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1. Introduction
In light of growing concerns over global climate change, rising oil prices, and a politically unstable oil supply, hydrogen is viewed as a potential fuel and energy carrier.  Its ability to produce energy, with water as the only by‑product, makes it an efficient and clean fuel to meet growing energy demands against an increasing awareness to reduce greenhouse gases emissions.  Hydrogen may be used in a fuel cell to directly produce electricity, thereby eliminating the thermodynamic limitations of electricity production through a heat engine, such as a coal/natural gas-fired boiler.  However, several technical challenges must be overcome before hydrogen energy becomes commonplace.  Supply side challenges include production, storage, distribution, and utilization.  Different constraints are introduced in the supply chain depending on whether hydrogen is used for stationary or mobile applications.  On the demand side lie challenges associated with fuel cell technology and internal combustion engines fueled by hydrogen and hydrogen/natural gas mixtures.  Hydrogen systems require effective safety codes and standards.  Education and public outreach programs are needed to raise awareness, attract private sector interest for technology transfer, and increase public acceptance of hydrogen energy systems.  

Such challenges have motivated the U.S. Federal government to play an active role in leading the research and development (R&D) to overcome critical path technology barriers, becoming an early hydrogen technology adopter, and developing policies to nurture the growth of a vibrant hydrogen economy.  It is expected that as market penetration increases, industry would become increasingly dominant and government would move from an adoptive role to a supportive role.  

2. Presidential Initiatives for Hydrogen
The importance of the U.S. government’s role in fostering the hydrogen economy is exemplified in President George Bush’s 2003 State of the Union address - a $1.2 billion research initiative to develop a hydrogen economy to reduce or eliminate the nation’s growing dependence on foreign oil.  This Initiative, termed the Hydrogen Fuel Initiative, provides funding for joint government‑industry R&D to address all issues pertaining to the use of hydrogen as a fuel and future fuel cell vehicles that will use the hydrogen.  An associated Presidential Initiative includes $1 billion for FutureGen, a 10‑year program to build the world’s first coal-based plant that would produce low cost hydrogen and electricity and would capture and sequester all carbon dioxide produced during processing.  The U.S. Department of Energy (DOE) developed the Hydrogen Posture Plan to identify, implement, and integrate the planning and budgeting of technology R&D to the demonstration phase.  The DOE’s Office of Energy Efficiency and Renewable Energy was designated to lead the implementation of the Hydrogen Fuel Initiative supported by other DOE Offices, including Fossil Energy, Science and Technology, and Nuclear Energy.  

3. Hydrogen Production from Coal
Hydrogen is not present in its free state on earth and must be produced from a diverse array of domestic resources including biomass, coal (with carbon dioxide sequestration), wind, solar, and nuclear energy.  Today's supply sources of hydrogen, which is employed in the nation's refineries and chemical industries, are oil and natural gas – both of which are not viable options for the long-term due to supply limitations and price volatility.  The DOE projects that demand for hydrogen in 2040 will be 64 million tons, which represents the amount of hydrogen needed to fuel 300 million fuel cell vehicles.
  The DOE asked the National Research Council to undertake a study aimed at addressing supply sources and other key technical issues surrounding the hydrogen economy.
  Their findings concluded that if energy security is the primary driver, coal must be a significant component of the R&D effort of making large amounts of hydrogen, and that carbon capture and storage will be required for this technology.
  

Coal, America’s largest domestic fossil energy resource, provides two significant advantages for the production of large quantities of hydrogen.  The first is its abundance ‑ about 250 years supply at current rates of consumption. The National Coal Council (NCC) estimates that within 20 years, an additional 1300 million tons per year could be produced.
  Even if production were doubled to accommodate hydrogen production from coal as well as other uses, there would still be over 100 years of supply.  Approximately 180 million tons of coal per year could produce enough hydrogen to fuel 100 million fuel cell vehicles, assuming fuel mileage of 60 miles/kg. A DOE benefits analysis
 showed that, with hydrogen production from coal with carbon capture and sequestration, carbon emissions from 100 million vehicles could be reduced by 95% relative to current gasoline fueled internal combustion engines by using hydrogen in fuel cell vehicles. 

