean Fuels and Catalysis laboratory includes instrumentation for detailed fuel
characterization, catalyst synthesis facilities and catalyst characterization facilities. Catalyst
characterization includes High-Temperature/High-Pressure CIR FT-IR System, a Tapered
Element Oscillating microscope (TEOM) and Pulse Chemisorption and TPD/TPR Apparatus.
Fuel characterization includes Low-Level Sulfur Analyzers, GC-SimDist, GC, GC-MS and
HPLC.
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The Electrochemical Engine Center includes experimental and numerical modeling facilities.
The experimental facilities for fuel cell and battery research include the capabilities to measure
current density distribution with high temporal and spatial resolution, species distribution
including water and CO with on-line gas chromatography, gas diffusion layer characterization,
hydrophobic/hydrophilic quantification for gas diffusion layer water transport characterization
and to fabricate membrane-electrode assemblies. The numerical capabilities include fuel cell
modeling using CFD Packages, Fluent and Star-CD, in-house, high performance algorithm
development for fuel cells and advanced battery systems, a 50-node Beowulf cluster and a 32-
node high-performance Beowulf cluster.
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Section 2 Ultra Clean Fuels Life Cycle Assessment

2.1 INTRODUCTION

ConocoPhillips, in conjunction with Nexant Inc., conducted a comprehensive environmental
lifecycle study of ultra clean fuels (UCFs) produced from remote sources of natural gas. The
Ultra Clean Fuels Life Cycle Assessment (UCF LCA) consists of a Life Cycle Inventory (LCI)
and a Life Cycle Impact Assessment (LCIA) for Gas-to-Liquids (GTL) transportation fuels,
namely, Fischer-Tropsch diesel (FTD) and FT naphtha. The complete LCA report is included as
an appendix to this final report.

ConocoPhillips sought to address the following question: with respect to cost and environmental
impact, how do UCFs (FTD and FT naphtha) compare with conventional fuels—federal
reformulated gasoline (FRFG), conventional diesel, and ultra-low sulfur diesel (ULSD)—and
how do they compare with methanol? (Liquefied national gas was not considered a
transportation fuel in this study.)

To address this question, ConocoPhillips and Nexant conducted a comprehensive LCA of UCFs
and a separately published market study that focuses on the commercial feasibility and
engineering lifecycle of these UCFs. The UCF LCA uses the market study to examine likely
future commercial recovery, processing, and fuel distribution operating scenarios for GTL fuels
and methanol. A study of GTL fuels for use in power generation and an air quality modeling
study of GTL fuels in the Houston area were also conducted, and are included as appendices to
the full LCA report.

For comparison purposes, the environmental lifecycle of conventional transportation fuels were
also modeled in detail in the ConocoPhillips UCF LCA study. Since refinery location is an
important factor in determining the likely changes in petroleum product slates, a detailed
assessment was performed for two Petroleum Administration Defense Districts (PADDs): PADD
I11 and PADD I. PADD II1 is representative of a U.S. national average crude slate; PADD I is
representative of a lighter crude slate. A significant feature of the UCF LCA is that the co-
products from petroleum refining, including petroleum coke and heavy residual oil, were
explicitly included in the lifecycle assessment. Other studies have used “allocation”
methodologies, in which such co-products have been placed outside of the system boundary of
the study.

2.2 GOALS

ConocoPhillips undertook this study to help ensure that its investment in and development of
GTL technology would be sustainable into the future. ConocoPhillips believes that GTL fuels—
FTD and FT naphtha—are competitive options in the development and monetization of remote
natural gas fields. These natural-gas-sourced fuels are assumed to displace or offset conventional
petroleum fuels for transportation end uses.

In accordance with its business planning and corporate commitment to sustainable development,
ConocoPhillips believes that it is important and necessary to understand life cycle environmental
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and human health potential impacts of GTL products in comparison with alternatives. Therefore,
this LCA study is designed to estimate, with available data and within available study resources,
the energy utilization and emissions life cycle profiles of ConocoPhillips GTL fuels and selected
competitive fuels in the future.

This study is also part of the U.S. Department of Energy (DOE) Ultra Clean Fuels initiative,
which aims to develop and deploy technologies that will produce ultra-clean-burning
transportation fuels for the 21st century from both petroleum and non-petroleum resources.
ConocoPhillips’s goals are in accord with those of DOE, namely, to produce fuels that will:

= Enable vehicles to comply with future emission requirements
= Be compatible with the existing liquid fuels infrastructure

= Enable vehicle efficiencies to be significantly increased, with concomitantly reduced
CO, emissions

= Be obtainable from a fossil resource, alone or in combination with other hydrocarbon
materials such as refinery wastes, municipal wastes, and biomass

= Be cost-competitive with current fuels

2.2.1 Audience

The UCF LCA will be used to help educate and inform stakeholders in gas development projects.
The audience includes:

= National oil companies (gas reserve owners)
= Government energy and environmental agencies
= Peer group of refiners and GTL technology developers

The results of the study will be made available to:

= Environmental non-government organizations

= Transportation and power industry trade and market associations

= The general public
ConocoPhillips also intends to use the study internally to assess, improve, and complement the
environmental programs (e.g., Product Stewardship and environmental impact assessment) used
to manage the life cycle impacts of ConocoPhillips’s GTL products.
2.2.2 Objectives
The specific objectives for the UCF LCA are:

= For the Life Cycle Inventory:

— Quantification of the energy use and selected emissions inventory associated with the
production and use of GTL fuels. Although there are significant markets for these
fuels around the world, this study focuses on the use of GTL products in the United

Ultra Clean Fuels Project DE-FC26-01NT41098 2-2



Section 2 Ultra Clean Fuels Life Cycle Assessment

States, where significant fuel use and refining baseline data exists. In addition, the
study assumes that GTL fuels are produced near stranded gas reserves in remote areas
in the Middle East.

— Comparison of the energy use and emissions inventory for the production and use of
GTL products on an equivalent basis with refined petroleum products predominantly
in use today. For example, FTD may be compared with petroleum diesel in
application as a transportation fuel

— Comparison of methanol (as an alternative natural gas utilization option) for use in
fuel cell vehicles with GTL and petroleum fuels

= For the Life Cycle Impact Assessment:

— Quantification of potential life cycle impacts associated with the production and use
of GTL fuels, in comparison with the potential life cycle impacts of petroleum fuels
and competing natural gas utilization options in transportation applications

The life cycle inventory categories considered are total energy, greenhouse gases (CO,, CH,4, and
N0), criteria pollutants (NOx, SOx, CO, PM10, and VOC), total petroleum fuel use, total fossil
fuel use, solid waste, and wastewater.

The life cycle impact indicators considered are global warming potential, acidification,
photochemical smog, eutrophication, human health (criteria, cancer, and non-cancer),
ecotoxicity, resource depletion, land use, and water use.

The functional unit for the UCF LCA is light duty (LD) vehicle miles. LD vehicles are defined as
passenger vehicles with gross weights of less than 6,000 pounds.

The study was conducted according to the requirements of the ISO 14040 International Standard
for Life Cycle Assessment, which included a critical review conducted by an outside
independent panel. The outside peer review panel certified the UCF LCA study as conforming
to the 1SO standards. The report of the peer review panel is included as an appendix to the full
UCF LCA report.

2.3 SCOPE AND METHODOLOGY

The UCF LCA develops a set of near-term (2006) and long-term (2015) scenarios, in
coordination with the market study task of the UCF project, to assess the potential impacts
associated with likely commercial scenarios for these time frames. The years 2006 and 2015
were selected to represent the likely times of the emergence of the GTL fuels production
technologies represented in the scenarios. The vehicle technologies considered in each scenario
are representative of the technologies that are likely to be technologically feasible and may be
commercially available. The vehicles modeled are theoretical and are not average representations
of actual in-use vehicle fleets.

The UCF LCA builds on three successive analyses:
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= A detailed engineering analysis of the process efficiencies of current and future
commercial technologies for GTL production

= An analysis of energy and emissions due to the production and downstream use of
petroleum and GTL system co-products. A novel methodology for considering co-
products was developed in this study, and is described in detail in Section 5 of the full
UCF LCA report. The methodology is referred to at the Co-product Function
Expansion (CFE).

= Sensitivity analysis that considers future heavy crude input slates for petroleum
refining, 3 ppm ultra-low sulfur petroleum diesel, and flared gas used in the
production of GTL products. In addition, a comprehensive parametric sensitivity
analysis was performed for all key study parameters

The study scenarios consider the following fuels and vehicle configurations:

For transportation fuels:

= Current and future petroleum fuels—federal reformulated gasoline (FRFG),
conventional diesel, and ULSD

= A 20% FTD/80% ULSD blend (FTD20), 100% FTD (FTD100), methanol, and FT
naphtha, all produced from remote natural gas

For vehicles:

= Vehicle configurations include conventional spark ignition (SI) engines for FRFG,
advanced spark ignition direction injection (SIDI) engines for FRFG, compression
ignition direct injection (CIDI) diesel engines, hybrid electric vehicles (HEVs) with
SIDI and CIDI engines, and fuel processor fuel cell vehicles (FCVs). The vehicles
modeled are representative of theoretical vehicle configurations and performances

2.4 LCA MODELS

The GREET (Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation)
model, Version 1.6, from Argonne National Laboratory served as the primary modeling tool for
the UCF LCA. GREET has become a standard tool for conducting and benchmarking fuel-cycle
studies in the United States, and its use worldwide is growing.

GREET is not an LCA tool per se, but rather a fuel cycle, or input-output, model. In the
UCF LCA, GREET is paired with two process simulation tools (PIMS and Aspen Plus) for
detailed data development and validation.

GREET was chosen primarily because:

= |t has become a standard tool and reference for fuel cycle modeling in the United
States for transportation and has been extensively peer-reviewed.

= |tis a spreadsheet model that is easily extensible. Moreover, the Argonne team is
interested in helping to validate and further develop the model.
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In the course of selecting and using the model in the UCF LCA analysis, the model was
examined and validated with respect to both the well-to-tank (fuel extraction, production,
transportation and distribution) and the tank-to-wheel (fuel end-use) life cycle stages, and the
literature, the technology assumptions, and all input data were reviewed. To address specific
questions in the study relating to ConocoPhillips technology or scenarios, data was
independently developed.

The Tool for the Reduction and Assessment of Chemical and other Impacts (TRACI) model is
the LCIA tool used in this study. Developed by the U.S. EPA National Risk Management
Research Laboratory (NRMRL), TRACI was recently released for public use. TRACI can
identify the potential for impacts, in relative terms, and provide consistent comparisons given
scenarios for fuel use in selected metropolitan areas. The approach and outputs of TRACI
conform to current industry-standard methods and ongoing international work in LCIA.

