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.0 Introduction

The Department of Energy Hydrogen and Fuel Cells Program (the Program) conducts comprehensive
efforts to enable the widespread commercialization of hydrogen and fuel cell technologies in diverse sectors
of the economy. The Program is coordinated across the Department of Energy (DOE or the Department),
including activities in the offices of Energy Efficiency and Renewable Energy (EERE), Science (SC), Nuclear
Energy (NE), and Fossil Energy (FE), and it is aligned with DOE’s strategic vision and goals—its efforts will
help to secure U.S. leadership in clean energy technologies and advance U.S. economic competitiveness and
scientific innovation.

With emphasis on applications that will most effectively strengthen our nation’s energy security
and improve our stewardship of the environment, the Program engages in research, development, and
demonstration (RD&D) of critical improvements in the technologies, as well as diverse activities to overcome
economic and institutional obstacles to commercialization. The Program addresses the full range of challenges
facing the development and deployment of hydrogen and fuel cell technologies by integrating basic and
applied research, technology development and demonstration, and other supporting activities.

In Fiscal Year (FY) 2011, Congress appropriated approximately $150 million for the DOE Hydrogen and
Fuel Cells Program.! The Program is organized into distinct sub-programs focused on specific areas of RD&D,
as well as other activities to address non-technical challenges. More detailed discussions of Program activities
and plans can be found in EERE’s Fuel Cell Technologies Program Multi-Year RD&D Plan; FE’s Hydrogen
from Coal RD&D Plan; and SC’s Basic Research Needs for the Hydrogen Economy. All of these documents
are available at www.hydrogen.energy.gov/program_plans.html.

In the past year, the Program made substantial progress toward its goals and objectives. Highlights of the
Program’s accomplishments are summarized below. More detail can be found in the sub-program chapters of
this report.

PROGRAM PROGRESS AND ACCOMPLISHMENTS

Fuel Cells

The Fuel Cells sub-program continued to make progress toward meeting targets through advancements
achieved in both catalysis and membrane R&D. Technological advances in several component areas led
to significant improvements in performance and durability, with reduced cost. In FY 2011, the catalyst
utilization in polymer electrolyte membrane (PEM) automotive fuel cell systems improved from 2.8 kW/g in
2008 to 5.6 kW/g in 2011 (as measured in units of kW per gram of platinum group metal).” This exceeds the
Program’s 5.5 kW/g target set for FY 2011and has contributed to reducing the high-volume manufacturing
cost of fuel cells. This cost is currently projected to be $49/kW (assuming manufacturing volumes of
500,000 units/year), which represents a more than 30% cost reduction since FY 2008.°

! This includes $98 million for the Fuel Cell Technologies Program within the Office of Energy Efficiency and Renewable Energy,
$38 million for hydrogen and fuel cell-related research in the Basic Energy Sciences program within the Office of Science, $12
million for hydrogen production R&D in the Office of Fossil Energy and $2.8 million for hydrogen production R&D in the Office
of Nuclear Energy.

2See Report V.D.1., “Advanced Cathode Catalysts and Supports for PEM Fuel Cells” in the Fuel Cells chapter of this volume.
’DOE Hydrogen and Fuel Cells Program Record #11012, http://hydrogen.energy.gov/pdfs/11012_fuel_cell_system_cost.pdf.
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Projected Transportation Fuel Cell System Cost
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FIGURE 1. Current Modeled Cost of an 80-kW Automotive Fuel Cell System Based on Projection to High-
Volume Manufacturing (500,000 Units/Year)"

FY 2011 also saw the development of a perfluoroimide acid membrane, for higher-temperature operation
(120°C) that meets most DOE targets, including most membrane resistance targets. Progress over the last
year enabled a 40% reduction in membrane resistance at 120°C and 40 kPa water vapor, with an additional
13% reduction still required to meet the 2017 DOE target of 0.02 ohm cm?®’ Efforts in FY 2011 also led to the
development of solid-oxide fuel cell (SOFC) systems for remote power and micro-combined heat and power
applications with increased durability, enabling more than 12,000 hours of operation of an SOFC system.® This
advance represents a significant step toward production of an SOFC system for widespread commercialization
and builds on the performance improvements demonstrated in FY 2010.

Hydrogen Production

The FY 2011 Hydrogen Production sub-program continued to focus on developing technologies that enable
the long-term viability of hydrogen as an energy carrier for a diverse range of end-use applications, including
stationary power, backup power, specialty vehicles, transportation, and portable power. In FY 2011, the sub-
program continued to make progress in several key areas, including autothermal reforming of bio-derived
liquids, electrolysis, photoelectrochemical (PEC) hydrogen production, and biological hydrogen production.

In the area of bio-derived liquids, increases in process efficiency from 47% to 62% and increases in yield
from 7.4 g to 10.1 g hydrogen per 100 g bio-oil were achieved for bench-scale tests of catalytic steam reforming
of pyrolysis oil as a result of improvements in catalyst performance through the use of a 0.5% Pt/Al,O; BASF
catalyst.” Progress in the area of electrolysis included demonstration of a PEM electrolyzer incorporating
advanced low-cost membrane electrode assemblies (MEAs) with chemically etched supports.® Due to
improvements in MEAs and flow fields and reductions in catalyst loading, the projected capital cost of
electrolyzer stacks was reduced to less than $400/kW, representing a cost reduction of more than 10% relative

*DOE Hydrogen and Fuel Cells Program Record #11012, http://hydrogen.energy.gov/pdfs/11012_fuel_cell_system_cost.pdf.
>See Report V.C.1, “Membranes and MEAs for Dry, Hot Operating Conditions;” in the Fuel Cells chapter of this volume.

«V.L.1. Development of a Low Cost 3-10kW Tubular SOFC Power System,” in the Fuel Cells chapter of this volume.

7 See Report I11.A.2, “Distributed Bio-Oil Reforming,” in the Hydrogen Production chapter of this volume.

8See Report IL.E.1, “PEM Electrolyzer Incorporating an Advanced Low-Cost Membrane;” in the Hydrogen Production chapter of
this volume.
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FIGURE 2. Hydrogen Production and Delivery Cost Status. Significant progress has already been made in several hydrogen production
pathways. The Hydrogen Threshold Cost represents the cost at which hydrogen fuel cell electric vehicles are projected to become
competitive on a cost-per-mile basis with competing vehicles (gasoline hybrid-electric vehicles) in 2020. Notes: (i) Costs shown include all
delivery and dispensing costs, but do not include taxes. A cost of $1.80 for forecourt compression, storage, and dispensing is included for
distributed technologies, and $2.60 is included as the total cost of delivery (including transportation, compression, storage, and dispensing)
for centralized technologies. All delivery costs are based on the Hydrogen Pathways Technical Report (NREL, 2009). Projections of
distributed costs assume station capacities of 1,500 kg/day, with 500 stations built per year. Projections of centralized production costs
assume capacities of >50,000 kg/day. Cost ranges for each pathway are shown in 2007 dollars, based on high-volume projections from
H2A analyses, reflecting variability in major feedstock pricing and a bounded range for capital cost estimates. (ii) DOE funding of natural gas
reforming projects was completed in 2009 due to achievement of the threshold cost. Incremental improvements will continue to be made by
industry. (iii) High-temperature electrolysis activities are ongoing under the Next Generation Nuclear Plant Program.

to 2010 projections.’ In the area of PEC hydrogen production, the Program demonstrated exceptional
stability in quantum-confined MoS, nanoparticle photocatalysts with bandgaps optimized at 1.8 eV, showing
stable operation over 10,000 voltage cycles of accelerated lifetime testing. In complementary work, novel
macroporous scaffolds, which are transparent and conductive, were developed as electrode substrates to
support PEC photocatalyst materials, such as MoS,, in high-efficiency devices."’ Finally, in the area of
biological hydrogen production, the gene mutation responsible for the decrease in chlorophyll antenna

size, previously observed to increase light utilization efficiency to 15% from 3% in wild-type organisms, was
identified and characterized. Efforts to identify the mutation responsible for light utilization of up to 25% are
ongoing, along with R&D to optimize hydrogen production in microalgal cultures."!

°See Report ILE.1, “PEM Electrolyzer Incorporating an Advanced Low-Cost Membrane;” and Report I1.E.2, “High Performance,
Low Cost Hydrogen Generation from Renewable Energy,” in the Hydrogen Production chapter of this volume.

1See Report 11.G.1, “Nano-Architectures for 3rd Generation PEC Devices: A Study of MoS2, Fundamental Investigations and
Applied Research,” in the Hydrogen Production chapter of this volume.