The NCC also estimates that coal reserves are likely to increase if more coal is needed.  Coal’s second significant advantage is its price stability.  In comparison with oil and natural gas, coal prices have remained relatively stable over the past 20 years.
  With concurrent capture and sequestration of all carbon dioxide produced, coal offers a price stable and sustainable source of hydrogen for the near term.  It is likely that in the distant future (well beyond 2025), electric power will be available from nuclear and renewable sources to economically produce hydrogen through water electrolysis.   

The overall challenge to hydrogen production from coal is economics.  For transportation purposes, hydrogen must be cost-competitive with conventional fuels and technologies on a per‑mile basis.  Since a kilogram of hydrogen contains approximately the same energy as a gallon of gasoline, the hydrogen cost goal was set at $2.00-3.00 (untaxed in 2005 dollars) per gallon of gasoline equivalent (gge) to be achieved by 2015.
  At present, there are no facilities that produce hydrogen from coal at commercial scale.  However, conceptual hydrogen-to-coal plants have been developed and simulated using computer models to estimate their technical performance and economics.  According to these estimates, centralized production of hydrogen from coal, delivered to the vehicle pump, including sequestration of the carbon dioxide would cost about $5/gge.7  About 66.6 percent of this cost is for delivery from the plant to the filling station.  The cost of centralized production of hydrogen from coal could be reduced to below $1.00 per gge at the plant gate by advanced technologies.

The Hydrogen Posture Plan encompassed a broad range of hydrogen production options including centralized coal gasification with carbon sequestration, biomass gasification, and water electrolysis.  In order to focus on the R&D needs of economically producing hydrogen from coal, the DOE initiated the Hydrogen from Coal program in 2004.  This Program defined the cost and performance goals for producing hydrogen from coal and the R&D plans for hydrogen production, delivery, storage, and utilization technologies that would complement associated technologies developed in R&D programs by other DOE Offices.    
This paper provides a summary discussion of the Hydrogen from Coal Program and some of its major R&D efforts and accomplishments.  The accomplishments presented should not be construed to represent the only accomplishments of significance – discussing all significant accomplishments would be too lengthy for this paper.  

4. Hydrogen from Coal - Technologies

The starting point for making fuels or chemicals from coal is gasification. Gasification partially burns coal using oxygen (extracted from air) under specific and controlled temperatures and pressures.  Oxygen needed to gasify coal is less than what is needed to completely combust the coal.  The heat and pressure break the carbon‑hydrogen bonds in coal's molecular structure and allows these carbon atoms to react with steam, forming a gaseous mixture (termed synthesis gas or syngas) of molecular hydrogen, carbon monoxide, and other gases.  Syngas is a high pressure, high temperature product that is well suited for use as a fuel gas to produce steam or for synthesis of liquid fuels or chemicals.  Contaminants such as sulfur are in their reduced form (hydrogen sulfide) in the syngas, making them easier to remove. This makes possible lower emissions and reduced contamination of downstream processing equipment (turbine, catalysts, sorbents).  

Clean syngas may be burned directly in a gas turbine to make electricity.  Residual heat in the syngas after the gas turbine may be used to provide steam for heating or additional power generation via a steam turbine in a combined cycle operation.  The syngas may be processed via Fischer-Tropsch chemistry to produce liquid hydrocarbon fuels, or processed through other reaction chemistries to produce a variety of chemicals, or a synthetic “natural gas” (SNG).  One highly valuable step in converting syngas to other fuels is the catalyzed water-gas shift (WGS) reaction, where the syngas is shifted to produce additional hydrogen, more than initially obtained directly from coal. 
5. Hydrogen Separation

Gas separation plays a major role after the hydrogen production step.  The shifted syngas produced contains 40-70 percent hydrogen and a variety of contaminants, primarily carbon dioxide, and relatively small amounts of carbon monoxide, nitrogen, methane, ammonia, sulfur compounds, and possibly tar and ash.  These contaminants must be removed as they poison the fuel cells that convert hydrogen to electric power at the user end.  In particular, polymer electrolyte membrane (PEM) fuel cells for transportation applications are highly sensitive to impurities and are poisoned by carbon monoxide concentrations >10 parts per million and sulfur gases at the parts-per-billion level.  