2.5 ASPEN PLUS MODELS

The modeling tool used to estimate thermal efficiency for GTL and methanol production was
Aspen Plus. Aspen Plus is a process simulator employed extensively by the chemical industry to
model heat and material balances, thermodynamic equilibrium, optimization of process design,
and operation of chemical plants. Aspen Plus was used to model the thermodynamic efficiency
of GTL and methanol production in order to determine achievable efficiencies and to establish
theoretical upper limits on efficiency.

Figure 2-1 shows an example of the Aspen process flow simulation model of the two-stage
reforming process for synthesis gas (syngas) generation for GTL and methanol.

Simulation models of idealized systems in Aspen were developed to estimate the upper limits of
thermal efficiency for GLT and methanol production. The assumptions used for the maximum
thermodynamic efficiency models include an equilibrium approach temperature of zero for all
reactors; 100% efficiency for all pumps, compressors, and expanders; and a low-level heat
dissipation to atmospheric air (meaning that power required for cooling water pumps and air
cooling fans is zero). The effect of these assumptions is that energy losses within the system are
ignored.

The upper bound efficiency estimates for GTL and methanol were then used to validate the
efficiency values for each process, and to ensure that the final values were well below the upper
limit efficiencies.
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Figure 2-1 Aspen Plus Process Simulation Flow Diagram for Syngas Generation

2.6 LIFE CYCLE INVENTORY CATEGORIES

The LCI categories considered are total energy, greenhouse gases (CO,, CHg4, and N,0), and
criteria pollutants (NOyx, SOx, CO, PM10, and VOC). GHG emissions are reported as global
warming potential (GWP), which is a weighted aggregate of CO,, CH, and N,O expressed as
CO,-equivalents over a 100-year time horizon. The UCF LCA uses GWP factors from the
International Panel on Climate Change Third Assessment Report on climate change.

The primary goals of the UCF LCA are: (1) to ensure that ConocoPhillips’s GTL business is
sustainable into the future and (2) to support the DOE Ultra Clean Fuels project objectives.

The LCI categories are comprehensive and support these primary goals. The LCI also provides
data for the LCIA stage of the UCF LCA. The LCIA impact indicators fully address the stated
goals of the UCF LCA.
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2.7 LIFE CYCLE IMPACT ASSESSMENT INDICATORS

ConocoPhillips has conducted an LCIA to compare potential environmental impacts resulting
from the use of GTL products, petroleum fuels, and alternative fuels for transportation

Results from the Life Cycle Inventory phase of the UCF LCA were entered into TRACI to
determine the relative potential life cycle impacts of the fuel alternatives. The results are
expressed as comparisons employing the set of impact categories from TRACI: global warming
potential, acidification, photochemical smog, eutrophication, human health (criteria, cancer, and
non-cancer), ecotoxicity, resource depletion, land use, and water use. Supplementary toxics
emissions data was collected for the LCIA for the human health and ecotoxic categories.

The LCIA impact categories and characterization models are comprehensive, are based upon
ongoing international potential impact modeling research, and support the stated goals of the
UCF LCA.

2.8 RESULTS FROM THE LIFE CYCLE INVENTORY

The goal of the UCF LCA is to examine the potential life cycle environmental and human health
impacts of GTL products in comparison with competing alternatives. The LCI phase of this
assessment demonstrates that on the basis of GHG and criteria pollutant emissions measured on
the functional unit basis of light duty vehicle miles, there are no significant disparities between
GTL and competing fuels.

Critics of GTL transportation fuels have suggested that these fuels contribute significantly more
CO; (and hence, GHG) emissions than conventional petroleum-derived fuels. Technological
advances in GTL production have narrowed this gap to the extent that full well-to-wheel GHG
emissions from neat FTD (FTD100) produced from stranded natural gas compared with ULSD
are equivalent. If 10% or more of the feed gas comes from gas that is otherwise flared, the
FTD100 demonstrates a significant reduction in GHG emissions. FT100 also exhibits lower
GHG emissions than FRFG.

This study also demonstrates a reduction in criteria pollutants when FTD100 fuel is used in light
duty vehicles. The reduced emissions observed in the LCI are likely to result in corresponding
reductions in potential health and environmental impacts. At a minimum, the increased
consumption of GTL fuels in the marketplace should not have greater impacts than petroleum-
derived transportation fuels.

With regard to overall energy efficiency, default assumptions in the GREET showed FTD100 to
be approximately 44% less energy-efficient than ULSD. Projections of GTL process energy
efficiency factors for future commercial operations as used in the UCF LCA reduce this gap to
approximately 25%.

The conclusions below are presented in the context of the data quality and sensitivity analysis as
discussed earlier. Comparative results between fuels for total energy and GWP within 10% are
considered to be equivalent. For criteria emissions inventories, results within 15% are considered
to be equivalent.
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FT Diesel

= FTD20 and FTD100 are equivalent to ULSD in GWP in the 2006 and 2015 scenarios.

= FTD20 and FTD100 have lower GWPs than FRFG in the 2006 and 2015 scenarios.

= FTD20 (2006) is equivalent to ULSD in VOC, CO, NOx, and PM10 emissions.
FTD20 has lower SOx emissions than ULSD.

= FTD100 (2015) has lower inventories of total and urban criteria emissions than
ULSD.

= FTD100 (2015) has lower inventories of total and urban criteria emissions than
FRFG.

= FTD100 (2015) is 25% less energy-efficient than ULSD, and equivalent in life cycle
energy efficiency to FRFG, based on ConocoPhillips’s projected GTL process energy
efficiency. (GREET, based on default data, estimates that FTD100 is 44% less energy

efficient than ULSD.)

= FTD100 (2015) sourced from 10% flared gas performs better with regard to GWP
than ULSD. The aggressive FTD100 CIDI (2015) case, with a 5% improvement in
vehicle efficiency, has 7% lower GWP than the comparable ULSD case. However,
this difference in GWP is considered equivalent with respect to data quality.

=  GTL products consume only small amounts of petroleum fuel in the feedstock and
fuel stages.
FT Naphtha
* FT naphtha used in FCVs is equivalent to FRFG and to methanol for GWP (2015).

= For both total and urban criteria emissions, FT naphtha FCV has lower emissions of

VOC, NOy, and SOx than methanol and FRFG (2015).

Figures 2-2 and 2-3 summarize the results for GWP for the 2006 and 2015 cases. Detailed
graphical comparisons for all LCI categories are presented in the full UCF LCA report.
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Figure 2-2 Global Warming Potential, 2006
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2.9 SENSITIVITY ANALYSIS OF THE LCI
The sensitivity analysis of the LCI considers the following cases:

= Changes in the petroleum refining crude slate due to the refining of heavier and
higher sulfur concentration crude oil

= A reduction of sulfur concentrations in ULSD from 10 ppm to 3 ppm
= ULSD refined from 100% imported crude oil from the Middle East

= The use of flared gas for GTL production

= A parametric sensitivity analysis for key study parameters

For the crude slate sensitivity, crude density and sulfur concentration are increased. In the future,
as lighter and “sweeter” (i.e., lower sulfur) crude oil resources are depleted, the refining industry
will need to rely increasingly on a heavier and more sulfurous crude slate. As a consequence, the
industry will produce greater quantities of heavy co-products such as petroleum coke and
residual oil; the heavy crude slate case includes effects of petroleum coke and heavy residual oil
through the application of the Co-product Function Expansion (CFE) methodology. GTL and
other petroleum fuel alternatives, as new entrants to the transportation fuel market, will compete
with these heavy crude slate petroleum fuels on the margin. For the purpose of comparison, a
light, sweet crude slate is also assessed.

ULSD on the order of 3 ppm sulfur or lower is also examined in the sensitivity analysis. Analysis
of diesel sulfur concentrations at this level provides a closer equivalent comparison with zero-
sulfur FTD. It is uncertain, however, if the industry will be able to economically produce diesel
with these sulfur levels.

The production of natural gas is often “associated” with the production of crude oil. This gas is
sometimes flared, particularly in developing countries and in the Middle East. If this gas were
captured and used for GTL production, FTD and FT naphtha could be credited for the avoided
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CO; emissions from flaring. This case is modeled in the flared gas sensitivity for GTL
production.

A comprehensive parametric sensitivity was carried out for all significant study parameters for
each life cycle stage for the GTL and petroleum fuels.

Each of these sensitivity cases demonstrated small, but quantifiable, changes in the LCA profiles
of the baseline petroleum fuels and the GTL fuels. Refer to Section 6 of the full UCF LCA
report for details.

210 RESULTS AND CONCLUSIONS FROM THE LIFE CYCLE IMPACT ASSESSMENT

The assessment of the sustainability of GTL fuels was a primary goal of ConocoPhillips in
undertaking this UCF LCA study. The Department of Energy’s Ultra Clean Fuels Program
specifically seeks to ensure that fossil-resource-fueled vehicles will comply with future
emissions standards and reduce CO, emissions.

Conclusions for the LCIA are drawn on the basis of a 10% range of error for GWP, a 15% range
of error for solid waste, wastewater, and resource depletion, and a 100% range for all other
categories. The choice of the 100% error range is a commonly used LCIA rule-of-thumb that
considers results to be different only if differing by a factor of two, taking into account the
inherently uncertainty in the LCIA characterization models. These ranges were established using
best professional judgment that took into account the data gaps and data quality. Refer to
Section 7 of the full UCF LCA for a complete discussion.

Tables 2-1 and 2-2 provide details on the properties of the FTD and petroleum fuels considered
in the study. These fuel properties have a significant effect on end-use emissions, and
consequently the life cycle impacts.

Table 2-1 Important Fuel Properties for FT Diesel

s

Zero sulfur Lower sulfur leads directly to lower SOx emissions and lower particulate emissions
Ultra-low sulfur fuels can permit advanced exhaust after-treatment devices
High cetane number High-cetane fuels may reduce exhaust emissions of NOx and particulate matter (PM)
High paraffin content Paraffins readily combust in diesel engines, and normal paraffins are responsible for the high

cetane number of FTD
High normal paraffin content | The higher the normal paraffin content, the higher the cetane number of the fuel

Low aromatic content Aromatic compounds in diesel fuel do not combust as readily as paraffin compounds, leading to
increased exhaust emissions of NOxand PM and toxics emissions

Low PAH content Lower PAH emissions relative to petroleum diesel

Density and heating value FTD has a lower density than petroleum diesel. FTD has a lower volumetric energy content, but

a higher heating content on mass basis; a ton of FTD has greater energy content than a ton of
crude-oil-derived diesel, but a barrel of FTD has less energy than a barrel of crude-oil-derived
diesel.
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Table 2-2 FTD, ULSD, and FRFG Fuel Properties

' Reformulate
Property FTD ~ ULSD d Gasoline

Cetane number 70 50

Octane number - - 87
Sulfur (ppm) 0 15 30
Aromatics (vol%) <1 10 23
Density (g/cm?) 0.77 0.85 0.74
Heating value, LHV (Btu/gal) 118,800 128,000 112,793

The following is a summary of the results from the LCIA:

= In light duty vehicles, for both the near-term and long-term scenarios, FTD and
ULSD have equivalent GWPs. This is an important conclusion as previous studies
have concluded that GTL fuels have larger GWPs than petroleum diesel fuels, largely
due to an assumed increase in CO, emissions in the fuel production stage. When
ConocoPhillips estimates for carbon and energy process efficiencies are used, this
disparity in GWP does not appear to exist.