'See Report 11.H.4, “Maximizing Light Utilization Efficiency and Hydrogen Production in Microalgal Cultures,” in the Hydrogen
Production chapter of this volume.
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Hydrogen Delivery

Hydrogen Delivery sub-program activities continued to focus on reducing the cost and increasing the
energy efficiency of hydrogen delivery, to enable the widespread use of hydrogen as an energy carrier. In
FY 2011, the sub-program continued to make progress in all major areas, including the following examples.
A design trade study for a 5,000 pounds per square inch (psi) vessel was completed; this showed a projected
33% increase in capacity at 15°C and ~10% reduction in capital cost (on a per kilogram of transported
hydrogen basis)."”” In addition, burst testing on fiber reinforced polymer pipe with 40% through-wall flaws was
also completed and demonstrated a 3x margin above the rated pressure for the pipe. Researchers also showed
that industry-standard compression fittings will meet Department of Transportation requirements for joint
leakage between pipe segments.”* FY 2011 also saw the development of a two-stage electrochemical hydrogen
compressor that achieved 420 bar of compression.*

Hydrogen Storage

In FY 2011, the Hydrogen Storage sub-program’s materials-discovery projects developed a number of
new materials and improved the performance of other materials. Key accomplishments in FY 2011 include:
characterization of high surface area sorbents with specific surface areas greater than 6,000 m? per gram and
excess hydrogen sorption capacities exceeding 8% by weight at 77 K;'° demonstration of cycling of Mg(BH,),
at hydrogen capacities greater than 12% by weight under high-temperature and high-pressure conditions;'
demonstration of alane slurry with 60% capacity by weight and with kinetics exceeding non-slurried alane;"”
and determination that thermal stability of ionic liquids is dominated by choice of cation. The Hydrogen
Storage Engineering Center of Excellence (HSECoE) completed a baseline assessment of storage system
models for reversible metal hydrides, cryo-sorbents, and both solid- and liquid-phase off-board regenerable
chemical hydrogen storage material systems. The HSECoE assessed these models against the full set of DOE
onboard storage targets. Also in FY 2011, the sub-program increased its emphasis on reducing the cost of
compressed hydrogen gas storage tanks by initiating new efforts on low-cost, high-strength carbon fiber.
Inexpensive storage vessels for compressed hydrogen gas are considered the most likely near-term hydrogen
storage solution for the initial commercialization of fuel cell electric vehicles (FCEVs), as well as for other early
market applications.

Manufacturing R&D

FY 2011 saw a number of advances in manufacturing of fuel cells and storage systems. Ballard made
several improvements that resulted in significant improvement in quality yields and a gas diffusion layer cost
reduction of over 60%, while increasing manufacturing capacity nearly four-fold."® For example, they improved
thickness and basis weight uniformity of gas diffusion layers by adding mass flow meters to the “Many-at-a-
Time” coating equipment. W.L. Gore reduced membrane thickness, eliminated membrane backers, reduced
scrap with better coating process, and eliminated finishing operations such as electrode and membrane edge
trim (Gore previously demonstrated, using their cost model, that a new three-layer membrane electrode
assembly process has the potential to reduce membrane electrode assembly cost by 25%)."* And Quantum saved
17.4 kg of composite from the baseline (all fiber wound) high-pressure hydrogen storage vessel (a 23% savings).>

2See Report I11.7, “Development of High Pressure Hydrogen Storage Tank for Storage and Gaseous Truck Delivery” in the
Hydrogen Delivery chapter of this volume.

5 See Report I11.6, “Fiber Reinforced Composite Pipeline;” in the Hydrogen Delivery chapter of this volume.

*See Report I11.10, “Electrochemical Hydrogen Compressor;” in the Hydrogen Delivery chapter of this volume.

1>See Report IV.C.4, “New Carbon-Based Porous Materials with Increased Heats of Adsorption for Hydrogen Storage;” and Report
IV.C.1, “A Biomimetic Approach to Metal-Organic Frameworks with High H2 Uptake,” in the Hydrogen Storage chapter of this
volume.

'°See Report IV.A.3, “Fundamental Studies of Advanced High-Capacity, Reversible Metal Hydrides,” in the Hydrogen Storage
chapter of this volume.

7See Report IV.A.6, “Aluminum Hydride;” in the Hydrogen Storage chapter of this volume.

¥ See Report VI.2, “Reduction in Fabrication Costs of Gas Diffusion Layers,” in the Manufacturing R&D chapter of this volume.

9 See Report VI.4, “Manufacturing of Low-Cost, Durable Membrane Electrode Assemblies Engineered for Rapid Conditioning;” in
the Manufacturing R&D chapter of this volume.

**See Report V1.9, “Development of Advanced Manufacturing Technologies for Low Cost Hydrogen Storage Vessels,” in the
Manufacturing R&D chapter of this volume.
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In conjunction with the National Renewable Energy Laboratory, the Manufacturing R&D sub-program
also held a workshop to prioritize challenges and barriers to manufacturing hydrogen and fuel cell systems and
components and to identify R&D activities that government can support to overcome barriers.

Basic Research

The Basic Energy Sciences program within the DOE Office of Science supports fundamental scientific
research addressing critical challenges related to hydrogen storage, hydrogen production, and fuel cells. This
basic research complements the applied R&D projects supported by other offices in the Program.

Progress in any one area of basic science is likely to spill over to other areas and bring advances on more
than one front. The subjects of basic research most relevant to the Program’s key technologies are:

*  Hydrogen Storage: Nanostructured materials; theory, modeling, and simulation to predict behavior and
design new materials; and novel analytical and characterization tools.

*  Fuel Cells: Nanostructured catalysts and materials; integrated nanoscale architectures; novel fuel cell
membranes; innovative synthetic techniques; theory, modeling, and simulation of catalytic pathways,
membranes, and fuel cells; and novel characterization techniques.

*  Hydrogen Production: Longer-term approaches such as photobiological and direct photochemical
production of hydrogen.

By maintaining close coordination between basic science research and applied R&D, the Program
ensures that discoveries and related conceptual breakthroughs achieved in basic research programs will
provide a foundation for the innovative design of materials and processes that will lead to improvements in
the performance, cost, and reliability of fuel cell technologies and technologies for hydrogen production and
storage. This is accomplished in various ways—for example, through monthly coordination meetings between
the participating offices within DOE, and at the researcher level by having joint meetings with participation
from principal investigators who are funded by the participating offices.

Technology Validation

The Technology Validation sub-program demonstrates, tests, and validates hydrogen and fuel cell
technologies and uses the results to provide feedback to the Program’s R&D activities. The Technology
Validation sub-program has been focused on conducting learning demonstrations that emphasize co-
development and integration of hydrogen infrastructure with FCEVs to permit industry to assess progress
toward technology readiness. As the vehicle and infrastructure demonstrations in are coming to a close, the
sub-program is increasing its focus on other areas, such as combined hydrogen, heat, and power (tri-generation
or CHHP) as well as stationary power applications.

The Program’s vehicle and infrastructure demonstrations in the National Hydrogen Learning
Demonstration have deployed 155 FCEVs and 24 hydrogen fueling stations to date. Over the course of the
demonstration, the vehicles have traveled more than 3 million miles. Vehicles and infrastructure in these
demonstrations have validated the status of several key technologies in integrated systems under real-world
operating conditions, including vehicular fuel cell efficiency of up to 59%, projected durability of 2,500 hours
(nearly 75,000 miles) with less than 10% degradation, a range of more than 250 miles between refueling (the
Program has validated one vehicle—not in the Learning Demonstration—that is capable of traveling more
than 430 miles on a single fill), and refueling times of approximately five minutes for 4 kg of hydrogen. The
Technology Validation sub-program also collected and analyzed data from over 45,000 fuel cell fork truck lift
refuelings at Defense Logistics Agency sites.

A major accomplishment in FY 2011 was demonstrating the world’s first fuel cell energy station that
produces electric power and hydrogen from wastewater treatment gas.’ The energy station provides hydrogen
as a transportation fuel to the public and electric power to the wastewater treatment facility; it also has the
potential to operate in “trigeneration” (or combined-heat-hydrogen-and-power) mode, if waste heat from the
fuel cell is captured and provided to the facility. The energy station began operation at the Orange County
Sanitation District’s facility in Fountain Valley, California, sending hydrogen to a fueling station for FCEVs

! See Report VII.4, “Validation of an Integrated Hydrogen Energy Station,” in the Technology Validation chapter of this volume.
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first in February 2011. The combined co-production efficiency of hydrogen and power was 54% at the energy
station, exceeding DOE’s target of 50% for FY 2011.

Safety, Codes and Standards

The Safety, Codes and Standards sub-program continued to support critical R&D to establish key
requirements and address knowledge gaps in safety, codes and standards. Building on work from previous
years, the sub-program continued to facilitate collaborative activities among relevant stakeholders in an effort
to harmonize domestic and international regulations, codes, and standards. Significant accomplishments
include the development of National Fire Protection Association (NFPA) 2: Hydrogen Technologies Code,
which consolidates all building codes and requirements for hydrogen installations in the United States into
a single document. NFPA 2 also includes a qualitative risk assessment introduced by DOE for separation
distances for hydrogen bulk storage. Another achievement was the development of an international
hydrogen fuel specification standard (ISO TC 197 WG 12), which was led by the United States and ensures
performance and durability of PEM fuel cells. In addition, a final draft of a Global Technical Regulation for
hydrogen-fueled vehicles has been submitted to the United Nations Economic Commission for Europe. The
sub-program also took a leadership role in international coordination by co-organizing the International
Conference on Hydrogen Safety in California with Sandia National Laboratories.

Education

The Education sub-program facilitates hydrogen and fuel cell demonstrations and supports
commercialization by providing technically accurate and objective information to key target audiences both
directly and indirectly involved in the use of hydrogen and fuel cells. FY 2010 appropriations supported these
activities.