6. The Hydrogen from Coal Program
The Hydrogen from Coal Program conceptualizes two pathways for hydrogen production.  The first is a central production pathway where large plants, located perhaps in coal-producing regions, would produce hydrogen along with electricity and chemical products.  This would require the development of a distribution system to move the gaseous hydrogen from the central facilities to vehicle filling stations.  This raises the proverbial “Chicken or Egg” question ‑ no one will build millions of fuel cell vehicles until hydrogen is readily available, but at the same time, no one will build large hydrogen production plants and distribution systems unless there is a market for the hydrogen.  One way around this, which constitutes the second pathway for hydrogen production, is to make “hydrogen carriers” such as hydrogen‑rich liquids or SNG in central plants, use the existing pipeline or tank car distribution system, and reform the hydrogen carrier into gaseous hydrogen at regional or local stations.  All carbon dioxide produced during the hydrogen production process will be captured and sequestered utilizing technology now being developed in DOE's carbon sequestration research program.  The second pathway will make hydrogen containing liquids or synthetic natural gas which can be easily integrated into the existing pipeline delivery infrastructure.  The second pathway could help bring hydrogen into commercial reality perhaps as early as 2012.
7. Natural Gas as a Hydrogen Carrier

Natural gas, for example, could be used as a hydrogen source for distributed production.  However, this may only be useful as a short‑term‑term strategy.  Figure 1 shows the cost of producing hydrogen from natural gas as a function of natural gas price.  The DOE goal for cost of hydrogen delivered to the pump is $2-3 per gallon of gasoline equivalent, which amounts to about a kilogram of hydrogen.  Producing hydrogen from natural gas at or near the pump is more economical than other sources as long as natural gas prices are low, but with the history of natural gas price fluctuations and the increasing trend toward LNG imports, distributed production from natural gas may only be a short-term solution.  However, modeling studies indicate that the cost of centralized production of hydrogen from coal at the plant gate could be reduced to less than $0.80 per gge with advanced gasification and hydrogen separation technologies, and to less than $0.60 per gge with advanced co-production of hydrogen and electric power
. If delivery costs can also be reduced to below $1.00 per gge, the DOE production cost goal can be met. 



Figure 1.  Hydrogen Production from Natural Gas and Coal

8. Program Elements

Table 1 provides a summary description of the various program elements of the Hydrogen from Coal Program.  Table 2 provides a summary of the major program thrusts.

Table 1.  Summary Description of Hydrogen from Coal Program Elements 
	Central Production Pathway
By the end of 2015, demonstrate a 60 percent efficient, near-zero emissions, coal‑fueled hydrogen and power co‑production facility with full carbon dioxide sequestration that reduces the cost of hydrogen by 25 percent compared to current coal-based technology.
	Alternate Production Pathway
By the end of 2013, optimize and make available an alternative hydrogen production pathway and reforming system to produce decentralized hydrogen.


	Polygeneration

Investigate the production of high-value, carbon-based chemicals and materials in coal plants that produce hydrogen, liquid fuels, or SNG to improve economic performance and facility profitability. 

 

	Delivery

By the end of 2012, in collaboration with other DOE Offices, identify, develop, and demonstrate the feasibility of delivering hydrogen, hydrogen-natural gas mixtures, or synthesis gas using existing natural gas pipelines or dedicated, hydrogen-only pipelines.


	Storage

By the end of 2015, define and identify, in collaboration with other DOE Offices, viable hydrogen

storage technologies for transportation and stationary applications.


	Utilization

By the end of 2015, develop hydrogen and/or hydrogen-natural gas mixture fuel protocol and engine modifications for advanced engine systems needed to achieve optimum performance and lowest emissions. 