= For the acidification, eutrophication, and human health criteria impact categories,
FTD consistently exhibits indicator values that are 5% to 98% lower than those of
both ULSD and FRFG. The application of a 100% differential error range precludes
any comparative assertions that FTD or FT naphtha have less potential for
environmental impact for these indicators, but it is apparent that these fuels are
probably not at a disadvantage with respect to conventional petroleum-derived
transportation fuels.

= For the human health cancer and non-cancer impact categories, both FTD and ULSD
exhibit significantly lower potential impacts than FRFG. These results, however, are
based on the comparison of actual emissions testing for FTD and ULSD and proposed
regulatory standards for FRFG. The results indicate only that toxics emissions for
FTD and ULSD are well within the proposed Tier 2 regulatory standards set for
FRFG light duty vehicles.

= Both FTD and ULSD have ecotoxicity indicator values that are greater than those of
FRFG, but the differences are within the error threshold. The indicator value
differences are due to the small quantities of formaldehyde emitted in the vehicle
stage for diesel fuels. FTD, however, has a lower indicator value for ecotoxicity than
ULSD.

= The production of GTL fuels generates less solid waste than the production of ULSD
and FRFG. GTL production generates less wastewater than does the production of
FRFG and a quantity of wastewater within 15% of that resulting from the production
of ULSD.

= There are currently large, proven and potentially large, unproven reserves of stranded
gas. Given forecasts of the rate of development of stranded gas projects, of which
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GTL is only a small portion, the production of products from these gas reserves will
continue for some 40 years after global crude oil reserves have been depleted. FTD
and FT naphtha are substantially non-petroleum fuels. The FTD- and FT-naphtha-
fueled vehicles consume only small amounts of petroleum resources per mile. This is
due exclusively to upstream production and transportation of the fuels.

= Currently, petroleum reserves contain about twice the energy content on a Btu basis
as stranded gas reserves. However, given projections of resource use, the Btu contents
of the two resources will be equal in about 2015. Although a non-renewable resource,
stranded gas will continue to provide energy to the global market for a long time in a
manner that is at least comparable to petroleum reserves with respect to the broad set
of environmental indicators examined in this study.

Figures 2-4 and 2-5 are examples of graphic presentations of the LCIA results, which are
presented in some detail in Section 7 of the UCF LCA report. The figures shown here compare
the photochemical smog potentials for the 2006 and 2015 scenarios, segmenting the impact
potential by the feedstock extraction, fuel production, and vehicle use life cycle stages.

Figure 2-6 compares the resource consumption of crude oil on a per-mile basis for the various
fuels and vehicle scenarios. A complete set of resource indicators are also graphically presented
in Section 7 of the full UCF LCA report.
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INTRODUCTION

The objective of the Ultra Clean Fuels Market Study was to assess the potential markets through
2015 for FT diesel, FT naphtha and methanol as transportation fuels. Coverage was global, with
primary focus on the United States market. The analysis and report were completed in
November 2002, and the baseline data for crude oil prices and forecasts reflect then-current
market conditions.

The following key activities were undertaken to meet this objective:

Conventional Fuels Market Overview: an overview of major trends that will define
the global and regional markets for conventional petroleum-based fuels. Specific
elements addressed are a characterization of expected developments in the worldwide
and regional economy, future environmental regulations that will impact the quality
of gasoline and diesel fuel, trends in global and regional refinery capacity, and trends
in global trade of primary refined products

Ethylene Industry Overview: an evaluation of the potential market for FT diesel and
FT naphtha as feedstocks for ethylene production, including an overview of the
global and United States ethylene industry with an emphasis on identifying the size of
future demand for naphtha and diesel/gasoils as feedstocks, an evaluation of
alternative markets for FT naphtha and of the technical suitability of FT naphtha and
FT diesel as ethylene feedstocks, and a comparative analysis of the economics for FT
diesel and FT naphtha versus conventional cracking feedstocks

Methanol Conventional Markets: an overview of the current and projected future
global demand for methanol in established conventional markets, a projection of
methanol supply in the context of conventional uses, an assessment of the potential
for methanol as a neat transportation fuel or as a blending component for producing
transportation fuels, and an analysis of the traditional uses and sources of methanol
and supply and demand projections through the year 2015. The existing methanol
markets and producers are also profiled.

United States Regional Fuel Markets: a definition of historical and forecast profiles
of supply, demand and trade for refined petroleum products by major region within
the United States, and an evaluation of historical and forecast trends of crude oil
quality by region. Five regions, based on the Department of Defense Petroleum
Administration for Defense Districts (PADD) were evaluated.

Technology Evaluation of Selected Alternative Fuels: a comparison of competing
technologies’ production costs and performance with that of FT liquids and methanol
over the period from 2006 to 2015. The 2006 analysis was based on the current state-
of-the-art technologies (i.e., recently or currently announced projects) that are
expected to be on-stream in the 2006 timeframe. The 2015 economics included
learning curve effects, economies of scale and selection of future technologies.
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= Technical Issues for UCF Use in Transport: a definition of the technical issues,
status and potential for Ultra Clean Fuels (UCFs) in the vehicle transportation sector.
The timeframe considered is from the current period to 2015. Where appropriate,
longer-term issues were addressed where they were believed to impact short-term
developments.

= Methanol Distribution Infrastructure Issues: an evaluation of issues related to
methanol distribution infrastructure that impact its potential as a transportation or
stationary power fuel, and of strategies to overcome any hurdles to its use. There is
an existing methanol distribution infrastructure for serving current conventional
methanol markets (chemical uses and MTBE feedstock). However, a much larger
distribution infrastructure will be required if methanol becomes a significant
transportation fuel.

= Impact of FT Diesel on U.S. Refineries: development of a linear programming
model for different PADDs, a determination of the volumes of FT Diesel that can be
economically blended with petroleum-derived fuels, and evaluations of the
modifications that may be required in existing refineries to process FT Diesel and the
value of FT Diesel to refiners

= UCF Values and Market Potential: development of a basis for valuing FT-diesel,
FT naphtha and methanol over the period 2002-2015, and to provide a view on
potential markets for UCF over the 2002-2015 period

This section of the final report is organized to highlight the findings of each of these activities.
The full market study report is attached as an appendix to this final report.

32  CONVENTIONAL FUELS MARKET OVERVIEW
3.2.1 Macroeconomic Assumptions
The following economic assumptions were used in the market assessment.

The world economy was projected to grow only modestly in 2002 with GDP rising by 1.9
percent over 2001. Overall economic activity is expected to benefit from low inflationary
pressures and relatively low and stable crude oil prices. The global economy is predicted to
grow at an average rate of 3.1 percent over the next decade, roughly in line with historical
trendline performance.

The GDP deflator is the broadest measure of inflation, reflecting the combined experience of
government (federal, state and local), businesses, and consumers. Nexant utilizes the U.S. GDP
deflator as the basis for converting financials between current U.S. dollar (inflated) and constant
U.S. dollar (non-inflated) financial data. The U.S. GDP deflator has declined significantly over
the past 30 years, averaging 7 percent annually during the 1970s, 4.3 percent during the 1980s,
and 2.2 percent during the 1990s. Nexant forecasts that inflationary pressures will remain at the
low end of historical values, with a forecast trendline value of 2.5 percent annually.
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3.2.2  Crude Qil Price Outlook

Recognizing the uncertainty associated with forecasting crude oil prices, Nexant forecasted a
future range of crude oil prices that were designed to capture the likely range of actual prices.
It should be noted that forecast prices are trendline in nature, and no attempt has been made
to try to capture short-term volatility of crude oil pricing. Reflecting these factors, Nexant’s
envelope of prices (all in constant 2001 dollars) for FOB Brent crude oil is:

= A "High Oil” case at $22.0 per barrel in 2003, declining to $20.5 in 2015
* A “Medium Oil” case at $18.0 per barrel in 2003, declining to $16.8 in 2015
=  A"Low Oil” case at $ 14.0 per barrel in 2003, declining to $13.0 per barrel in 2015

After 2003, crude oil prices were projected to decline at 1.0 percent per year in real terms until
2010, after which prices are forecast to stabilize in real terms. This decline in price reflects
trends in other commodities, which continue to show reductions in real prices due to continuing
gains in production efficiency. Stabilization of real prices after 2010 reflects the increased
potential for a tightening of petroleum availability on a global basis by that time.

3.2.3 Environmental Regulations

Current and future environmental regulations that will impact the quality of gasoline and diesel
fuels have been reviewed and forecast in the body of the report. The primary trend that will
impact gasoline and diesel quality is continued reductions in sulfur content of gasoline and diesel
that will continue in all regions of the world. By 2015 about 50 percent of global diesel is
forecast to have a sulfur content of 15 ppm or less

3.2.4 Trends in Global and Regional Refinery Capacity

The global and regional refining industry has been profiled within the main report. A key
finding is that each region’s refining industry is unique, with different characteristics and
capabilities to meet local product requirements (mix of products as well as quality). Indicative of
this range of capabilities is a profile of global refining complexity, higher values indicating
straonger capabilities for refiners to producer higher yields of high value products, and to
produce higher quality (e.g. lower sulfur content) products

3.25 Global Trade of Primary Refined Products

Production and consumption of each major refined product has been evaluated for the major
regions of the world. An analysis of the resulting regional trade balances indicates the following
key product trade trends:

= The gasoline deficit in the United States will continue to be met by exports from
Canada, Latin America and Western Europe, and reduced U.S. exports to Mexico
following the completion of major refinery investments in Mexico.

= Demand growth for middle distillates in East Asia and Europe is expected to exceed
increases in local production. The increased deficits will be met by increasing exports
from the Middle East and the FSU.
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= Growing residual fuel oil deficits in East Asia will primarily be met by increased
exports from the Middle East and a shift in Western Europe’s trade position from a
deficit to roughly a balanced position.