To support early market outreach, the Education sub-program implemented several end-user, state and
local government, and safety and code official education activities. Accomplishments include the development
of a model to analyze the economic impacts on early market deployment of fuel cells in primary power,
backup power, and material-handling applications through a user-friendly spreadsheet tool used to calculate
impacts on production, installation, and utilization at a regional or national level. The tool will be available for
beta testing at the end of 2011. Videos were also developed to be aired on TV and posted online to YouTube
and other sites, including the development of two segments for MotorWeek entitled “Hydrogen and Fuel Cells
Emerging Markets” and “Vehicles and Infrastructure Update” In FY 2011, the sub-program also organized,
publicized, and facilitated 10 webinars on hydrogen and fuel cell topics of interest to state policymakers, local
leaders, and end users, including: “The Top 5 Fuel Cell States: Why Local Policies Mean Green Growth,”
“Hydrogen and First Responders;” “Financing Fuel Cell Installations,” and others.

Systems Analysis and Integration

Systems Analysis supports decision-making by providing a greater understanding of technology gaps,
options, and risks. Analysis is also conducted to assess cross-cutting issues, such as integration with the
electrical sector and use of renewable fuels. Particular emphasis is given to assessing stationary fuel cell
applications, fuel quality impacts on fuel cell performance, resource needs, and potential infrastructure options.

Accomplishments in FY 2011 include the development of a hydrogen cost threshold in the range of
$2-$4/gasoline gallon equivalent (in 2007 dollars) to assist DOE in focusing and prioritizing R&D options.
The cost threshold represents the cost at which hydrogen FCEVs are projected to become competitive on
a cost-per-mile basis with the competing fuel/vehicle combination—gasoline in hybrid-electric vehicles.

A graphical representation of the hydrogen threshold, relative to current projected production and delivery
costs is shown in Figure 2 in the “Hydrogen Production” section of this Introduction. Also in FY 2011,

a comparison of cost estimates for non-automotive fuel cells showed a 50% or greater reduction in costs
between 2008 and 2010.** Despite these large cost reductions, the analysis concluded that the continuation
or enhancement of current policies such as the investment tax credit and government procurement combined
with progress by industry will be necessary to establish a viable domestic fuel cell industry. In addition,

2 Greene, David et al. “Status and Outlook for the U.S. Non-Automotive Fuel Cell Industry: Impacts of Government Policies and
Assessment of Future Opportunities” Oak Ridge National Laboratory, May 2011.
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infrastructure analysis revealed that synergies between fuel cells for stationary power generation and
transportation could be realized in the early phases of market adoption of hydrogen for light-duty fuel cell
vehicles. Model results that indicate hydrogen produced from combined hydrogen, heat, and power systems
could result in smaller stations with higher capital utilization and lower hydrogen cost; this hydrogen could
supplement hydrogen supplied from distributed natural gas-based steam methane reforming, particularly for
the early years of FCEV penetration scenarios where hydrogen demand and station sizes are initially small.

In FY 2011, the Systems Analysis sub-program collaborated with counterparts in the DOE Vehicle
Technologies Program and the DOE Biomass Program to prepare and release an EERE-wide request for
information (RFI) on the total cost of operation of future light-duty vehicles, including petroleum fuels and
alternative fuels pathways, based on three levels of technology success. Comments from the public were
requested on the projected cost reductions and the financial analysis approach used in estimating the cost per
mile for each pathway. Responses to the RFI are due on December 16, 2011. Figure 3 shows the preliminary
EERE estimates of costs per mile that were released for comments under the RFI.

Life-Cycle Costs of Advanced Vehicles - PRELIMINARY ANALYSIS
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BEV — battery electric vehicle; FCHEV — fuel cell hybrid electric vehicle; Gasol — gasoline; EREV — extended range electric vehicle; FFV — flexible fuel vehicle;
PHEV — plug-in hybrid electric vehicle; HEV — hybrid electric vehicle; ICEV — internal combustion engine vehicle

FIGURE 3. Preliminary EERE Estimates of the Life-Cycle Costs of Several Advanced Vehicle Pathways. Error bars illustrate the
sensitivity of costs per mile to fuel prices (green) and vehicle technology success (red).

Market Transformation

To ensure that the benefits of its efforts are realized in the marketplace, the Program continued to facilitate
the growth of early markets for fuel cells used in portable, stationary, and specialty-vehicle applications.
Market transformation activities are helping to reduce the cost of fuel cells by enabling economies of scale
through early market deployments and by overcoming a number of barriers, including the lack of operating
performance data, the need for applicable codes and standards, and the need for user acceptance. FY
2011 activities primarily involved project startup and kickoff from FY 2010 appropriations. The Market
Transformation sub-program is currently focused on building on past successes in material handling equipment
(e.g., lift trucks) and emergency backup power applications, which received support from Recovery Act
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funding. These Recovery Act projects are highly leveraged with an average of over half the funds or cost
share provided by partner resources, and they are providing valuable data on the status of the technologies

in real-world operation that will be used to validate the benefits and potential needs for further R&D. (For
more information on Recovery Act projects, see “American Recovery and Reinvestment Act Projects” under
the “Other Program Activities” section of this Introduction.) The Market Transformation sub-program is
seeking to expand on the success of these activities by exploring other potential and emerging applications for
market viability.

Specific accomplishments in FY 2011 include a joint effort by the Department of Defense’s (DOD’s) U.S.
Army Corps of Engineers and the Program, which was conducted under the Memorandum of Understanding
(MOU) signed between DOE and DOD in July 2010. The project consists of installation of emergency backup
power fuel cells at eight DOD locations across the country. Additionally, demonstration and testing of fuel
cell-powered mobile lighting prototypes were conducted at the National Aeronautic and Space Administration
Kennedy Space Center and the San Francisco International Airport, among others. Activities conducted at
entertainment industry events such as the 2011 Golden Globe Awards and 2011 Grammy Awards ceremonies
had the added value of exposing fuel cell technology to the public.”® Also in FY 2011, a total of 22 hydrogen-
powered buses were deployed at federal facilities and national labs across the country to demonstrate
hydrogen buses and infrastructure with widespread public visibility. The 12-passenger buses are used for
special events, campus tours, new employee orientations, and as part of shuttle bus fleets. The buses were
shown to thousands of attendees at special events throughout the year. During FY 2011, the technical viability
of using landfill gas (LFG) as a cost-effective source of hydrogen production was demonstrated at BMW’s
assembly plant in South Carolina. Once fully implemented, this project will represent a “first-of-its-kind” LFG-
to-hydrogen production project in the nation, and serve as a model for future adoption of renewable biogas as
a feedstock for hydrogen production.?* Finally, in FY 2011, the substantial effects of market transformation
became apparent in the material-handling equipment sector when successful DOE projects led industry to plan
deployments of more than 3,000 fuel cell forklifts with no additional DOE funding.*

OTHER PROGRAM ACTIVITIES

American Recovery and Reinvestment Act Projects

The American Recovery and Reinvestment Act (Recovery Act or ARRA) has been a critical component
of the Program’s efforts to accelerate the commercialization and deployment of fuel cells in the market. With
approximately $41.9 million from the Recovery Act and $54 million in cost-share funding from industry
participants—for a total of nearly $96 million—this funding is supporting the deployment of up to 1,000 fuel cell
systems in emergency backup power, material handling, and combined heat and power applications. Twelve
projects were competitively selected to develop and deploy a variety of fuel cell technologies including polymer
electrolyte, solid oxide, and direct-methanol fuel cells in stationary, portable, and specialty vehicle applications.
In FY 2011, ARRA investments led to 610 additional fuel cell deployments into the market. As of the end of
September 2011, more than 460 fuel cell lift trucks and more than 370 fuel cell backup-power systems for cellular
communications towers and stationary backup-power systems had been deployed, and over 80% of the ARRA
project funds had been spent by the projects. A total of 46 direct jobs have been created or retained as a result
of the Fuel Cell Technologies ARRA projects (if supply chain and other indirect jobs are included, the total jobs
created or retained is estimated to be more than 180 from these ARRA projects alone). These projects are helping
to build a competitive domestic supply base, reduce costs, and demonstrate the economic and performance
benefits of fuel cells as a competitive option for stationary, portable, and specialty vehicle applications.

Tracking the Commercialization of Technologies

One indicator of the robustness and innovative vitality of an R&D program is the number of patents
applied for and granted, and the number of technologies commercialized. The Program continued to assess
the commercial benefits of Program funding by tracking the commercial products and technologies developed
with the support of the EERE Fuel Cell Technologies Program. DOE-funded R&D has resulted in more

* See Report X.1, “Fuel Cell Mobile Lighting?” in the Market Transformation chapter of this volume.
**See Report X.7, “Landfill Gas-to-Hydrogen,” in the Market Transformation chapter of this volume.
% DOE Hydrogen and Fuel Cells Program Record #11017, http://hydrogen.energy.gov/program_records.html.
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than 310 patents and more than 60 emerging technologies while 30 hydrogen and fuel cell technologies
have entered the market*® DOE also tracks the impact of its funding in terms of industry revenues and
investment—for example, $70 million in funding for specific projects that were tracked was found to have led
to more than $200 million in industry revenues and investment.