Table 2.  Hydrogen from Coal Program Thrusts

	Primary Thrusts – Central Production Pathway

· Hydrogen separation

· Process Intensification

· Advanced Concepts


	Primary Thrusts – Alternate Production Pathway

· Liquid Fuels and SNG Production

· Fuels Reforming

· Polygeneration of High Value Carbon-Based Materials


	Other Supported Research Trusts

Utilization

· Advanced Engines
Delivery

· Hydrogen and Hydrogen/Natural Gas Mixtures

Storage

High Hydrogen Affinity Materials


9. Process Intensification 

The motivation for process intensification is to achieve higher efficiencies, lower capital costs and a smaller overall footprint than can be achieved by utilizing separate components for each required unit process/unit operation, i.e., a "one-box" process.   For hydrogen production, the area of interest for process intensification is where syngas cleanup, the WGS reaction, and hydrogen separation are integrated into a single operation.  One such concept is the Membrane Reactor, which combines the WGS reaction and the removal of one of the reaction products (hydrogen or carbon dioxide).  
Process intensification may provide some operational synergy, but may also introduce new challenges.  For example, during gas separation, the change in the partial pressure of the component being removed via the membrane increases the partial pressure of the remaining component(s).  With syngas separations, a build up of carbon dioxide can occur inside a membrane reactor through the selective removal of hydrogen, but carbon dioxide is an inhibitor for the iron oxide catalyst needed for the WGS reaction.  On the other hand, a synergistic benefit is derived when the selective removal of hydrogen (or carbon dioxide) in a membrane reactor circumvents the conversion limit of the WGS reaction set by its thermodynamic equilibrium at given temperatures.  However, it is unknown at present whether there would be other adverse (or favorable) effects on other factors, such as on the rate of reaction.  

Other challenges for membrane reactors are their ability to operate at the favored temperature range of the WGS reaction (400–500ºC).  The components in a membrane reactor should be resistant to sulfur compounds and carbon monoxide present in the feed.  The membrane(s) and reactor must be structurally rigid to withstand the pressure drop across the membranes, but have sufficient permeability to produce hydrogen at a pressure for use without the need for recompression.  

10. Membrane Based Hydrogen Separation

Current gas separation technology for large-scale, industrial grade hydrogen typically employs pressure swing adsorption (PSA).  Systems based on PSA for hydrogen gas separation represent a parasitic power loss and an increase in capital cost of the overall reforming system by up to 10 percent.
 Consequently, DOE has focused on developing membrane technology for separating hydrogen.  A brief description of current membrane technologies being developed under the Hydrogen from Coal Program is provided below. 
· Microporous membranes - these are essentially filters that separate hydrogen from other gases based on a combination of molecular diffusion, Knudsen diffusion, and surface diffusion.  Mean pore size of the membrane pores should (ideally) be less than 1 nm, but hydrogen separation may be achieved with pore sizes less than 2 nm.  Flux increases linearly with increasing pressure and temperature.  Materials such as ceramics, graphite, or metal oxides serve as membrane materials while zeolites, silicon carbide, metal composites, and alumina are being investigated for their suitability.    
· Metallic membranes – These are pure metal or metal alloys supported on a mechanically strong support.  The flux is proportional to the differences of the square roots of the partial pressures across the membrane.  Separation occurs through atomic diffusion where gaseous hydrogen dissociates at the metal interface into atoms that pass through the metallic film and recombine into hydrogen molecules on the other side.  Because of their inherent transfer mechanism, these membranes separate hydrogen at 100 percent purity.  The metallic films are poisoned by gaseous impurities principally sulfur compounds and carbon monoxide, and at high temperatures undergo phase changes that significantly reduce their hydrogen flux. Alloying with other metals like copper and silver reduces this phase change propensity.  

Another category of metallic membranes are cermets, where a dense, mixed‑conducting ceramic matrix phase is combined with a hydrogen-permeable metallic second phase. This metallic phase, which is composed of a hydrogen permeable metal or metal alloy, functions in the same way as the metallic membranes described previously.  The mechanism of hydrogen transfer is a combination of proton and electron conductivities in addition to atomic hydrogen diffusion.  The cermets offer the potential to overcome many of the limitations of metal membranes.  