= Naphtha deficits in Western Europe and East Asia are projected to increase, met by
growing supply from Africa and the Middle East

3.3 ETHYLENE INDUSTRY OVERVIEW

Ethylene is used to produce a wide variety of petrochemicals, but demand is driven by
polyethylene. Greater than 50 percent of the ethylene consumed on a global basis is used to
produce polyethylene. This is expected to increase to over 60 percent by 2015. Global ethylene
demand and production are forecast to grow at an average annual rate of 4.3 percent through
2015. In developed regions such as the United States, Western Europe, and Japan, the industry is
mature and demand growth is expected to be moderate, with growth over the forecast period
ranging from 0.1 percent in Japan to 2.2 percent in the United States. In developing regions such
as most of Asia, Latin America, and the Middle East, growth will continue to be strong, ranging
from 6.1 percent in Asia to 9.8 percent in the Middle East.

In 2000, the United States (28 percent), Western Europe (22 percent), Asia (20 percent), and
Japan (9 percent) were the four largest producers of ethylene. This pattern is expected to shift
significantly in the future. By 2015, the leading producers will be Asia (25 percent), the United
States (20 percent), the Middle East (16 percent), and Western Europe (15 percent).

About fifty percent of global ethylene production is naphtha-based. The portion of naphtha-
based production varies significantly by region. In terms of percent of feedstock, the leading
naphtha-based regions are Japan, Eastern Europe, Western Europe, and Asia. Ethane is the next
largest feedstock, with more than 25 percent of global production. The leading ethane-based
regions are the Middle East/Africa, Canada, Latin America, and the United States.

Driven by demand for polyethylene, ethylene production is expected to show good growth on a
global basis. Naphtha will continue to be a major feedstock for ethylene production, accounting
for approximately 45 percent by 2015. Based on the ethylene production forecast, the amount of
naphtha required in 2015 will be approximately 70 percent greater than what was required in
2000, an increase of 106 million metric tons.

This represents a large market requiring a significant increase in feedstock supply, thus
presenting an opportunity for FT naphtha. FT naphtha can be used in any cracker that uses
conventional naphtha. The best opportunities would exist in countries where naphtha is already
used as an ethylene feedstock since these countries generally already have established markets
for the co-products. Given the high quality of FT naphtha, Nexant believes that it can readily be
placed in any market. The projected market for naphtha is expected to increase about 2.7 million
BPD by 2015 — well in excess of potential supply from GTL facilities.
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3.3.1 Alternate Markets for FT Naphtha

Alternatives to producing ethylene are not considered viable for FT naphtha . These alternatives
include:

= Uses as a refinery feedstock which would require too much high cost processing
= Specialty markets are too small with high barriers to entry
= Use as a fuel cell fuel is considered unlikely by 2015.

The most likely target market for FT naphtha produced in a Mideast GTL plant is the Asian
ethylene industry due to the high growth in this region and the region being a major naphtha
importer.

3.3.2 FT Diesel — Technical Suitability as an Ethylene Feedstock

Typical FT diesel properties were supplied to four of the top ethylene technology licensors
(Kellogg Brown & Root, Linde AG, ABB Lummus and Stone & Webster) to obtain yield data
for steam cracking of FT diesel. The data obtained from the licensors was compared to typical
yields that are obtained from cracking conventional gas oils. This data comparison covered a
range of operating severities. In this case, the severity of the operation is measured by the
overall propylene to ethylene ratio (of ethane and propane to extinction). A low severity
operation has a high propylene to ethylene ratio and conversely a high severity operation has a
low propylene to ethylene ratio.

The results of this analysis indicates that FT diesel potentially is a very good cracker feed, with
the following characteristics:

= Propylene to ethylene yield ratios are shown graphically in Figure 6.2 and indicate
that FT diesel feedstocks have similar yields to conventional feeds at equivalent
operating severities.

= Combined ethylene and propylene yields are shown in Figure 6.3 and indicate that FT
diesel yields will, on average, have measurably superior combined yields of ethylene
and propylene at the equivalent operating severity compared to conventional
feedstocks.

= The ethylene product to gasoil feed ratio indicates that less feed is required to produce
the equivalent amount of ethylene product when employing an FT feedstock.

3.3.3  FT Naphtha - Technical Suitability as an Ethylene Feedstock

Typical FT naphtha properties were supplied to four ethylene plant licensors (Kellogg Brown &
Root, Linde AG, ABB Lummus and Stone & Webster) to obtain yield data for steam cracking to
ethylene and other chemicals. The licensors indicated that the paraffinic nature of the FT
naphtha allows for a higher severity operation than might be normally considered when
compared to conventional naphtha cracking.
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Similar to FT diesel, the analysis of this data indicates that FT naphtha has the potential to be a
very good cracker feed, with the following characteristics:

= The propylene-to-ethylene ratios for conventional and FT naphtha feedstocks indicate
similar yield structure for both feedstocks at equivalent operating severity

= Combined ethylene and propylene yields indicate better combined yields for FT
naphtha at equivalent operating severity

= The ethylene product to naphtha feed ratio indicates that in all cases less of the FT
feed is needed to produce the same amount of ethylene.

The overall conclusion of this analysis is that FT naphthas can be expected to be excellent steam
cracker feedstocks for the production of ethylene.

3.3.4 FT Diesel — Economics as an Ethylene Cracker Feedstock

The economics for cracking FT diesel are superior to conventional gas oils as an ethylene
feedstock with a projected premium of between $11 and 31 per ton. However, a gas oil cracker
requires higher capital investment (+25% compared to naphtha or NGLs), making this option
less likely. In addition no gas oil crackers are being built at this time.

3.3.5 FT Naphtha - Economics as an Ethylene Cracker Feedstock

The higher quality for FT naphtha is expected to result in a price premium of $19-24 per ton
versus conventional naphtha based on superior yields and cracking economics.

3.4 METHANOL CONVENTIONAL MARKETS

Nexant forecast that conventional global methanol demand would grow from 29.9 million metric
tons in 2001 to 32.6 million metric tons in 2006. Global demand was projected to decline to 31.2
million metric tons in 2007 due to the phase out of MTBE in the United States. Thereafter,
conventional methanol demand will resume growth, reaching 40.1 million metric tons by 2015.

United States conventional methanol demand is forecast to decline from 8.7 million metric tons
in 2001 to 7.15 million metric tons in 2015, primarily due to a drop in MTBE production to
minimal levels.

Methanol capacity worldwide was 37.7 million metric tons per year at the end of 2001. The
uncertainty about the future demand for MTBE has made the development of new methanol
capacity difficult at present. There has been a trend towards larger methanol plants. In 1990, a
world scale plant had a capacity of 660 thousand metric tons per year. Currently, a world scale
plant is about 1 million metric tons per year, and new projects are being developed with
capacities of over 2 million metric tons per year.

In 2001 and 2002 several methanol methanol plants closed down due to:
= Recent additions of new capacity in low cost feedstock regions
= Aslowing global economy
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= Fly-up in the price of North American natural gas feedstock

Nexant expects further permanent plant closures as operators of older plant in North America
and Western Europe conclude they are not competitive with larger plants in gas-rich countries.
Global methanol supply and demand will continue to be in oversupply until the latter part of this
decade. This surplus supply will provide a potential driving force for development of new fuel
methanol markets over the next five to ten years.

35 UNITED STATES REGIONAL FUELS MARKETS

Total U.S. refined product demand is forecast to increase by 1.1 percent annually over the 2001-
2015 period. This is somewhat lower than the 10 year historical average of 1.3 percent, and
reflects the somewhat lower outlook for economic growth as well as potentially higher pricing of
crude oil and products that is expected for the forecast period. Key drivers and assumptions
behind these demand projections include:

= High gasoline demand growth during the 1990s was driven by a number of “step-
change” factors, including the rapid growth in lower mileage Sport Utility Vehicles
(SUVs) and the very strong economic expansion experienced in the United States
during this period. The projected growth rate in gasoline demand of 1.1 percent
annually assumes that there will be a modest increase in average vehicle fleet
efficiency, but that alternatively-powered vehicles will not materially impact gasoline
demand during the next 10 years

= Jet fuel consumption is expected to grow 0.8 percent per year, reflecting expected
continuing gains in engine efficiency in the commercial air fleet as well as a negative
step-change in use that has occurred due to the impact of September 11 attacks

= Limited growth in off-highway uses of middle distillates, in particular due to
continued loss of the residential heating market to natural gas, will offset continued
growth in on-highway diesel fuel. Combined growth in on-highway and off-highway
uses is expected to average 1.3 percent annually

= Residual fuel oil use, after suffering a step-change reduction in demand between 1994
and 1995, has achieved demand in the 850-950 thousand barrels per day (KBPD)
range through 2001. Future consumption is forecast to decline about 0.4 percent
annually

= “Other products” consists of a wide range of relatively minor products, including gas
liquids (ethane, propane, normal and iso-butane, and pentanes plus), asphalt, chemical
feedstocks, petroleum coke, lubricants, waxes, kerosene and miscellaneous products.
A number of these products, such as lubricants, and waxes, are very mature with
limited growth potential. Others, in particular feedstock for chemical production, are
expected to have high growth rates. On balance, this category of products is expected
in grow about 1.4 percent annually, somewhat higher than overall petroleum demand
growth
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PADD 1 has the highest level of petroleum consumption, with about 36 percent of the national
total. This is followed by PADD 2 with about 27 percent, and PADDs 3 and 5, each with about
16-17 percent. PADD 4, reflecting its very sparse population, accounts for about 3.5 percent of
national demand. This distribution of demand is very similar to the distribution of population
within the United States, indicating a similar level of per capita consumption across the nation.

3.5.1 Refined Product Production

Total domestic production of refined products in the United States will increase throughout the
forecast period, with an average growth rate of about 1.1 percent per year, in line with average
growth achieved over the previous 10 years. By 2015, refined product output is expected to
reach 20.2 million bpd, up 16 percent from 17.3 million bpd in 2001. Consistent with the
outlook for consumption, distillates and other products are expected to have the highest annual
rate of production growth through 2015.

PADD 3 has the highest level of petroleum production, with about 46 percent of the national
total. This is followed by PADD 2 with about 21 percent, PADD 5 with 17.5 percent, and
PADD 1 with 12 percent. PADD 4, reflecting its very sparse population, accounts for about 3.3
percent of national production.

Future distribution of demand for refined petroleum products in the United States is expected to
remain relatively stable, similar to historical performance.

3.5.2 Crude Oil Quality Trends

The gravity of domestic and imported crude oils along with the composite average underwent a
steady deterioration of quality over this period 1980 to 2001.