Commercially Available Hydrogen and Fuel Cell Technologies
Developed with EERE Funding
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FIGURE 4. Cumulative Number of Commercially Available Technologies Developed with Funding from
the Fuel Cell Technologies Program

INTERNATIONAL ACTIVITIES

International Partnership for Hydrogen and Fuel Cells in the Economy

The United States is a founding member of the International Partnership for Hydrogen and Fuel Cells
in the Economy” (IPHE), which includes 17 member countries (Australia, Brazil, Canada, China, France,
Germany, Iceland, India, Italy, Japan, New Zealand, Norway, the Republic of Korea, the Russian Federation,
South Africa, the United Kingdom, and the United States) and the European Commission. The IPHE is a
forum for governments to work together to advance worldwide progress in hydrogen and fuel cell technologies.
IPHE also offers a mechanism for international R&D managers, researchers, and policymakers to share
program strategies. In FY 2011, the 15" Steering Committee Meeting was held in Vancouver, Canada, on
May 13 and 14. An IPHE Roundtable with Stakeholders is planned for November 17 in Berlin, along with
the 16™ Steering Committee Meeting also in Berlin on November 18™.

International Energy Agency

The United States is also involved in international collaboration on hydrogen and fuel cell R&D through
the International Energy Agency (IEA) implementing agreements; the United States is a member of both the
Advanced Fuel Cells Implementing Agreement®® (AFCIA) and the Hydrogen Implementing Agreement®® (HIA).
These agreements provide a mechanism for member countries to share the results of research, development, and
analysis activities. The AFCIA currently includes six annexes: Molten Carbonate Fuel Cells, Polymer Electrolyte
Fuel Cells, Solid Oxide Fuel Cells, Fuel Cells for Stationary Applications, Fuel Cells for Transportation, and
Fuel Cells for Portable Power. The participating countries are Australia, Austria, Belgium, Canada, Denmark,

% Pathways to Commercial Success: Technologies and Products Supported by The Fuel Cell Technologies Program, Pacific
Northwest National Laboratory, September 2011, http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/pathways 2011.pdf.

* http://www.iphe.net/
* www.ieafuelcell.com
» www.ieahia.org
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Finland, France, Germany, Italy, Japan, South Korea, the Netherlands, Mexico, Sweden, Switzerland, Turkey,
and the United States. The IEA HIA is focused on RD&D and analysis of hydrogen technologies. It includes
11 tasks: Hydrogen Safety, Biohydrogen, Fundamental and Applied Hydrogen Storage Materials Development,
Small-Scale Reformers for On-site Hydrogen Supply, Wind Energy and Hydrogen Integration, High-Temperature
Production of Hydrogen, Advanced Materials for Hydrogen from Water Photolysis, Near-Market Routes

to Hydrogen by Co-Gasification with Biomass, Large Scale Hydrogen Delivery Infrastructure, Distributed

and Community Hydrogen for Remote Communities, and Global Hydrogen Systems Analysis. The United
States participates in all of these tasks. Members of the HIA are Australia, Canada, Denmark, the European
Commission, Finland, France, Germany, Greece, Iceland, Italy, Japan, South Korea, Lithuania, the Netherlands,
New Zealand, Norway, Spain, Sweden, Switzerland, Turkey, United Nations Industrial Development
Organization-International Center for Hydrogen Energy Technologies, and the United States.

EXTERNAL COORDINATION, INPUT, AND ASSESSMENT

Hydrogen and Fuel Cell Technical Advisory Committee (HTAC)

As required by the Energy Policy Act of 2005, HTAC was created in 2006 to advise the Secretary of Energy
on issues related to the development of hydrogen and fuel cell technologies and to provide recommendations
regarding DOE’s programs, plans, and activities, as well as on the safety, economic, and environmental issues
related to hydrogen and fuel cells. HTAC members include representatives of domestic industry, academia,
professional societies, government agencies, financial organizations, and environmental groups, as well as
experts in the area of hydrogen safety.

HTAC met three times in FY 2011. In March 2011, HTAC released its third annual report, which
summarizes hydrogen and fuel cell technology domestic and international progress in RD&D projects;
commercialization activities; and policy initiatives. More information about HTAC, including its annual
reports, is available at: http://www.hydrogen.energy.gov/advisory_htac.html

Federal Agency Coordination—the Interagency Task Force and the Interagency Working Group

The Hydrogen and Fuel Cell Interagency Task Force (ITF), mandated by the Energy Policy Act of 2005,
includes senior representatives from federal agencies supporting hydrogen and fuel cell activities, with the
DOE/EERE serving as chair. Recently efforts by the ITF focus on facilitating federal deployment of hydrogen
and fuel cells in emerging technology applications such as stationary power and specialty vehicles. In June
2011, DOE hosted the first ITF meeting of this administration. During this meeting, Deputy Secretary of
Energy Daniel Poneman announced a DOE and DOD collaboration with the Army Corps of Engineers to
deploy emergency backup power units for critical loads at eight DOD locations across the nation. In addition,
ITF members provided feedback on the recently drafted Interagency Action Plan.

The Hydrogen and Fuel Cell Interagency Working Group (IWG), co-chaired by DOE and the White House
Office of Science and Technology Policy, continues to meet monthly to share expertise and information about
ongoing programs and results, to coordinate the activities of federal entities involved in hydrogen and fuel cell
RD&D, and to ensure efficient use of taxpayer resources.

DOD-DOE MOU Workshops

DOD and DOE entered into an MOU for the purpose of coordinating efforts to enhance national energy
security and demonstrate federal government leadership in transitioning to a low-carbon economy. A key focus
area of the MOU is DOD-DOE collaboration on a broad range of innovative, technology-driven solutions to
reduce petroleum use, among other objectives.”® As a large developer and end user of technology, DOD will
aim to speed the movement of innovative energy technologies and technical expertise from DOE’s research
laboratories to military end users, using military installations as test beds and early markets. Activities
undertaken through this collaboration can also help DOD installations meet the requirements of additional
regulations that affect their strategies for energy use.

Y Memorandum of Understanding between U.S. Department of Energy and U.S. Department of Defense, DOE and DOD, July 22,
2010, www.energy.gov/news/documents/Enhance-Energy-Security-MOU.pdf.
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In support of this MOU, the Program held a series of workshops with DOD and other stakeholders
focusing on hydrogen and fuel cell activities. The “Waste-to-Energy Using Fuel Cells” workshop was held
on January 13, 2011, the “Shipboard Auxiliary Power Unit” workshop was held on March 29, 2011, and the
“Aircraft Petroleum Use Reduction” workshop was held on September 30, 2010. Presentations and outcomes
can be found in the Market Transformation section of the Program’s workshops Web page, which is located at
http://wwwl.eere.energy.gov/hydrogenandfuelcells/wkshp_proceedings.html.

The National Academies

The National Research Council (NRC) of the National Academies provides ongoing technical and
programmatic reviews and input to the Hydrogen and Fuel Cells Program. The NRC has conducted independent
reviews of both the Program® and the R&D activities of the U.S. DRIVE Partnership.*> On May 19, 2011,
Secretary Chu announced U.S. DRIVE, a cooperative partnership with industry to accelerate the development
of clean, advanced, energy-efficient technologies for cars and light trucks and the infrastructure needed to
support their widespread use. Formerly known as the FreedomCAR and Fuel Partnership, U.S. DRIVE (Driving
Research and Innovation for Vehicle efficiency and Energy sustainability) works together on an extensive
portfolio of advanced automotive and energy infrastructure technologies, including batteries and electric-drive
components, advanced combustion engines, lightweight materials, and hydrogen and fuel cell technologies.

FY 2011 Annual Merit Review and Peer Evaluation

The Program’s Annual Merit Review (AMR) took place May 9-13, 2011, providing an opportunity for
the Program to obtain an expert peer review of the projects it supports and to report its accomplishments
and progress. For the third time, this meeting was held in conjunction with the annual review of DOE’s
Vehicle Technologies Program. During the AMR, reviewers evaluate the Program’s projects and make
recommendations; DOE uses these evaluations, along with other review processes, to make project funding
decisions for the upcoming fiscal year. The review also provides a forum for promoting collaborations,
the exchange of ideas, and technology transfer. This year, more than 1,700 participants attended, and the
Hydrogen and Fuel Cells Program had 207 oral presentations and 87 poster presentations. More than
200 of the Program’s projects were peer-reviewed, and there were 210 contributing reviewers. The report
summarizing the results and comments from these reviews is available at http://www.hydrogen.energy.gov/
annual_reviewll report.html. In 2012, the AMR will be held May 14-18 in Arlington, Virginia.

IN CLOSING...

The Program will continue to pursue a broad portfolio of RD&D activities for fuel cell applications
across multiple sectors. Efforts will span the full spectrum of technology readiness, including: early market
applications that are already viable or are expected to become viable in the next few years, such as forklifts,
backup power, and portable power applications; mid-term markets that are expected to emerge in the 2012-
2015 timeframe, such as residential combined heat and power systems, auxiliary power units, fleet vehicles,
and buses; and longer-term markets that are expected to emerge in the 2015-2020 timeframe, including
light-duty passenger vehicles and other transportation applications. The Program will also continue to pursue
activities to enable commercialization and stimulate the markets for hydrogen and fuel cells as they achieve
technology readiness. Supporting these markets will not only help to achieve the economic, environmental,
and energy security benefits that fuel cells provide in those specific applications, but it will complement the
Program’s longer-term R&D efforts by helping to increase current sales and manufacturing volumes, providing
essential cost reductions—through economies of scale—for many of the same technologies that will be used in
longer-term applications. Supporting earlier markets can also reduce many non-technological barriers to the
deployment of hydrogen and fuel cell technologies and lay the groundwork for the larger infrastructure and

! The Hydrogen Economy: Opportunities, Costs, Barriers and R&D Needs, National Research Council and National Academy of
Engineering, National Academies Press, 2004.