11. Hydrogen Production – Selected Projects
The Department of Energy's Office of Fossil Energy typically manages more than 500 active research and development projects spanning a wide range of coal, petroleum and natural gas topics.  Over 60 projects dealing with hydrogen from coal are managed out of DOE’s National Energy Technology Laboratory (NETL).  A brief summary of the major projects and their associated milestones within those Program Thrusts are described below ‑ a complete description of all the projects is beyond the scope of this paper.  However, details on each project are available on the DOE and NETL websites.
  

12. Central Production Pathway

Several milestones have been established for the central production pathway including the following: 

· By end of 2007, downselect the most promising membrane separation technologies

· By end of 2008, make go/no-go decision on further development of advanced WGS reaction technologies

· By end of 2011, complete development of pre-engineering modules for producing high‑purity hydrogen.  

· By end of 2013, complete design and construction of engineering scale modules for hydrogen production from coal gasification combined-cycle co-production plant

· By end of 2015, demonstrate hydrogen modules integrated into a near-zero emission plant concept producing hydrogen and electric power with sequestration at a 25 percent lower cost for hydrogen

13. Membrane Separation
Eltron Research, Inc. – The Scale-Up of Hydrogen Transport Membranes for IGCC and FutureGen Plants.  

This project involves the development, scale‑up, and demonstration of an advanced membrane‑based hydrogen separation technology for separating hydrogen from coal‑derived syngas.  Continuous tests conducted for over 11 months in simulated syngas showed a wafer flux of 100 ft3/hr/ft2 at 100 psi at 420oC.  Eltron has now begun the design and construction of 1.3 lb/day hydrogen separation facility to obtain engineering data to be used to build and evaluate a 5.5 lb/day unit and eventually a 220 lb/day subscale engineering prototype facility.  
Argonne National Lab - Development of Mixed-Conducting Dense Ceramic Membranes for Hydrogen Separation.
The objective of the project is to develop ceramic membranes that separate hydrogen from syngas. The work involves identifying materials with suitable hydrogen permeability followed by the development of methods for fabricating thin, dense membranes.  Tests involving micro structural evaluation of Series 3e membrane after exposure to simulated syngas revealed that serious deterioration only occurs after 1100 hours of use.   
Southwest Research Institute  - Cost-Effective Method for Producing Self-Supporting Pd Alloy Membrane for Use in the Efficient Production of Coal-derived Hydrogen

The project utilizes large-area vacuum deposition methods for the fabrication of dense, free standing Pd-alloy membranes approximately 2.5μm in thickness, and more than 20 in2 in area.  The membranes are initially deposited onto flexible supports that can be chemically removed or separated using a water-soluble release agent and recycled after use.  A variety of Pd‑alloy systems with thermally stable, nano‑crystalline grain structure will be produced and performance tested at bench‑scale.  To date several membranes have been prepared <5 μm thick with areas of 110 in.2  The highest hydrogen flux obtained to date is 242 ft3/hr/ft2 at 20 psi at 400oC.  Further work involves the study of alloying additions, such as Sn, Y, and V for phase segregation and ZrO2 for grain refinement for optimizing hydrogen separation using Pd alloys.
14. Membrane Reactors
Gas Technology Institute - Single Membrane Reactor Configuration for Separation of Hydrogen, Carbon Dioxide, and Hydrogen Sulfide

The project objective is to develop a novel membrane process that would combine hydrogen sulfide removal, the WGS reaction, hydrogen separation, and carbon dioxide separation in a single membrane configuration using a new class of dual‑phase, microporous and proton conducting membranes.  So far, a novel reactor using dual-phase non-porous membranes has been built as a high temperature, high pressure unit.  One fabricated membrane type showed selectivity ~2000 for H2S over carbon dioxide while another showed a carbon dioxide flux up to 0.02cc/cm2/min at STP with selectivity over helium.