The average composite crude oil sulfur levels rose from about 0.8 weight percent in 1980 to over
1.3 weight percent in 2001. Increased imports of heavy Canadian, Mexican and Venezuelan
crudes have been the major underlying factors driving the long-term increase in crude oil sulfur
levels.

Average crude oil quality in the United States is forecast to continue to decline, becoming
heavier and higher in sulfur content. Key assumptions behind this outlook include:

= Increased heavy offshore Gulf of Mexico crude production will contribute to a
gradual decline in domestic crude oil quality, somewhat offset by a slowing in the
rate of decline in Alaskan crude production

= Increased heavy, sour crude oil imports from Venezuela and Canada will be primarily
responsible for the forecast heavying up of the crude oil import barrel and the
resultant decline in composite crude oil slate quality

Crude oil quality by PADD varies considerably relative to the national averages. Crude oil
quality in all PADDs is expected to follow national trends, i.e. average crude oil will become
heavier and higher in sulfur content in all regions. It is expected that crude oil quality in PADD
3 will decline somewhat faster than in the other regions, reflecting the assumption that a
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disproportionate percentage of new investment in the United States refining industry will take
place in expanding and enhancing the already dominant refining industry at the USGC. Such
new investment will tend to allow processing of poorer quality crude oils, and the resulting crude
oil slate that the USGC will thus decline somewhat faster than elsewhere in the country.

The U.S. refining industry consists of about 150 operable refineries. Average processing
capabilities have been on the rise since the 1980s. The number of operating refineries in the
United States has steadily decreased during the 1990s, reflecting the combined impacts of
generally low refining margins as well as industry consolidation. The average refinery size has
increased steadily over the last 40 years, as the need to achieve economies of scale has reduced
the competitiveness of smaller facilities.

Crude oil distillation capacity is forecast to increase by about 2.5 million barrels per day between
2001 and 2015, reflecting a 1 percent annual growth rate, which is considered a sustainable range
of capacity creep for the domestic industry. Investment in downstream refining facilities, in
particular hydrotreating, hydrocraking and coking, is expected to result in an increase in the
percent of each of these units expressed as a percentage of crude oil distillation capacity. MTBE
capacity in the United States is expected to be completely shut down by 2015.

Refining capacity is highly concentrated in PADD 3, with about 46 percent of the national total.
PADD 2 (21 percent) and PADD 5 (19 percent) have substantial refining industries. PADD 1
has relatively limited refining capacity relative to its level of consumption, and as a result is the
country’s primary importer of refined products. PADD 4, reflecting its sparse population and
isolation, has limited refining capacity of about 3.5 percent of the national total, roughly in line
with its consumption share.

3.5.3 Petroleum Trade

The United States has historically been a significant importer of petroleum products. Total
product imports have averaged about 2 million barrels per day between 1970 and 1998, or about
12 percent of consumption of total refined products. Product imports are expected to increase
only marginally over the next 20 years, reflecting the combined impact of the following factors:

= U.S. refining capacity is expected to increase about 1 percent per year, via capacity
creep of existing refineries

= Projected demand for U.S. refined products is expected to grow about 1.1 percent per
year, only slightly higher than the rate of growth in domestic refining capacity

= Auvailability of suitable quality refined products from outside the United States may
become constrained as U.S. quality standards become increasingly more stringent

PADD 1 receives over 80 percent of total foreign-sourced product imports, with about 9 percent
each coming into PADDs 3 and 5. The interior of the country, PADDs 2 and 4, receives very
little foreign-sourced product imports.

PADD 1 receives about 70 percent of product imports, most of which is supplied from PADD 3.
PADD 2 receives about 25 percent of domestically sourced supplies, also supplied largely from
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PADD 3. PADDs 4 and 5, reflecting their geographic isolation, have limited supply links to the
rest of the country. PADD 3, reflecting its major production surplus position, receives very little
supply from other parts of the country.

3.6 TECHNOLOGY EVALUATION OF SELECTED ALTERNATIVE FUELS
3.6.1 GTL FT Liquid Products

For 2006, the full cost of production plus 10 percent ROI for FT liquids produced at a 75,000
barrels per day facility in a Middle East remote location will be about $27.58 per barrel if natural
gas cost is $1.00 per million BTU. Taking into account transportation costs and tariff, the total
delivered cost of FT liquids will be $30.72, $29.88, and $29.67 per barrel at the USGC, Western
European, and Japanese markets, respectively.

Based on Nexant’s 2006 medium crude price outlook and the weighted average naphtha/diesel
market prices of $24.5, $24.5 and $28.2 per barrel at the USGC, Western Europe, and Japanese
markets, respectively, the GTL process with natural gas price at $1.00 per million BTU can
deliver FT products at a return on investment of 1.2, 2.3, and 7.9 percent to the above markets
respectively.

For 2015, the full cost of production plus 10 percent ROI for FT Liquids produced at a 150,000
barrels per day facility in a remote Middle East location will be about $24.54 per barrel if natural
gas cost is $1.25 per million BTU. Taking into account transportation costs and tariff, the total
delivered cost of FT liquids will be $28.09, $27.15, and $26.91 per barrel at the USGC, Western
European, and Japanese markets, respectively.

Based on Nexant’s 2015 medium crude price outlook and the weighted average naphtha/diesel
market prices of $29.1, $29.4 and $33.3 per barrel at the USGC, Western European, and
Japanese markets, respectively, the GTL process with natural gas price at $1.25 per million BTU
can deliver FT products at a return on investment of 12.2, 14.5, and 22.8 percent to the above
markets respectively.

The above GTL full costs of production plus 10 percent ROI are compared favorably with the
costs of production of a USGC conventional coking refinery at $29.11 and $35.06 per barrel of
refined products for 2006 and 2015, respectively. The USGC delivered cost of FT liquid product
also shows a better profit margin than the conventional refinery products.

3.6.2 Methanol

For 2006, the full cost of production plus 10 percent ROI for methanol produced at a 5,000
metric tons per day facility in a Middle East remote location will be about $0.285 per gallon if
natural gas cost is $1 per million BTU. Taking into account transportation costs and tariff, the
total delivered cost of methanol will be $0.364, $0.359, and $0.340 per gallon at the USGC,
Western European, and Japanese markets, respectively.

Based on Nexant’s 2006 medium crude price outlook, the Mega Methanol Process with natural
gas price at $1.00 per million BTU can deliver methanol at a return on investment of 5.9, 19.0,

Ultra Clean Fuels Project DE-FC26-01NT41098 3-10



Section 3 UCF Market Study

and 26.0 percent based on USGC gasoline, CARB gasoline, and USGC chemical grade
methanol, respectively.

For 2015, the full cost of production plus 10 percent ROI for methanol produced at a 15,000
metric tons per day facility in a Middle East remote location will be about $0.277 per gallon if
natural gas cost is $1.25 per million BTU. Taking into account transportation costs and tariff,
the total delivered cost of methanol will be $0.367, $0.346, and $0.339 per gallon at the USGC,
Western European, and Japanese markets, respectively.

Based on Nexant’s 2006 medium crude price outlook, the Mega Methanol Process with natural
gas at $1.25 per million BTU can deliver methanol at a return on investment of 13.6, 25.8, and
41.6 percent based on USGC gasoline, CARB gasoline, and USGC chemical grade methanol,
respectively.

In general, the ROI for methanol is higher than that of FT liquid products. While both methanol
and GTL ROIs improve significantly from 2006 to 2015, the improvement for methanol is more
pronounced than that of GTL.

3.6.3 Ethanol

For 2006, the full cost of production plus 10 percent ROI for ethanol produced at a 50 million
gallon per year facility in a U.S. Midwest location will be about $1.12 and $1.88 per gallon from
corn and biomass, respectively. These costs compare unfavorably to ethanol blending value of
$0.80 per gallon and unleaded regular gasoline of $0.61 per gallon.

For 2015, the full cost of production plus 10 percent ROI for ethanol produced at a 150 million
gallons per year facility in a U.S. Midwest location will be about $1.06 and $1.30 per gallon
from corn and biomass, respectively. These costs compare unfavorably to ethanol blending
value of $0.93 per gallon and unleaded regular gasoline of $0.73 per gallon.

3.6.4 Syngas/Hydrogen

The economics for syngas production are driven by the underlying cost of natural gas. Natural
gas feedstock makes up about 50% of the cost of production hydrogen.

Comparing steam methane reforming (SMR) with partial oxidation (POX) economics, SMR has
lower costs for producing hydrogen since it produces less carbon monoxide. Thus, SMR is the
logical choice for hydrogen production based on the optimal syngas composition.

3.7 TECHNICAL ISSUES FOR UCF USE IN TRANSPORT
3.7.1 Key Developments in Conventional Vehicle Technology

The primary drivers for the potential development of methanol and FT naphtha or diesel as UCFs
are:
= Requirements for refiners to drastically reduce the sulfur content of diesel fuel to
enable use of particulate traps and catalytic converters to achieve significant
reductions in fine particulate (PM or soot) and NOx emissions. The recent and
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anticipated technical development of these emission after-treatment devices has
prompted the U.S. and the European Union to adopt emission standards that are
designed to force the use of these devices on heavy-duty diesel engines.

= The desire among vehicle manufacturers to begin early development and
demonstration of technical and market approaches to cope with the expected eventual
decline of petroleum supplies for fueling vehicles in the longer term, along with:

= Increasing levels of sulfur in crude oil supplies in the near term
= The greater abundance of natural gas supplies, including “stranded gas”

= These drivers have led the manufacturers of gasoline engine passenger automobiles
for the North American market, along with government agencies and other
stakeholders, to focus on developing gasoline-electric hybrids for the short term and
fuel cell vehicles and auxiliary power units (APUS) for the long term. In addition to
the need for cab amenities in long-haul trucks, auxiliary (non-propulsion) power
requirements, including many systems that in the past were manual or mechanically
linked to the engine, are increasing in proportion to propulsion power in conventional
trucks and automobiles.

= Manufacturers of heavy-duty diesel engines have focused on fundamental internal
engine design modifications, primarily in fuel injection and combustion
configurations, to achieve lower NOx and PM emissions, in addition to add-on
particulate traps and catalytic converters. APUs are also of great interest in these
vehicles.

= Despite tremendous on-going development efforts, Nexant does not expect FCVs to
achieve significant commercial market share within the next 10-20 years. Hybrid
gasoline-electric or diesel-electric automobiles will strongly compete with FCVs,
especially if more stringent fuel economy standards are mandated or encouraged via
tax credits, or other incentives and subsidies.