32 Review of the Research Program of the FreedomCAR and Fuel Partnership: First Report, National Research Council, National
Academies Press, 2005, http://www.nap.edu/catalog.php?record_id=11406; Review of the Research Program of the FreedomCAR
and Fuel Partnership: Second Report, National Research Council, National Academies Press, 2008, http://www.nap.edu/catalog.
php?record_id=12113; Review of the Research Program of the FreedomCAR and Fuel Partnership: Third Report, National
Research Council, National Academies Press, 2010, www.nap.edu/catalog.php?record_id=12939.
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supply base that will be needed for fuel cell vehicles. Communication and outreach remain critical to all these
efforts, and the Program actively pursues opportunities to publicize its activities and progress, releasing more
than 70 news items in FY 2011, including DOE press releases, progress alerts, success stories, and blogs.

Finally, a major undertaking in FY 2011 was the complete revision
of the Program’s strategic plan (the Hydrogen and Fuel Cells Program
Plan),” which outlines the strategy, activities, and plans of the DOE
Hydrogen and Fuel Cells Program, covering hydrogen and fuel cell .
activities within the EERE Fuel Cell Technologies Program and the DOE The Department of Energy
offices of Nuclear Energy, Fossil Energy, and Science. It describes the Hydrogen and Fuel Cells
Program’s activities, the specific obstacles addressed by each sub-program, Erogam Elan
the strategies employed, key milestones, and future plans for each sub-
program and the Program as a whole. The last time the Plan had been
updated was in 2006 (then it was known as the Hydrogen Posture Plan).

The new version reflects extensive input from stakeholders, the Hydrogen
and Fuel Cell Technical Advisory Committee, and public feedback on the
draft version that was posted online for public comment.

We are pleased to present the U.S. Department of Energy’s 2011
Hydrogen and Fuel Cells Program Annual Progress Report. The report is
divided into chapters and is organized by technology area (e.g., fuel cells,
hydrogen storage, etc.). Each chapter opens with an overview written by a
DOE technology development manager that summarizes the progress and
accomplishments of the previous fiscal year. The projects outlined in this document represent the work of the
many innovative scientists and engineers supported by DOE. They are the ones responsible for the progress
and technical accomplishments reported in this year’s Annual Progress Report. We would like to recognize
them for their hard work, commitment, and continued progress.

P

Sunita Satyapal

Program Manager

Hydrogen and Fuel Cells Program

Fuel Cell Technologies Program

Office of Energy Efficiency and Renewable Energy
U.S. Department of Energy

> The DOE Hydrogen and Fuel Cells Program Plan, U.S. Department of Energy, September 2011, http://www1.eere.energy.gov/
hydrogenandfuelcells/program_plans.html.
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1.0 Hydrogen Production Sub-Program Overview

The Hydrogen Production sub-program supports research and development (R&D) of technologies that
will enable the long-term viability of hydrogen as an energy carrier for a diverse range of end-use applications
including stationary power (e.g., backup power and combined-heat-and-power systems), transportation (e.g.,
specialty vehicles, cars, trucks, and buses), and portable power. A variety of feedstocks and technologies are
being pursued.

Three DOE offices are engaged in R&D relevant to hydrogen production:

+  The Fuel Cell Technologies Program, within the Office of Energy Efficiency and Renewable Energy
(EERE), is developing technologies for distributed and centralized renewable production of hydrogen.
Distributed production options under development include reforming of bio-derived renewable liquids and
electrolysis of water. Centralized renewable production options include water electrolysis integrated with
renewable power generation (e.g., wind, solar, hydroelectric, and geothermal power), biomass gasification,
solar-driven high-temperature thermochemical water splitting, direct photoelectrochemical water splitting,
and biological processes.

«  The Office of Fossil Energy (FE) is advancing the technologies needed to produce hydrogen from coal-
derived synthesis gas, including co-production of hydrogen and electricity. Separate from the Hydrogen
and Fuel Cells Program, FE is also developing technologies for carbon capture and sequestration, which
will ultimately enable hydrogen production from coal to be a near-zero-emissions pathway.

«  The Office of Science’s Basic Energy Sciences (BES) program conducts research to expand the
fundamental understanding of biological and biomimetic hydrogen production, photoelectrochemical
water splitting, catalysis, and membranes for gas separation.

+  The Office of Nuclear Energy (NE) is conducting efforts in development of high-temperature electrolysis,
under the Next Generation Nuclear Plant (NGNP) project, which also includes evaluations of other
end-user applications and energy transport systems. The Nuclear Hydrogen Initiative was discontinued
as a separate program in Fiscal Year (FY) 2009 after the selection of steam electrolysis as the hydrogen
production pathway most compatible with the NGNP.

Goal

The goal of the Hydrogen Production sub-program’s portfolio is to develop low-cost, highly efficient
hydrogen production technologies that utilize diverse domestic sources of energy, including renewable
resources (EERE), coal with sequestration (FE), and nuclear power (NE).

Objectives’

The objective of the EERE hydrogen production portfolio is to reduce the cost of hydrogen dispensed at
the pump to a cost that is competitive with gasoline, on a cents-per-mile basis (based on current analysis, this
translates to a hydrogen threshold cost of $2-4 per gallon gasoline equivalent [gge]). Technologies are being
researched to achieve this goal in timeframes appropriate to their current stages of development.

The objectives of FE’s efforts in hydrogen production are documented in the Hydrogen from Coal Program
Research, Development and Demonstration Plan (September 2009). They include proving the feasibility of
a near-zero emissions, high-efficiency plant that will produce both hydrogen and electricity from coal and
reduce the cost of hydrogen from coal by 25 percent compared with current technology, by 2016.

FY 2011 Technology Status

The current projected cost of hydrogen from several production pathways is shown in Figure 1. The
current status of cost and performance for several other hydrogen production pathways, as determined by
independent reviews, are shown in Table 1. These reviews, along with cost projections from the Hydrogen

! Note: Targets and milestones are under revision; therefore, individual progress reports may reference prior targets.
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FIGURE 1. Hydrogen Production and Delivery Cost Status. Significant progress has already been made in several hydrogen
production pathways. The Hydrogen Threshold Cost represents the cost at which hydrogen fuel cell electric vehicles are
projected to become competitive on a cost-per-mile basis with competing vehicles (gasoline hybrid-electric vehicles)

in 2020. Notes: (i) Costs shown include all delivery and dispensing costs, but do not include taxes. A cost of $1.80 for
forecourt compression, storage, and dispensing is included for distributed technologies, and $2.60 is included as the total
cost of delivery (including transportation, compression, storage, and dispensing) for centralized technologies. All delivery
costs are based on the Hydrogen Pathways Technical Report (NREL, 2009). Projections of distributed costs assume station
capacities of 1,500 kg/day, with 500 stations built per year. Projections of centralized production costs assume capacities
of >50,000 kg/day. Cost ranges for each pathway are shown in 2007 dollars, based on high-volume projections from H2A
analyses, reflecting variability in major feedstock pricing and a bounded range for capital cost estimates. (ii) DOE funding of
natural gas reforming projects was completed in 2009 due to achievement of the threshold cost. Incremental improvements
will continue to be made by industry. (iii) High-temperature electrolysis activities are ongoing under the Next Generation
Nuclear Plant Program.

Analysis (H2A) model, were also used in the development of the Hydrogen Production sub-program’s chapter
of the Multi-Year Research, Development and Demonstration Plan (MYRD&D Plan), where they were used

as the basis for establishing the status of the different technologies and for determining appropriate pathway-
independent targets. The 2006 report Distributed Hydrogen Production from Natural Gas® provided the basis
for DOE to discontinue R&D of steam methane reforming for hydrogen production—verifying that the use of
existing steam methane reforming technologies in distributed hydrogen production could meet the cost target at
high-volume production. Targets for hydrogen production efforts in FE, along with information on the status
of the technologies, are documented separately in the Hydrogen from Coal Program Research Development and
Demonstration Plan (2009).

?Distributed Hydrogen Production from Natural Gas, National Renewable Energy Laboratory, October 2006,
http://www.hydrogen.energy.gov/pdfs/40382.pdf.
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TABLE 1. Recent Independent Reviews of Production Pathway Costs

Pathway

Report

Status'

Steam Methane
Reforming’

Distributed Hydrogen Production from Natural Gas,
NREL, October 2006

$2.75-$3.05/gge

Electrolysis®

Current (2009) State-of-the-Art Hydrogen
Production Cost Estimate Using Water Electrolysis,
NREL, September 2009

Distributed: $4.90-$5.70/gge ~75% membrane
efficiency (proton exchange membrane [PEM])
Central (Wind): $2.70-$3.50/gge ~75% membrane
efficiency (PEM)

Photoelectro-
chemical (PEC)
Production’

Technoeconomic Analysis of Photoelectrochemical
(PEC) Hydrogen Production,
Directed Technologies Inc., December 2009

$4-$10/gge (projected cost assuming technology
reaches technology readiness); promising PEC materials
identified, but durability issues remain

Biological
Production®

Technoeconomic Boundary Analysis of Biological
Pathways to Hydrogen Production,
Directed Technologies Inc., September 2009

$3-$12/gge (projected cost assuming technology
readiness)
15% solar-to-chemical energy efficiency by microalgae

Biomass Gasification

Hydrogen Production Cost Estimate Using Biomass
Gasification,
Independent Panel Review [DRAFT], NREL, April 2011

Preliminary results: feedstock costs, capital costs, and
financing structure are primary influences on overall cost.