Oak Ridge National Lab - Scale-Up of Microporous Inorganic Hydrogen Separation Membrane

A promising microporous membrane was developed and achieved its goal of separating 90% of the hydrogen in a mixed gas stream from an oxygen-blown coal gasifier at a purity > 90% at a temperature of 600ºC.  The membrane consists of a metallic tubular support coated with a thin ceramic layer on the inside of the support.
  The fabrication process for the tubular membranes (1 m long) has been optimized for commercial production.  The support tube consists of macro pores while the membrane (usually about 2.0 µm thick) consists of micro pores, typically <1.0 nm.  This membrane is designed to offer the best combination of flux or volumetric flow rate and selectivity for hydrogen. This membrane has been provided to other national laboratories and R&D organizations for verification/confirmation testing.  
Aspen Products Group - Robust Low-Cost Water Gas Shift Membrane Reactor for High-Purity Hydrogen Production from Coal-Derived Syngas

This project developed a robust WGS membrane reactor using a contaminant-tolerant, highly active WGS catalyst and Pd/Cu coated Ta membrane.  The system was tested to demonstrate that it is active and stable in 300-500oC range.  Following the tests, 26 tubular membranes with different catalyst coatings and layer thicknesses were fabricated and tested to demonstrate high hydrogen permeability in presence of H2S and water.  From the characterization and testing of these membranes for hydrogen separation, the most stable and efficient membranes and associated membrane preparation parameters will be used for building a bench-scale WGS membrane reactor.  To demonstrate that this membrane reactor technology is scalable, a 500 liter hydrogen/hr system will be built and an economic feasibility study of the reactor will be performed.  

Media & Process Technology - Hydrogen Production via a Commercially Ready Inorganic Membrane Reactor

The main objective of this project is to demonstrate an efficient and economic (capital and operating cost) membrane reactor combining the WGS reaction and hydrogen separation from coal-based syngas streams.  In addition, this proposed technology can achieve carbon dioxide capture with minimum or no parasitic energy consumption.  A membrane reactor has been designed and constructed following prior promising results on membrane deposition on the modified Pall substrate.  This reactor showed excellent hydrogen permeance and selectivity in the presence of hydrogen sulfide, ammonia, and hydrocarbons during a 100-hour field test.  Future work includes a pilot-scale demonstration of this membrane reactor to replace a typical two-stage reactor for hydrogen separation and carbon dioxide capture that can be integrated into a power generation system.  So far, the system promises a superior performance and costs relative to program goals.

United Technologies, Corp.  - Advanced Water-Gas-Shift Membrane Reactor

This project is an effort to conduct atomistic and thermodynamic modeling studies to identify a stable, Pd-Cu trimetallic alloy membrane to provide commercially‑viable hydrogen permeation rates in the presence of trace amounts of carbon monoxide and sulfur.  The modeling effort extends to the development of a robust WGS catalyst by identifying target catalyst structures, catalyst synthesis methods to realize these structures, and the determination of micro-reactor kinetics.  Accomplishments so far include the selection of two materials for further study with two dopants, and selection of six candidate WGS catalysts that from nine such candidates that were prepared and tested.  
NETL Office of Research and Development  - Computational Chemistry and Lab Testing of Sulfur-Resistant Pd-alloys for WGS Membrane Reactor

This project is conducted by NETL’s in-house laboratories where computational chemistry and laboratory testing is employed to evaluate sulfur‑resistant Pd-alloys for WGS membrane reactors.  Results show that Pd and 80 wt% Pd-Cu alloy exhibit significant catalytic effects on the WGS reaction.  Above ~635oC, all Pd-Cu alloys studied exhibited no detectable permeability loss on exposure to 1000 ppm H2S.  All Pd-alloy compositions exhibit an fcc crystal structure above this temperature.  Other major WGS gases showed little effect on the hydrogen flux of an 80/20 Pd-Cu membranes, but certain gas combinations and temperatures affected the membrane surface.  A study of 5-day exposures to 1000 ppm H2S on different Pd-Cu alloys (100, 80, 60, 53 wt. % Pd) showed that 60 wt% Pd-Cu alloy exhibited the highest permeability  at temperatures below ~500oC with little sulfur tolerance, perhaps due to its bcc phase.  The tests also showed that 80 wt% Pd-Cu alloy exhibited the highest permeability at temperatures above ~500oC with high sulfur tolerance due to the fcc phase.