= The most popular ICE hybrid-electric vehicle models are initially likely to follow
current preferences and be gasoline-fueled in the U.S. and diesel-fueled in Europe.
These hybrid vehicles will not necessarily require the use of fuels with radically more
stringent quality requirements

3.7.2 FT Diesel as a Vehicle Fuel - Conventional Engines

= Nexant believes that there are minimal impediments presented by engine technology
issues for FT diesel use as a supplement to, or replacement for, conventional
petroleum derived diesel fuel in conventional diesel engines

= Nexant believes that the impediments are no greater for FT diesel use in the advanced
technology engines being developed

= FT diesel appears to have its greatest potential as a blendstock to achieve the ultra
low sulfur levels needed to meet emerging regulations for NOx and PM and enable
emissions controls in future diesel fuel in North America, Europe, Japan and
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elsewhere (in either hybrid or conventional vehicle configurations). Significant
market penetration could be achieved by 2015.

= Based on their technical qualities, market penetration already achieved and their
growth rates, CNG/LNG and biodiesel could compete with FT diesel, but methanol is
not a serious contender as a fuel for ICE vehicles. Biodiesel will always be limited in
its production volume potential, but can be advantageously blended to enhance FT
diesel’s lubricity.

= The EPA and other stakeholders need to collaborate to set specifications for FT diesel
because lack of standards is a key objection of engine providers. The stakeholders
that must collaborate are:

— Engine providers
— Regulators (federal and state)
— Fuel makers

— Customers (fleet owners)

3.7.3 FT Diesel for Fuel Cells

FT diesel offers no technical advantages versus, say, ultra low sulfur gasoline, CNG, or
alcohols for reforming to hydrogen for use with lower temperature vehicle fuel cells (e.qg.,
PEMSs) or for potential direct in use in SOFCs. Neither the introduction of hybrid vehicles or
fuel cell vehicles is expected to result in major increases in the demand for FT diesel as a fuel
during the next 10-15 years

3.7.4 FT Naphtha as a Vehicle Fuel

FT naphtha has insufficient octane to be useful in spark-ignited gasoline internal combustion
engines (ICEs). However, because it is paraffinic and essentially sulfur-free, it may be attractive
to use it in fuel cells with reformer systems, potentially directly in SOFCs applied in APUs
and/or in hybrid propulsion systems. Developers of fuel processing systems (reformers, etc.) are
testing FT naphtha for vehicle fuel cells.

3.7.5 FT Naphtha Fuel Cells

FT naphtha has some potential for use with reformers in lower temperature vehicle fuel cell
propulsion systems or in SOFCs for APUs. In competition with methanol, naphtha has even
less infrastructure, but is potentially more compatible chemically with the hydrocarbon fuel
infrastructure.

3.7.6  Methanol as a Vehicle Fuel - Conventional

As a conventional ICE vehicle fuel, methanol is technically demonstrated but is not market
attractive.

= Despite extensive support from the California and federal governments, methanol
interests, auto and diesel engine companies, and the cooperation of the petroleum
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industry, there are very few ICE vehicles currently running on methanol in the U.S.
today (fewer than for any other salient alternative fuel)

= Methanol was tested for many years as an ICE fuel in California as a strategy to
reduce air pollutant emissions and reduce dependence on petroleum liquids. Despite
these efforts, methanol was not a commercial success.

= Methanol fuel has not found enthusiastic consumer acceptance because it:

— Has challenges in materials compatibility, and because of this, it is impractical to
retrofit an auto for its use and new cars designed for dual fuel would cost more
than gasoline-only engines, unless subsidized

— Offers no real advantages in price, convenience or performance

— Has not been subsidized as has ethanol, and lacking comparable political support,
is unlikely to receive required subsidies in the future

= Methanol’s relatively low energy density (roughly half of that of gasoline) has been a
real impediment to acceptance in terms of vehicle range, and there are concerns over
its toxicity and other health, safety and environmental issues

= The neat methanol (M100) option is not practical for cars primarily because of cold
start problems

= The option of using gasoline-blended methanol (M85) in flexible fuel vehicles
currently seems to have little potential for light duty gasoline-type passenger
automobiles in the U.S. because it requires special, more expensive car designs
without a significant savings in fuel cost or other advantages to the consumer

= Neither M100 nor M85 has been seen as attractive to date for heavy duty diesel
transit vehicles and trucks because it has a very low cetane rating, incompatible with
diesel engines, and has no advantages for the owner/operator

= Despite all the demonstrations and its status as a commercial commodity, there
appears to be a low little probability of its widespread commercialization for any
methanol ICE fuel in the U.S. or Europe. Methanol is not expected to gain any share
of the conventional vehicle fuel market in the timeframe of this report.

= Japan currently seems to have a greater interest in fuel methanol in general.

= The methanol industry has largely abandoned its support of methanol in ICEs for the
reasons listed above, but the industry is now instead championing methanol use in
fuel cells, especially for vehicle and portable power applications

3.7.7 Methanol Fuel Cells

= The preferred fuel for initial fuel cell vehicle models has not been determined, but if
technical advantages weigh heavily in the determination, then it is more likely that
methanol (because of its lead in DMFCs and its higher efficiency in reforming),
rather than ultra clean hydrocarbon fuels such as FT naphtha or naphtha, will be
selected for this purpose.
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= Even if DMFC fuel cells were to be widely commercialized for consumer small
electronics, such as cell phones and laptops despite the regulatory and corporate risk
challenges, their methanol demands would be relatively small.

3.8 METHANOL INFRASTRUCTURE ISSUES

The following options for fuel methanol uses have been analyzed from the perspective of
required infrastructure to support:

3.8.1 Neat fuel supplied for internal combustion engine vehicles

Neat or near-neat (M85) methanol was demonstrated in California in the 1990s as a fuel for fuel-
flexible vehicles capable of using either M85 or gasoline. At its peak, there were about fifteen
thousand flexible fuel vehicles and over fifty public service stations operating on methanol.
However, the program was a commercial failure. Methanol could not economically compete
with gasoline because its energy density is only one-half that of gasoline, and thermal efficiency
of methanol in an internal combustion engine is similar to that of gasoline.

3.8.2 Methanol blended with conventional gasoline

Methanol blends in gasoline and neat methanol in internal combustion engines are not projected
to be commercialized in the future. Methanol blends were commercially demonstrated in the
early 1980s. ARCO and Sunoco both marketed a blend of about 5 percent methanol and 5
percent tertiary-butyl alcohol with a total oxygen content of 9.6 percent (comparable oxygen
content as ethanol blends) in the northeast U.S. out of refineries in Philadelphia. However, the
products were abandoned in the mid-1980s due to the sensitivity of methanol to water present in
the conventional gasoline distribution system.

3.8.3 Methanol use in fuel cell vehicles

Methanol fuel cell vehicles are projected to have a lower fuel cost per mile than hybrid vehicles
operating on gasoline. However, the economic incentive to the consumer is only about 100
dollars per year per vehicle. Penetration of methanol fuel cell vehicles is projected to be less
than 2 percent of the total light vehicle transportation fuel market through 2015. Initial
commercialization is projected to be in the state of California followed by one other major
metropolitan area, possibly the New York area.

3.8.4 Methanol distribution infrastructure

3.84.1 Requirements for Significant Market Penetration

Methanol distribution infrastructure investment costs in the U.S. could total as much as $6.5
billion dollars for methanol to capture 20 percent of the light vehicle transportation market.

However, this investment could be phased in over time as an extension to the existing methanol
distribution infrastructure. It is likely to involve the companies that represent the independent
fuel distributors as well as existing methanol suppliers and the major integrated oil companies
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3.84.2 Comparison of Methanol Distribution Infrastructure Requirements with Other Alternative
Fuels

The capital investment for retail service stations designed to dispense methanol, CNG, LNG and
hydrogen were compared. Methanol retail outlets cost a fraction of those for the other clean fuel
alternatives.

There are over 240 CNG stations currently operating in California. Over 100 offer full or partial
public access. CNG stations cost approximately ten times the cost of a methanol station.

There are over 140 LNG stations operating in California. LNG storage requires double walled,
stainless steel, “superinsulated” storage tanks. Because of the higher cost, LNG has primarily
been used for buses and other heavy fleet vehicles to ensure maximum throughput. The
operating costs are lower than for CNG, since no compressor is required. However, training
costs are higher and maintenance costs have been estimated at 3 to 6 cents per gallon'. LNG
stations must meet similar standards and codes as CNG stations.

Some LNG stations are designed to also supply CNG. Such systems consist of a conventional
LNG station with the addition of high-pressure cryogenic pumps that compress the LNG to 4 to 5
thousand psi, and then vaporize the compressed liquid. The advantages of these combined
stations (L/CNG systems) is that the cryogenic pumps consume much less energy than the
compressors used at conventional CNG stations and require less maintenance. Second, L/ICNG
is delivered to the vehicle at ambient temperature, facilitating complete filling of the vehicle
storage tank and eliminating the need for temperature compensation systems. Furthermore, since
LNG is nearly pure methane, L/CNG is delivered to the vehicle with virtually no contaminants or
undesirable fuel elements such as oil carryover, moisture, and higher hydrocarbons.

There is less commercial experience with hydrogen stations. Only a few hand-built first
generation stations have been built, including two different systems in California used by Sunline
Transit to fuel its direct-hydrogen fuel cell bus in the Coachella Valley. For this reason, the
capital costs for hydrogen stations are not fully known at this time. Station designs are only
conceptual at this stage, and few hydrogen-specific codes and standards exist. Capital cost will
depend, in part, on whether a liquefied hydrogen or compressed form of hydrogen will be stored
and/or produced at the station by reforming natural gas. In either case, costly fire and safety
requirements are likely to be the norm, especially in the early years of deployment. Recent
estimates for first-generation stations being built in Sacramento and other areas under the
California Fuel Cell Partnership indicate that they can cost between 2 and 3 million dollars each.

39 IMPACT OF FT DIESEL ON U.S. REFINERIES
The analysis performed in this section has examined the potential impact of FT diesel fuel on
U.S. refining operations.

The study analysis was structured to evaluate refinery configurations that were deemed to be
representative of average refining industry operation and structure in key regions of the United

! Jim Harger, Vice President of Marketing, Pickens Fuel Corporation, 12/6/00.
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States. Therefore, the results of this analysis should be considered from this perspective, as
average representative values for FT diesel. However, it should be recognized that the value of
FT diesel for some specific refineries, especially those producing diesel with a cetane number
close to the minimum specified level, may be higher than those estimated in this analysis.