Solar
Thermochemical
Production®

Cost Analyses on Solar-Driven High Temperature
Thermochemical Water-Splitting Cycles,
TIAX, February 2011

Hybrid Cycles: $3.90-$5.40 (in 2025)
Hi-Temp Cycles: $2.40-$4.70 (in 2025)

' Based on H2A V.2.1 using 2005$ inputs for costs, with the exception of the 2011 Solar Thermochemical Production study which used 2007$ inputs.
2 Distributed Hydrogen Production from Natural Gas, National Renewable Energy Laboratory, October 2006, http://www.hydrogen.energy.gov/

pdfs/40382.pdf.

*Current (2009) State-of-the-Art Hydrogen Production Cost Estimate Using Water Electrolysis, National Renewable Energy Laboratory, September
2009, HYPERLINK “http://www.hydrogen.energy.gov/pdfs/46676.pdf” www.hydrogen.energy.gov/pdfs/46676.pdf.

* Technoeconomic Analysis of Photoelectrochemical (PEC) Hydrogen Production, Directed Technologies Inc., December 2009, http://www1.eere.
energy.gov/hydrogenandfuelcells/pdfs/pec_technoeconomic_analysis.pdf.
® Technoeconomic Boundary Analysis of Biological Pathways to Hydrogen Production, Directed Technologies Inc., September 2009, http://www1.eere.
energy.gov/hydrogenandfuelcells/pdfs/46674.pdf.
€ Cost Analyses on Solar-Driven High Temperature Thermochemical Water-Splitting Cycles, TIAX, February 2011, http://www1.eere.energy.gov/
hydrogenandfuelcells/pdfs/solar_thermo_h2_cost.pdf.

This year an updated version of H2A (H2A version 3) was published with updated economic data and
assumptions; this version also converts all costs to 2007 dollars. Updated economic and cost-sensitivity

analyses are currently being performed using H2A version 3, incorporating the most up-to-date information on
pathway technologies and technology-readiness projections. These analyses will serve as the basis for updating
the status information in Table 1 and will be used to revise pathway-specific targets in an updated version of
the MYRD&D Plan.

FY 2011 Accomplishments

Biomass Gasification

+  The National Renewable Energy Laboratory (NREL) completed the initial draft of an independent panel
review of costs for hydrogen production from biomass gasification and performed an analysis of near-term
markets for hydrogen from biomass gasification.

«  The United Technologies Research Center (UTRC) demonstrated a novel slurry-based fuel-flexible and
carbon-neutral biomass reforming process that exceeded 2012 targets in both projected cost and plant
efficiency (current status: $1.54/gge and 51.1% efficiency, respectively).

«  The Gas Technology Institute completed a membrane design for a one-step, shift-separation membrane
reactor for close-coupling with a biomass gasifier. The module demonstrated a flux rate of 80+ standard
cubic feet per hour (SCFH)/ft*and is capable of 125 SCFH/ft*>. Economic analysis indicates that the
technology can meet the production threshold cost target of <$2.00/gge.
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Bio-Derived Liquid Pathways

« In the area of autothermal reforming of bio-derived liquids, NREL replaced their catalyst with a better-
performing commercial catalyst and reduced the amount of hydrogen oxidized to H,O during reforming,
resulting in increased yield from 7.4 g hydrogento 10.1 g hydrogen per 100 g bio-oil during short-term,
bench-scale tests of catalytic steam reforming at ~650°C, and increased process efficiency from 47% to 62%.

«  Pacific Northwest National Laboratory (PNNL) evaluated the feasibility of aqueous phase reforming
(APR) of pyrolysis oil and demonstrated successful reforming of most oil components, but also identified
key challenges in reforming the acetic acid component. H2A analysis indicated APR of bio-oil is
economically feasible only with complete reforming of all oil components.

«  Argonne National Laboratory (ANL) demonstrated a more-than-threefold increase in hydrogen production
rate by using a Rh-based catalyst coating on an BaFe .,Zr,. O _(BFZ1) oxygen transport membrane (OTM)
compared to that of a lanthanum strontium cobalt iron oxide (LSCF) OTM tube with a BaFe ,Zr, O_
(BFZ1).

Separation Processes

+  Pall Corporation demonstrated durable, high-performance palladium alloy membranes for hydrogen
separation and purification, achieving 270 SCFH/{t’ flux in pure H,/N,, 400 pounds per square inch
operation, 88% hydrogen recovery, 99.99% hydrogen permeate quality, and a projected cost of <$1,000/ft,
meeting or exceeding the 2012 targets for dense metallic membranes.

+  Media and Process Technologies developed hydrogen-selective membranes/modules based on thin-film
palladium for use as reactors/separators for distributed hydrogen production, with field tests demonstrating
>99% CO conversion, >99.9% hydrogen purity and >83% hydrogen recovery, meeting or exceeding the
2012 targets for dense metallic membranes.

«  The University of Cincinnati developed methods and techniques to prepare zeolite membranes for water
gas-shift reactions for hydrogen production. High hydrogen permeance (1.26 x 107 mol m? s Pa') and
H,/CO, separation factor improvements from 4.95 to 25.3 were observed for bilayer membranes modified
to include a yttria-stablized zirconia intermediate diffusion barrier layer.

Electrolysis Hydrogen Production

«  Giner Electrochemical Systems (GES) demonstrated a proton exchange membrane (PEM) electrolyzer
incorporating advanced low-cost membrane electrode assemblies using dimensionally stable membranes
with chemically etched supports, which exhibited lifetimes over 1,000 hours operating at 80°C. GES
additionally demonstrated significantly reduced hydrogen embrittlement in C/Ti cell separators, indicating
expected lifetimes of more than 60,000 hours. Projected stack capital costs of <$0.70/gge based on these
improvements meets a critical Program milestone.

«  Proton Onsite (formerly Proton Energy Systems) demonstrated new catalyst application techniques for
lower-cost hydrogen production, with 55% reduction of catalyst loading on the anode and >90% reduction
of catalyst loading on the cathode, with negligible effect on stack performance. Projected stack capital
costs of <$0.70/gge based on these improvements meets a critical Program milestone.

+  NREL completed more than 2,000 hours of testing on a PEM electrolysis system. The system generated
13 kg of hydrogen per day, running continuously, with full stack-monitoring capabilities and with stacks
operating on wind power for stack-decay analysis.

Photoelectrochemical (PEC) Hydrogen Production

+  Stanford University demonstrated exceptional stability in their quantum-confined 1.8 eV MoS,
nanoparticle photocatalyts for PEC hydrogen production, showing stable operations over 10,000 voltage
cycles of accelerated lifetime testing. Stanford also developed a high-surface-area macroporous scaffold,
which is transparent and conducting, as an efficient electrode substrate for the MoS, photocatalysts and
other PEC materials.
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NREL validated new benchmark levels of solar-to-hydrogen (STH) conversion efficiency in the 16%-18%
range in optimized photoelectrode systems using high-quality I1I-V semiconductor materials in multi-
junction configurations.

Lawrence Livermore National Laboratory (LLNL), Los Alamos National Laboratory (LANL), the
University of Nevada, Las Vegas (UNLV), and NREL worked collaboratively to complete the initial
phase of a “III-V Surface Validation Study” to optimize STH performance and enhance lifetime of I1I-V
semiconductor PEC interfaces in aqueous solutions. Ab initio quantum molecular dynamic models of the
interface were created by LLNL, and the initial phase of model validation was completed using materials
synthesized by NREL/LANL and characterized by UNLV using state-of-the-art spectroscopic facilities.

MV Systems with the University of Hawaii at Manoa demonstrated 4.3% STH efficiency and device
lifetimes exceeding 250 hours in multi-junction devices based on thin-film copper-gallium-diselenide
semiconductors, representing a new benchmark in this low-cost class of PEC photoelectrode devices, and
representing progress toward the 2010 Program target of stabilized 10% STH.

The Midwest Optoelectronic Company accelerated development of efficient low-cost substrate-type PEC
systems based on multi-junction thin film Si photoelectrodes; they also supplied multi-junction thin-
film silicon devices for integration with novel Suncatalytix thin-film catalysts into solar water-splitting
demonstration systems. This project demonstrates effective coordination between EERE and Advanced
Research Projects Agency-Energy activities.

Biological Hydrogen Production

University of California, Berkeley successfully characterized the function of a gene that regulates antenna
size in chlorophyll (Tla2), and cloned another for further analysis (Tla3). These findings will be applied to
reducing chlorophyll antenna size to increase the utilization efficiency of incident solar light energy.

NREL—through their collaboration with the University of Manitoba, Canada—used a custom-designed
plasmid, along with improved transformation protocols, to obtain two mutant lines of C. thermocellum.
These lines will serve as the foundation for future genetic engineering efforts with C. thermocellum for
fermentative hydrogen production.

The J. Craig Venter Institute, in collaboration with NREL, successfully expressed and purified a stable
recombinant hydrogenase. This is a significant step in transferring a more oxygen-tolerant hydrogenase
from photosynthetic bacteria into hydrogen producing cyanobacteria.

NREL used computational methods to understand the geometries and energies of the gas diffusion barrier
protecting the hydrogen cluster in two hydrogenases. This information guided mutagenesis techniques

to randomize the amino acid residues around the diffusion barriers with the aim of reducing the oxygen
sensitivity of hydrogenase.