15. Alternate Production Pathway

Two major projects are described under this pathway.  Computational studies and analyses are expected to play a key role in identifying promising reaction chemistries and chemical processing routes.  The costs, efficiencies, and benefits associated with the alternate hydrogen production pathway have to be evaluated on a system basis for comparison to other possible hydrogen production pathways.  Milestones for this pathway are:   
· To ensure that by the end of 2010, hydrogen-rich liquid fuels and SNG from coal technologies are feasible as an alternate hydrogen production pathway from coal and are able to meet the hydrogen cost target.
· To optimize, integrate and make available an alternate hydrogen production pathway and reforming system by the end of 2013 for decentralized hydrogen production.

Headwaters Technology Innovation Group - Production and Optimization of Coal-Derived, High-Hydrogen Content Fischer-Tropsch Liquids

The primary objective of this project is to investigate the production of barrel quantities of high‑hydrogen content, coal-derived liquids using iron-based Fischer-Tropsch (FT) synthesis in a process development unit (PDU)-scale reactor.  Two iron-based FT catalysts - a high alpha catalyst in a slurry bubble column reactor and a medium alpha catalyst in an ebullated-bed reactor will be optimized at bench-scale to provide scale‑up data for the PDU-scale reactor.  The catalyst holding the most promise for future commercial application will be recommended for PDU-scale reactor testing and the production of barrel quantities of high-hydrogen content, coal‑derived FT liquids.

The project will also investigate primary and secondary wax/catalyst separation, hydrotreating and hydrocracking of neat FT liquid products, and hydrogen yield from product reforming.  Data from these tasks will be employed in the development of a conceptual coal-to-liquids plant design and system analysis.

ICRC - Production of High-H Content Coal Liquid

The primary objective of this project is twofold:  the evaluation of a cobalt-based FT catalyst for converting coal-derived syngas to high‑hydrogen content liquids; and the production of research quantities of high‑hydrogen content FT liquids from coal-derived syngas.  A cobalt-based FT catalyst will be initially evaluated in laboratory-scale reactors using a simulated syngas feed.  Subsequent catalyst evaluation studies will be conducted with a coal‑derived syngas feed using a mobile, two-stage continuous stirred tank reactor (CSTR) at an operating coal gasification facility or a research facility employing a laboratory-scale coal gasifier.  Supporting this effort will be the evaluation of syngas clean-up requirements in order to maximize the performance of the cobalt-based FT catalyst.  

The second stage of the project will focus on the production of high-hydrogen content FT liquids from a gasification facility, using the two-stage CSTR system.  The FT liquids produced will be further processed into a variety of products, including an FT-based No.2 diesel fuel.  This fuel will be utilized for a small-scale demonstration as (a) an ultra-clean transportation fuel, (b) as a fuel for specialized Land and Sea Special Operations (LASSO) military vehicles, and (c) as a feed to reformer to produce hydrogen.  

WMPI-Gilbertson (CCPI Project) - Gilbertson Coal to Clean Fuels and Power Project

This project is funded from the Office of Fossil Energy’s Clean Coal Initiative not the Hydrogen from Coal R&D program. The project’s objective is to design, construct, and demonstrate the first clean coal power facility in the United States using coal waste gasification as the basis for clean power, thermal energy, and clean liquid fuels production.  The Gilberton plant will gasify about 4,700 tons/day of coal wastes (anthracite culm) to produce syngas using a high‑pressure oxygen-blown Shell gasifier.  Electric power and steam will be produced from the syngas while a portion of the syngas will be converted into synthetic hydrocarbon liquids via FT synthesis.  The combination of the gasifier with the RectisolTM process will be used to remove contaminants from the plant’s effluent and concentrate the carbon dioxide for sequestration.  The plant is expected to co‑produce electric power (41MW) and steam together with 5,000 barrels per day of synthetic hydrocarbon liquid fuels similar to a high-cetane diesel fuel.
16. Hydrogen Utilization Projects