Key findings include the following:

3.9.1 Impact of FT Diesel on Refinery Operations

= Using FT diesel as a diesel blendstock, in small volumes, is expected to have little
impact on refinery process unit operations in 2006 and beyond. The primary reason
for this conclusion is that FT diesel quality is very close to finished ULSD product
quality specs (i.e., 15 ppm sulfur specification) and, the stream can be used directly as
a blendstock without processing by refinery unit

= The primary processing impact on refining operations of blending of FT Diesel was a
reduction in required Distillate Hydrotreater desulfurization severity, which resulted
in lower hydrogen usage and lower catalyst and utilities costs

= For each refinery operation considered, the initial volumes of FT diesel blended
generate the highest value to the refiner. As the volume of FT diesel blended
increases, the refinery must begin to make processing adjustments in order to make
on-specification diesel product. These adjustments are required to compensate for the
low density of FT diesel, and the value of the FT diesel declines at these higher blend
rates

= For each region considered, FT diesel value to refineries is attractive only at relatively
low blending levels, typically in the range of 4-5 percent of crude oil processed.
Thereafter FT diesel values decline rapidly and eventually fall below the value of
conventional diesel fuels

3.9.2 Value of FT Diesel Relative to Market Value

= Even though there is currently little commercially available, FT diesel, primarily due
to its very low sulfur content, would command a premium value to conventional 500
ppm diesel fuel. There will continue to be a premium value over the next 15 years,
but the size of the premium will decline as the quality differential between FT diesel
and conventional diesel declines

= Based on the analysis performed for this study, PADD 3 (USGC), due to the highly
competitive nature of the region, achieved the lowest values in major markets for FT
diesel relative to conventional diesel fuels. For blending up to 4-5 percent, the value
of FT diesel was estimated to be about $.40/bbl above the market price of diesel

= PADDs 1 (East Coast) and 2 (Midwest) achieved somewhat higher values for FT
diesel than PADD 3. For blending up to 4-5 percent, the value of FT diesel was
estimated to be about $.40-0.50/bbl above the market price of diesel

= The California market achieved the highest value for FT diesel, reflecting the value
associated with FT diesel’s high cetane rating, which is a premium quality in the
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California market. For blending up to 2 percent, the value of FT diesel was estimated
to be over $3.00/bbl above the market price of diesel. This premium declined to
about $1.00/bbl at a blending level of 5 percent of crude processed

3.9.3 FT Diesel Absolute Value

= The value of FT diesel in absolute terms will reflect the price of conventional diesel
plus the premium value of FT diesel to each region’s refining industry

= The lowest absolute value for FT diesel is expected in PADD 3 (USGC), primarily
reflecting the low market price for conventional diesel as well as low estimated
premium for FT diesel

= Somewhat higher absolute values for FT diesel are expected for PADDs 2 and 3,
largely reflecting the higher market price for conventional diesel that these markets
command

= FT diesel is expected to have the highest absolute value in California due to the
generally higher level of product prices in California and the more stringent quality
requirements of CARB diesel. In particular, the CARB requirement for a lower
aromatics content/higher cetane number necessitates the use of expensive cetane
number improver by many California refineries. The use of high cetane number FT
diesel as a California refinery blendstock would help to alleviate this constraint

= Due to the high cost of shipping FT diesel to PADD 4 (Rocky Mountain region), it
was estimated that the netback value at the USGC of FT diesel on an absolute $/bbl
basis would be less than the market price of conventional diesel

3.10 CONVENTIONAL FUEL PRICE OUTLOOK

The methodology utilized in this analysis for forecasting refined product prices can be simplified
and broken down into several principal steps:

= |dentifying the refinery configuration most representative of a region's incremental
producer of refined products

= Forecasting the variable margin for the incremental refinery configuration
= Forecasting price differentials between major refined products

Given the crude oil price outlook and these variable margin and price differential forecasts, the
individual refined product prices can be calculated algebraically.

Nexant utilizes a cost-based approach to forecast refined product prices, which is comprised of a
projection of the global economic environment (real economic growth and price inflation), the
projected underlying international crude oil price, and the business environment for each key
refined product. The outlook for each product’s price on the U.S. Gulf Coast reflects the
industry’s expected supply/demand balance and refinery operating rates that determine the price
relationships between key products, refinery margins and profitability. The trendline outlook for
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refinery profitability is expected to be in line with historical performance. Profitability margins
are expected to decline in real terms due to the commodity nature of the refining business.

Diesel fuel pricing will track underlying prices of crude oil, but, due to expected strong growth
and tightening quality specifications, will be at the high end of historical relationships to crude
oil price. Thus, diesel fuel will average about $3.60 per barrel premium over WTI crude oil over
the next 10 years, as compared to an average of about $2.70 per barrel over the previous decade.

Conventional naphtha that is suitable as a feedstock to produce ethylene and other basic
chemicals is forecast to track pricing of unleaded regular gasoline. On average, conventional
naphtha is expected to sell at about 10-12 cents per gallon less than unleaded regular gasoline.
This discount reflects naphtha’s poor quality as a gasoline blendstock (i.e. low octane and
relatively high vapor pressure).

Pricing for methanol in the U.S. market has historically been closely linked to the underlying
cost of natural gas, such that leader methanol plants operating in the United States have achieved
a modest, but acceptable, level of profitability. Methanol is a feedstock for MTBE production,
so that methanol demand in the U.S. will be severely reduced over the next 5-10 years due to the
anticipated elimination of MTBE use in U.S. motor gasoline. As a result of this change, most of
the methanol facilities currently operating in the United States are expected to shut down, with
only 1-2 relatively large facilities still in operation by 2015. Future methanol pricing will be
sufficient to provide a modest return for these remaining plants.

3.11 UCF MARKET POTENTIAL
3.11.1 FT Diesel

The potential for FT diesel to serve as a transportation fuel has been assessed from a number of
perspectives in this Market Study Report. Specifically the following has been concluded:

= FT diesel is expected to be an acceptable fuel to help meet low sulfur requirements in
vehicle engines and systems that will be developed over the coming decade. There
may be a need for lubricity additives due to the very low sulfur content of FT diesels.
Details of this analysis are provided in Market Study Report Section VI

= FT diesel is expected to be an acceptable diesel blendstock for United States
refineries. Blends containing up to 15-20 percent FT diesel are expected to be
economically attractive to produce for domestic refiners. Details of this analysis are
provided in Market Study Report Section VIII

= As presented in Market Study Report Section I, the United States market for

diesel/gas oil fuel is expected to increase by about 1.4 percent per year, representing
an absolute increase of about 730,000 barrels per day between 2001 and 2015.
Globally, the market for diesel/gas oil fuel is expected to increase about 2.3 percent
per year, or about 5 million barrels per day by 2015. Approximately 60 percent of
these volumes are consumed as on-road diesel fuel. A typical worldscale GTL
facility is expected to produce about 50,000 barrels per day of FT diesel. Thus, to
achieve a 10 percent market share of new U.S. demand by 2015, a total of about 9
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new GTL plants would need to be built and in operation. To achieve the same level
on a global basis, approximately 60 new plants would be needed. Realistic projects
for GTL capacity construction call for at most 20-25 plants to be built by 2015. As a
result, this study concludes that the global market for diesel fuel is sufficiently large
and robust to absorb the industry’s ability to build GTL facilities over the next 15
years.

3.11.2 FT Naphtha

The potential market for naphtha as an ethylene feedstock was evaluated in Market Study
Report 1l. The United States market for naphtha is expected to increase about 2.2 percent per
year, or by about 150,000 barrels per day. Global demand for petrochemical-grade naphtha is
forecast to increase by 3.6 percent annually, or about 2.3 million barrels per day by 2015. A
typical worldscale GTL facility is expected to produce about 18,000 barrels per day of FT
naphtha. Thus, to achieve a 10 percent market share of new U.S. demand by 2015, a total of
about 9 new GTL plants would need to be built and in operation. To achieve the same level on a
global basis, approximately 130 new plants would be needed. Realistic projects for GTL
capacity construction call for at most 20-25 plants to be built by 2015. Therefore, similar to the
result for FT diesel, this study concludes that the global market for naphtha as an ethylene
feedstock is sufficiently large and robust to absorb the industry’s ability to build GTL facilities
over the next 15 years.

3.11.3 Methanol

As defined in Market Study Report Section VI, the theoretical market for methanol as a
transportation fuel is enormous. To put this into perspective, the current demand for chemical
methanol in the United States is about 3 billion gallons per year. Achieving a 20 percent market
penetration in the United States gasoline market, the minimum level required to achieve a self-
sustaining infrastructure, would result in slightly more than tripling the amount of methanol
consumed in the country. Substantially larger consumption numbers would apply on a global
basis. Thus, the transport market represents a very large area of potential new demand for
methanol. However, based on the analysis performed in Market Report Section VI, methanol
faces a number of critical barriers to successful commercialization and use as a transportation
fuel over the next 15 years. Although many of these problems can be addressed at a technical
level, ultimately the key issue comes down to making methanol acceptable to the consuming
public. Thus, despite considerable effort and expense, methanol has failed as a transportation
fuel due to its low energy density (resulting in limited vehicle range), requirement for subsidies
(both for vehicles and fuel) to be economically neutral to consumers, and its potentially
significant issues of health/toxicity. As a result of these issues, this study concludes that
methanol will not become a significant fuel for conventional motor vehicles over the next 15
years.

In contrast to its limitations for use in conventional motor vehicles, methanol appears to be
hypothetically more attractive as a fuel for fuel cells. This potential was also examined in
Market Report Section VI. The analysis concluded that the technology for fuel cells is still too
immature to achieve significant commercialization within the next 15 years. Fundamental issues
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such as high cost, feedstock limits due to the need to improve fuel reforming technology, limited
infrastructure and the long lead-time to commercialize such a fundamentally different transport
technology for vehicles has all contributed to this conclusion. Of the fuel cell fuels considered,
methanol has some strong advantages. However, they are not sufficient to overcome the more
fundamental issues that must first be addressed to commercialize fuel cell technology.

In summary, this study concludes that methanol will not achieve significant demand as a
transportation fuel over the next 15 years.
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4.1 INTRODUCTION

Under the Conoco-Phillips — DOE Ultra Clean Fuels Project, Penn State University and
Cummins Engine Company were tasked with the duty to perform “Engine Testing” activities
under Task 3 of the program. The work performed under Task 3 was organized into three
subtasks: Database Compilation and Definition of Testing Needs, which included supporting fuel
property analyses and a comprehensive literature survey; Indirect Methanol Fuel Cell (IDMFC)
and Direct Methanol Fuel Cell (DMFC) Testing, including IDMFC, DMFC and methanol
reformer studies; and Compression Ignition Engine Studies.