Solar-Thermochemical Hydrogen Production

The University of Colorado demonstrated atomic layer deposition thin-film ferrite-based materials with a
peak production rate 100 times faster than that in the bulk material, with the thin-film materials remaining
active for up to 30 water splitting cycles, with no signs of deactivation.

Sandia National Laboratories developed a reactor system concept capable of annual average STH
production efficiency in excess of 20% with a heat-to-hydrogen conversion efficiency of 40%, predicting
through system models that annual average STH efficiency could reach 23%.

ANL identified two membranes for the electrolysis step of the hybrid Cu-Cl cycle that are chemically and
thermally stable at 80°C for over 36 hours, addressing the key barrier to this cycle.

SAIC reduced the voltage of their electrolysis cell at 80°C to levels similar to those previously
demonstrated at 130°C in order to optimize the electrolysis step in their hybrid sulfur-ammonia cycle; they
also demonstrated the feasibility of molten salt storage for continuous operation.

TIAX LLC completed a report analyzing the costs of solar-driven high temperature thermochemical water-
splitting cycles and identifying the key cost drivers for the reaction cycles.
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Fossil Energy—Hydrogen from Coal

In FY 2011, the first H,/CO, separation membranes were exposed to coal derived syngas under gasification
conditions.

+  The National Energy Technology Laboratory’s Office of Research and Development in collaboration with
Worcester Polytechnic Institute (WPI) and UTRC have obtained over 1800 hours of membrane coupon
exposures at the National Carbon Capture Center (NCCC.) Preliminary analysis indicates a stable body-
centered-cubic Pd-alloy phase under gasification conditions.

+  WPI has completed over 750 hours of membrane tests at the NCCC. Tests have demonstrated stable
hydrogen flux levels and hydrogen purity in excess of 99.9%.

«  UTRC has completed over 500 hours of membrane tests on the TRIG (transport gasifier) at the Energy &
Environmental Research Center. Tests have demonstrated stable hydrogen flux levels and hydrogen purity
in excess of 99.9%.

«  The Colorado School of Mines has demonstrated reasonable flux and moderate selectivity using a non-
precious metal membrane under laboratory conditions.

Budget

The FY 2011 DOE appropriation provided $20.9 million for continued R&D efforts in hydrogen
production. EERE received $10.9 million, providing $6.4 million for R&D of centralized renewable hydrogen
production and $4.5 million for R&D of distributed renewable hydrogen production; FE received $10.0 million
for R&D of hydrogen production from coal.

Hydrogen Production Funding
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The President’s FY 2012 budget request for EERE provides $11.7 million for hydrogen production, with an
emphasis on materials and processes for hydrogen from renewable resources.

FY 2012 Plans

«  Continue emphasis on addressing major challenges in hydrogen production. Performance and durability
enhancements in materials and systems will remain a priority, and cost reductions will be achieved through
process optimization for all production pathways and technologies. Additional efforts will also address
reducing the cost of materials and capital equipment.

«  Continue EERE coordination with the Office of Science, which plans approximately $50 million in basic
research related to hydrogen and fuel cell technologies. Through Basic Science activities, a fundamental
understanding of issues related to hydrogen production—particularly in the longer-term R&D areas of PEC
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and biological processes—can help address the challenges of hydrogen production. Coordination of the
PEC-related fundamental research activities in the Office of Science’s Solar Fuels Innovation Hub with the
hydrogen production systems-oriented PEC R&D in EERE will be a high priority.

+  Complete fabrication of a prototype alkaline electrolyzer unit capable of providing 30 kg of hydrogen
per day at 6,500 psi; complete field testing of a prototype PEM electrolyzer capable of providing 12 kg
of hydrogen per day at 300-400 psi; and initiate transition of electrolysis production pathways to the
“technology validation” stage.

+  Complete lifetime measurements of GalnP,/GaAs devices for PEC production of hydrogen and determine
the durability benchmarked against the target of a 100-hour operational lifetime at 10% efficiency.

+  Demonstrate 100 hours of total catalyst operation in an integrated bench-scale system for production of
pure hydrogen from steam reforming of pyrolysis oil at a rate of 100 liters per hour and with a yield of 10 g
of hydrogen from 100 g of bio-oil.

+  Operate a microalgae system continuously for two months, with the culture being induced to anaerobiosis
with prolonged hydrogen production through use of a physiological switch activated by sulfur deprivation.

+  Demonstrate—on-sun, using the NREL High Flux Solar Furnace—the cobalt ferrite/alumina “hercycnite”
thermochemical reaction cycle with 1,300°C reduction/1,000°C oxidation thermochemical redox cycling to
split water, with hydrogen production of >100 micromoles per gram of active material.

+  Continue coordination with deployment projects funded by American Recovery and Reinvestment Act to
gain lessons learned related to hydrogen production technologies.

Sara Dillich

Hydrogen Production & Delivery Team Lead (Acting)
Fuel Cell Technologies Program

Department of Energy

1000 Independence Ave., SW

Washington, D.C. 20585-0121

Phone: (202) 586-7925

E-mail: Sara.Dillich@ee.doe.gov
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Project Start Date: October 1, 2004
Project End Date: Project continuation and
direction determined annually by DOE

Fiscal Year (FY) 2011 Objectives

«  Evaluate and develop bio-derived liquids aqueous phase
reforming (APR) technology for hydrogen production,
with a specific focus on aqueous-soluble bio-oil, that
can meet the DOE 2017 cost target of <$3.00/gasoline
gallon equivalent (gge).

« Identify and control the catalyst composition, reaction
pathways, and catalyst preparation methods to enhance
hydrogen selectivity, productivity, and catalyst life.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(A) Reformer Capital Cost

(C) Operation & Maintenance
(D) Feedstock Issues

(E) Greenhouse Gas Emissions

Technical Targets

For production of hydrogen from bio-derived liquids,
we have been focusing on identifying the specific role of the
different catalyst components, delineating the mechanistic
pathways leading to desired and undesired products, and

FY 2011 Annual Progress Report

understanding the causes of catalyst deactivation. This
improved understanding is aimed at reducing operating
costs, which will lower cost of hydrogen production. The
following are our technical targets:

«  Cost: $3.80/gge in 2012 and $3.00 in 2017
($3.00/kg H,)

«  Catalyst life: 100 h without loss of selectivity

FY 2011 Accomplishments

+  Completed a series of acidity characterization studies
with Pt-Re catalysts. Verified that the amount of acid
sites as measured by ammonia temperature programmed
desorption (NH, TPD) correlated with the amount of Re
added to the catalyst, making clear the role of Re in the
generation of acid sites on the catalyst surface.

+  Showed the presence of Bronsted acid sites on
Pt-Re/SiO, catalysts after exposure to water vapor by
infrared studies and pyridine adsorption. This sheds
more light on the character of the acidity with this
particular metal combination.

« A cell was constructed to allow measurements of
the Pt-Re/C catalyst under operating conditions in
X-ray absorption experiments, to be carried out at the
Brookhaven National Laboratory Synchrotron source.
Preliminary experiments (not in situ) were carried out,
demonstrating operability of the system and indicating
areas for upgrading the hardware.

+  APR studies of aqueous-soluble bio-oil components
were carried out with the Pt-Re/C catalyst. We showed
successful reforming of most oxygenated species, but
also identified difficulty in reforming acetic acid, which
is a component present in significant concentration.

+  H2A analysis indicates that the DOE H, production
target of $3.00/kg H, can be achieved, but only with
virtually complete reforming of all the components
present in the bio-oil to H, and CO,,.

R R R

Introduction

The conversion of biomass-derived liquids to hydrogen
is attractive because of the near carbon-neutral footprint
it provides, and availability of such feedstocks in many
regions of the U.S. We have previously targeted sugars and
sugar alcohols, along with other polyols such as glycerol, as
feedstocks. In FY 2011, we made a transition to bio-oil as a
feedstock, specifically water-soluble bio-oil which contains
a large fraction of oxygen-containing functionality, but is
overall a more complex mixture that can be expected to raise
some new challenges. Much of our catalyst development
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work in the APR area has focused on understanding the
correlation between catalyst function and performance. Our
primary catalyst system has comprised Pt-Re/C, which is a
highly active catalyst. We continued work with this same
catalyst as we changed feedstock.

Approach

For the APR of bio-oil, we used our standard testing
conditions of relatively low temperatures (225-265°C) and
sufficient pressure (about 30 bar) to maintain the system
in the liquid phase. We started by first identifying and
assembling a slate of representative components known
to be present in the aqueous-soluble bio-oil, and testing
them individually for performance. We then combined
these individual components into a single feed, and again
compared performance, giving us insight into whether there
might be interactions between components that could not
be predicted from the individual component studies. This
would provide us with guidance regarding what kind of
modifications might be required for our catalyst.

For catalyst characterization, we focused primarily on
identifying and quantifying the acidity that is developed with
the Pt-Re/C catalyst, a result of Pt-Re interactions under
both reduced and aqueous phase conditions. This provided
insights into the nature of the acidity and how to develop
approaches to mitigate the effects of this acidity, including

the possibility of complete catalyst modification/substitution.