Natural gas has become the fuel of choice for many transit vehicle operators because of its low emissions within certain applications.  However, hydrogen and hydrogen/natural gas blends may be used directly as a fuel for advanced stationary and transportation engines.  Conceptually, as the hydrogen infrastructure expands, these engine systems, with further retrofits and refinements could utilize 100 percent hydrogen.  With 100 percent hydrogen utilization, lean burning may provide ultra-low NOx emissions requiring no NOx after treatment technology.  Complete elimination of aftertreatment would provide both an economic and performance attraction.  Activities under this area may enable hydrogen to be delivered along with natural gas and be used in internal combustion engines, thus assisting the nation in its transition from liquid petroleum fuels to hydrogen until fuel cells are advanced to commercial reality.
Some of the NETL projects under this category are described below:

Penn State University - Hydrogen-Assisted IC Engine Combustion as a Route to Hydrogen Implementation

This research focuses on two areas.  The first is to develop hydrogen/natural gas fuels to enhance performance in existing vehicles (e.g., compressed natural gas transit buses) and provide a marketable avenue to initiate the use of hydrogen as a transportation fuel.  The second is to use hydrogen to enable alternative combustion modes, such as homogeneous charge compression ignition, to permit enhanced efficiency and reduced emissions.  Accomplishments so far include the instrumentation of a diesel engine for pilot-ignited homogeneous combustion that allows the monitoring of hydrogen-assisted combustion studies in a diesel engine.  The project has completed a study on the impact of intake fumigation with hydrogen (up to 2 vol% of the intake air flow) on combustion and emissions in a spark ignition engine operating on gasoline.  Numerical simulation was used to ascertain the impact of hydrogen blending on the physical and chemical processes within the engine.  Future work will involve full-cycle engine simulations for both engine types operating on hydrogen and hydrogen/natural gas fuels.

TIAX - Application of Hydrogen Assisted Lean Operations to Natural Gas-Fueled Reciprocating Engines (HALO)

Internal combustion engines have been the prime choice for natural gas operation, but suffer from high NOx levels from the engine exhaust.  Current emissions reduction technologies (three-way catalyst, selective catalytic reduction) carry operating cost penalties as well as added initial system costs.  A more attractive NOx reduction technique for natural gas internal combustion engines is lean burn operation, in particular, hydrogen‑assisted lean operation (HALO).  Because hydrogen has wide limits of flammability, it allows combustion at ultra fuel lean conditions, drastically reducing NOx emissions.  Modeling and engine testing performed by TIAX for two separate commercial clients has shown that, for natural gas engines, the lean limit can be extended from a relative air/fuel ratio, lambda of 1.6 to a lambda of over 2.5 by replacing a small percent of the natural gas with hydrogen.  For lambda values greater than 2.2, the NOx is virtually zero.  

17. Summary
Hydrogen represents a clean fuel that can be produced from coal and other domestic resources to reduce dependence on imported oil.  In addition, production and utilization of hydrogen can help reduce environmental concerns associated with increased energy production in the future.  When used in tandem with carbon sequestration, the central station production of hydrogen from coal would result in virtually no greenhouse gas and pollutant emissions and at a cost competitive with other technologies.  A key step in the production of hydrogen from coal is its separation from the syngas produced during coal gasification.  This is accomplished using membranes in DOE’s RD&D efforts.  Several important advances in membrane separation technology have been documented to date.  These successes unveil new challenges and technology ceilings that must be overcome prior to commercialization.  As the planned activities, milestones, and targets stipulated in the Multi-Year Hydrogen from Coal RD&D Program Plan5 continue to be successfully completed, they will demonstrate the commercial viability of using America’s largest domestic fossil energy resource to economically produce hydrogen to provide both increased energy security and significant environmental benefits.  
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