4.2 TASK 3.1, DATABASE COMPILATION AND DEFINITION OF TESTING NEEDS

The Database Compilation and Definition of Testing Needs task included a detailed literature
review in several major subject areas including impacts of diesel fuel formulation, alternative
diesel fuels (especially Fischer-Tropsch fuels), methanol reforming for fuel cell applications and
the development of PEM fuel cell technologies. This literature review helped to guide the
development of the research plans for Task 3. The fuels considered in Tasks 3.1 and 3.3
included a progression of fuels with regard to sulfur content, ranging from conventional low
sulfur diesel fuel to ultra low sulfur diesel fuel to various sulfur-free fuels, including GTL diesel.
Among the key observations from the literature review were that the compressibility of diesel
fuel can significantly alter the injection characteristics of the fuel and alter the timing of injection
in a pump-line-nozzle (PLN) type injection system. Another key observation was that fuel
composition can have a significant impact on the NOx emissions from diesel engines. This is
particularly true for Fischer-Tropsch diesel fuel, which is observed to have a simultaneous
beneficial effect on NOx emissions and particulate emissions. This is also true for biodiesel
(e.g., soybean oil methyl esters, referred to as “SME” or “biodiesel”) which was selected as an
oxygenate to include in the test matrix for this program and is observed to cause an increase in
NOx emissions under certain conditions. On this basis, the Penn State activities were expanded
to include consideration of the injection and ignition characteristics of various types of fuels and
fuel blends.

Also under Task 3.1, fuel property characterization provided essential information on the
differences in fuel injection behavior for fuels ranging from methyl esters to pure normal
paraffins (e.g., spanning the range from biodiesel to Fischer-Tropsch diesel). The measurements
helped to show that the chemical structure of a fuel substantially alters the injection timing and
therefore the combustion phasing and emissions formation. These measurements included
unique measurements of the bulk modulus of compressibility for a range of fuel samples from
purely paraffinic hydrocarbons to vegetable oil methyl esters to complex fuel mixtures. The
measurements relied on an experimental apparatus that permits examination of the change in
volume of a liquid sample as the pressure applied to the sample is increased. These direct
measurements of the compressibility of fuel samples complement similar but less extensive
measurements reported by Van Gerpen and colleagues wherein they measured the speed of
sound within a fuel sample. Agreement was observed between the two techniques for soybean
oil methyl ester and the present work accomplished both an extension of such measurements to
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paraffinic fuels and fuel blends and a direct linkage to behavior of the fuel samples in a diesel
fuel injection system.

Injection timing measurements were made in two types of “pump-line-nozzle” fuel systems, one
on a single-cylinder DI diesel engine with purely mechanical control (cam driven) of injection
timing and one on a 6 cylinder Cummins engine with a rotary fuel pump. In both engines, clear
trends were observed wherein fuels with less compressibility led to advanced injection timing
(and higher NOx emissions) and fuels with higher compressibility led to retarded injection
timing (and reduced NOx emissions). On the Cummins engine, which included electronic
control of injection timing, the results were less distinct because in some cases, the differences in
calorific value or the cetane number of a fuel sample required a change in the throttle position to
achieve the same speed and load from the engine, thereby shifting the engine to a different part
of the control map. Nonetheless, the experiments in the single-cylinder DI engine gave a clear
indication of the impact of bulk modulus of compressibility on fuel injection timing and
emissions, and assisted with the interpretation of results from the Cummins engine. In addition,
these results on the impact of fuel formulation on NOx emissions formed the basis of an
invention disclosure on a fuel formulation strategy to combat the “biodiesel NOx effect.”

Ignition measurements were performed in a modified octane rating engine which had been
adapted to permit fuel vaporization and premixing with air and diluents prior to entry to the
engine, essentially allowing the octane rating engine to operate as a rapid compression machine.
Thus, fuel samples in the lighter end of the diesel boiling range could be mixed with air and
compression ignited (with the spark disabled) at various compression ratios. This strategy
permits gradual increase of compression ratio from a preignition regime through first stage and
finally second stage ignition, during which time the stable exhaust species can be characterized
by FTIR spectrometry and collected for GC-MS analysis. Key observations were that GTL
diesel behaves much like n-heptane and low sulfur diesel fuel during the ignition process, with
regard to the intermediate species through which ignition proceeds. However, methyl decanoate
(used as a model for the methyl esters that comprise biodiesel) undergoes a decarboxylation
reaction leading to release of CO, at much lower extents of reaction than other diesel fuels.

4.3 TASK 3.2, DIRECT AND INDIRECT METHANOL FUEL CELL TESTING

Under Task 3.2, the activities were organized into two major subtasks: Task 3.2.1 Methanol Fuel
Cell Testing, which involved experimental and numerical studies of direct and indirect methanol
fuel cells, and Task 3.2.2 Methanol Reformer, which involved the development of a methanol
reforming strategy, a supported catalyst to accomplish continuous reforming of methanol and a
reformer reactor system to implement the catalyst during operation of a PEM fuel cell (e.g., an
“indirect” methanol fuel cell). The two subtasks are linked in that the deliverable from subtask
3.2.2 was essential to the completion of subtask 3.2.1.

4.3.1 Task 3.2.1 Methanol Fuel Cell Testing

Under Task 3.2.1, indirect and direct methanol fuels cell experiments and simulation showed
how CO generated in the reforming of methanol influences the operation and efficiency of an
IDMFC and how cycling of the methanol feed rate can serve to enhance the efficiency of a
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DMFC. Key observations included the enhancement of the CO poisoning effect when dilute
hydrogen (e.g., from a reformer) is fed to the IDMFC and the remediation of this poisoning
effect when air bleed into the anode is used to oxidize CO from the catalyst. These studies
included both experimental and numerical investigations.

Numerical simulations of a double-path flowfield Proton Exchange Fuel Cell (PEFC) with thirty-
six channels were carried out to study the complex flow phenomena and water transport in
PEFCs. The simulation results reveal that the effect of internal humidification induced by
diffusion promoted by making the two neighboring channels in counter flow is significant, but is
in reality offset by the opposed gas bypass flow induced also by the same flow configuration. In
addition, the bypass phenomenon leads to significant leakage of gas, substantially reducing the
reactant utilization. To decrease the effect of bypass, small permeability of Gas Diffusion Layers
(GDLs) was recommended for the double-path, counter-flow PEFCs. In addition, a transient
model of PEFCs was developed to study the intricate dynamic response to step changes in
operating conditions. Time constants for electrochemical double-layer, gas transport, and water
accumulation in the membrane were estimated to identify the dominant effects of membrane
water uptake and gas transport processes on the transient performance of PEFCs. Numerical
simulations were carried out to study the transience of a singe-channel PEFC with N112
membrane. Results indicate that after the step change, the transition takes place on the order of
10 seconds, and the membrane hydration was the controlling process in the transient analyses. In
addition, overshoot or undershoot in the current density was found in certain cases. Detailed
species distributions within the cell were provided to explain the physics underlying the transient
phenomena and to indicate that under low-humidity operation membrane water accumulation is
responsible, while under high-humidity operation oxygen transport dictates the dynamic
response of PEFCs. The dynamic behaviors of PEFCs captured herein for the first time,
including undershoot and overshoot in the current output, are expected to be useful for the design
of power electronics and control algorithms for fuel cell engines.

The numerical studies also included consideration of DMFCs. A comprehensive “M2” model
for DMFCs was developed and several simulations were studied in order to understand the
experimental results. With the different practical physical parameters and operating conditions
implemented in the numerical simulations, the methanol and liquid water distributions in the
DMFC can be investigated in detail. The methanol concentration distribution plays a very
important role in the local current density profile and thus impacts overall performance of the
DMFC. The liquid water profile affects the effective methanol transport and oxygen transport in
both anode backing and cathode backing layers. These complicated relationships depend
strongly on physical parameters and cell operating conditions. In order to produce better
performance in DMFC systems, all these relationships must be optimized, including material
characteristics and operating conditions. In this respect, the proposed two-phase M2 model is
believed to provide insight into the governing physical phenomena and electrochemical kinetics,
and thus offers very useful information for the optimization of overall DMFC performance.

In the experimental studies, the impact of CO poisoning was an area of significant interest. The
transient polarization of a PEM fuel cell undergoing the CO poisoning process was
experimentally measured. This process was observed under variable CO and hydrogen dilution
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levels. The transient poisoning model developed by Springer et al. (2001), which was modified
and solved here, agrees well with the experimentally observed results of transient CO poisoning
for both pure and dilute hydrogen feed streams. It was found that while hydrogen dilution alone
lowers the fractional coverage on the catalyst surface, it is only when CO is present that the
coverage is lowered to a degree that affects cell voltage. Under this condition, the addition of
hydrogen dilution will compound the low surface coverage problem even further, and thus cause
very poor cell performance. Even with low CO levels normally considered safe for cell
operation (i.e. 10ppm), hydrogen dilution can cause an extremely severe loss of cell polarization.
These results are easily explainable by the hydrogen and CO adsorption, desorption, and electro-
oxidation model developed.

An essential consideration for use of methanol in PEFCs is the combination of fuel reforming
with PEM fuel cell operation. Thus, for this program a methanol reformer, completely designed,
developed, and built under the efforts of Task 3.1 and 3.2.2, was integrated into a hydrogen fuel
cell test stand. The reformer was fed a methanol/water solution and air for the oxidative steam
reforming and CO clean-up reactions. The reformer produced an effluent containing roughly 50-
60 % hydrogen and less than 30ppm of carbon monoxide. This reformer effluent was fed directly
into a hydrogen PEM fuel cell. The system also utilized the anode air injection method, outlined
in the previous section, to deal with the CO levels. With a dry cathode feed gas, only 44% of the
power is obtainable. This is as opposed to a fully humidified cathode stream, where 76% of the
pure hydrogen anode feed power is obtainable. Thus, combining low cathode relative humidity
levels with a reformer fed anode greatly reduces overall cell power density. However, at certain
mid-range humidity levels, this drop in cell power density may be offset by an increase in system
efficiency due to the need to no longer fully humidify the cathode air stream.

Experimental studies of DMFC performance yielded a number of important observations.
DMFC steady-state performance will include a negative contribution from diffusion-driven
methanol crossover, which exists as a result of the stable methanol concentration gradient
established across the PEM. DMFC transient response to a step reduction in load illustrates this
phenomenon. Following an initial voltage overshoot, cell performance gradually decreases as
the elevated concentration gradient stabilizes at the reduced level of cell loading. In a similar
fashion, cell performance may be temporarily increased at a constant current draw by reducing
the anode methanol concentration. This may be achieved by shutting off the anode inlet, so that
as the reaction continues to consume methanol, the solution contained within the chamber
becomes increasingly diluted. Another means of improving performance is to operate at a higher
methanol concentration (e.g., 4 M solution rather than 1 M solution), but combining this with
periodic fuel injection. Following a brief upward spike in performance, cell voltage then
grad