Results

Our original list of representative compounds was selected
based on a literature report from the Huber group [1]. This list
is provided in Figure 1. Subsequently, we found that furfural
and guiacol, two of the identified components, were insoluble
in water at ambient temperature at the concentrations

~Acetic acid
Hy droxyacetone
Hy droxyacetaldehyde
Furfural

Representative< 2-furanone

Compounds
Guiacol

- Mo
Levoglucosan o NoLI
Glucose "Fo-

Fructose

~  Sorbitol

FIGURE 1. Initial List of Representative Compounds for Study of Bio-0il APR
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“acetol”

“glycolaldehyde”

necessary for APR studies. We later made substitutions

for these compounds: furfuryl alcohol for furfural, and
p-methoxyphenol for guiacos, but these two components were
not present in our first pass screening studies.

Figure 2 provides a graphical comparison of the
performance of the other components under APR testing
conditions. Glycerol is added for comparison. Two
feedstocks show poor H, selectivity (levoglucosan and
fructose), and two showed virtually no selectivity (acetic
acid and furanone). The poor selectivity of the first
two we believe can be improved significantly through
an adjustment in reaction conditions to lower flow
rates and possibly carrying out the reaction at higher
temperature. The performance of the latter two compounds
is more problematic. Acetic acid is present in significant
concentration, and we must find a way to increase the
reactivity of the catalyst system or find an alternate catalyst
system to handle acetic acid. Furanone is structurally
more difficult in principle since both unsaturation and
ring-opening must be contended with, and hydrogen is
not initially present to remove the unsaturation. This
may be alleviated by co-feeding hydrogen, and we expect
furanone and similar molecules may only be tackled
effectively by focusing on hydrogenolysis to form methane,
rather than relying on catalytic conversions for hydrogen
production. Furanone is present at significantly lower
concentration than is acetic acid, thus it is only a very minor
constituent. However, acetic acid is present at much higher
concentrations, pointing to the primary importance in
focusing on effective APR of acetic acid.

In Figure 3 we see the effect of acetic acid on the APR
of glycerol. Both components were present at 10 wt% in the
feed. It can be seen that the addition of acetic acid reduces
the conversion of glycerol. Thus, it is not only that acetic
acid is unreactive, but that it also inhibits the conversion of
other feed molecules, presumably by
strongly adsorbing on the catalyst
surface and thereby making fewer
active catalyst sites available. It
can be seen that this is an effect
specifically of the acetic acid and
is not an effect of general acidity—
addition of nitric acid has virtually
no apparent effect on either activity
or selectivity in the APR of glycerol.

(insoluble ambient H,0)

In Figure 4 we show the results
of characterization of the Pt-Re/C
catalyst for surface acidity by
ammonia TPD. This acidity has
been responsible for generation of
a significant byproduct alcohol and
alkane production from glycerol to
the detriment of H, production. It
is clear that the acidity correlates
with Re loading, although there is
also some acidity present just with
Pt/C. However, this acid strength

(insolubleambient H,0)
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H2 Yield (mol. H2/mol. Feed)

FIGURE 2. H, selectivity from the APR of representative bio-oil compounds
with Pt-Re/C catalyst. Conditions: 225°C, 420 psig, 0.1 mL/min flow rate, all
feeds present at the same molar concentration.
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FIGURE 3. Effect of Acetic Acid and Dilute Nitric Acid on the APR of

Glycerol with Pt-Re/C

(evidenced by a lower temperature peak) is significantly less
than that obtained with the Pt-Re system. Finding methods
to decrease or obviate this acidity is important to improve
H, selectivity in APR. It is interesting to note that despite
the surface acidity generated on the catalyst surface by Re,
this is not sufficient to repel acetic acid, so that the acetic
acid maintains an inhibitory effect on catalyst performance.
This points to the possibility of the acid sites being distinct
and different from the metal sites present on the catalyst.

Conclusions and Future Directions

We have shifted feedstocks this FY from glycerol
and sorbitol to aqueous fraction bio-oil. This shift was
necessitated in order to work with cheaper biomass-derived
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feedstocks that had a greater probability to meet the

DOE target of $3.00/gge in 2017. We developed a slate of
representative bio-oil components and found that there are
some significant challenges with this new feedstock, notably
the low activity and apparent poisoning effect of acetic acid.
In FY 2012, we will focus especially on catalyst development
in order to improve the reactivity of bio-oil, especially
dealing with the presence of acetic acid. One strategy that
we intend to investigate is to increase the C-C bond breaking
activity of our catalyst, for example by adding Ru to Pt/C,

as well as evaluating alternate supports. One possibility is
that in order to increase C-C cleavage activity we may also
increase hydrogenolysis, leading to greater methane co-
production. This might require co-feeding hydrogen. We
believe that this may not be a negative outcome, since it will
be possible to steam reform by-product methane (at higher
temperature) using known technology. Such an approach
would of course have to still meet the H, production cost
targets, which will require H2A analysis and verification.

FY 2011 Publications/Presentations
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2. King, David L., Liang Zhang, Gordon Xia, Ayman M. Karim,
David J. Heldebrant, Xianqin Wang, Tom Peterson, Yong Wang.
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Environmental (2010), 99, 206-213.

3. Ayman M. Karim, Yu Su, Junming sun, Cheng Yang,
James J. Strohm, David L. King, Yong Wang. A Comparative
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Fiscal Year (FY) 2011 Objectives

+ By 2012, develop and demonstrate distributed reforming
technology for producing hydrogen from bio-oil at
$3.80/kilogram (kg) purified hydrogen.

By 2011, develop a prototype that incorporates the
key operations: bio-oil injection, catalytic auto-thermal
reforming, water-gas shift, and hydrogen isolation.

« By 2010, demonstrate the process of auto-thermal
reforming of bio-oil including a long-term catalyst
performance, yields of hydrogen, and mass balances.

«  Develop the necessary understanding of process
chemistry, bio-oil compositional effects, catalyst
chemistry, and deactivation and regeneration strategy to
form a process definition basis for automated distributed
reforming to meet the DOE targets.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program’s Multi-Year Research, Development and
Demonstration Plan:

(A) Fuel Processor Capital
(C) Operation & Maintenance
(D) Feedstock Issues

FY 2011 Annual Progress Report

Technical Targets

TABLE 1. Progress toward Meeting DOE Distributed Hydrogen Production
Targets

Distributed Production of Hydrogen from Bio-Derived Renewable
Liquids
Process Characteristics Units 2012/2017 2011 NREL
Targets Status

Production Unit Energy % 72/65-75 62
Efficiency
Total Hydrogen Cost $/gge 3.80/<3.00 4.63
Hydrogen Production Cost $/gge 2.75

gge — gasoline gallon equivalent

FY 2011 Accomplishments

+  Demonstrated 60 hours of hydrogen production by
auto-thermal reforming of bio-oil using a commercial
(BASF) 0.5 Pt/Al,O; catalyst in the bench-scale reactor
system.

+  Demonstrated catalyst regenerability in several
reforming/regeneration cycles.

+  Optimized process conditions and achieved the
hydrogen production of 10.1 g/100 g bio-oil with 90%
bio-oil to gas conversion.

+  Based on those results, the total production cost in
a 1,500 kg/day hydrogen plant, was estimated at
$2.75/gge and the total delivered cost at $4.63/gge.

«  Constructed an integrated bench-scale system for
producing 100 L/h of pure hydrogen by reforming bio-oil.

R R R

Introduction

Renewable biomass is an attractive near-term alternative
to fossil resources because it has near zero life-cycle carbon
dioxide (CO,) impact. Recent assessments have shown that
more than one billion tons of biomass could be available in
the United States each year at less than $50/ton [1]. This
biomass could be converted to 100 million tons of hydrogen,
enough to supply the light-duty transportation needs of
the United States. This work addresses the challenge of
distributed hydrogen production with the target of hydrogen
cost of $3.80/kg by 2012 [2]. Pyrolysis is used to convert
biomass to a liquid that can be transported more efficiently
and has the potential for automated operation of the
conversion system [3,4]. “Bio-o0il” can then be converted to
hydrogen and CO, in a distributed manner at fueling stations.
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The objective of this project is to develop a system that
will provide distributed production of hydrogen from bio-oil
at filling stations. To accomplish this we are developing a
simple fixed-bed reactor suitable for unsupervised automated
operation.

Approach

Research is focused on developing a compact, low-
capital-cost, low/no maintenance reforming system to enable
achievement of the cost and energy efficiency targets for
distributed reforming of renewable liquids. In this project,
we are evaluating the following steps in the process:

+  Bio-oil volatilization using ultrasonic atomization. We
need to control physical and chemical properties of the
liquid (e.g., viscosity), so blending with alcohol may be
necessary.

«  Heterogeneous auto-thermal reforming of bio-oil
derived gas and vapor. Precious metal catalysts appear
to be the most effective in the application to bio-oil and
its partial oxidation products.

Early in the project, experiments were carried out using
a micro-scale, continuous flow, tubular reactor coupled with
a molecular beam mass spectrometer (MBMS) for analyzing

the product gas composition. In the last two years, we
conducted a series of tests using a bench-scale reactor
system that allowed for a longer-duration steady-state
operation and provided more reliable data for mass balance
calculations. In the bench-scale auto-thermal reforming
tests carried out in 2011 we used two types of commercial
(BASF) platinum catalyst: alumina-supported pellets and a
monolith, both with 0.5% Pt. The experiments were carried
out in the systems shown in Figure 1. Poplar pyrolysis
bio-oil diluted with 10 wt% methanol was fed at 60 g/h
using a membrane pump to the top of the 34 mm internal
diameter, 45 cm long tubular quartz reactor. The bottom
section of the reactor contained a fixed bed comprising

100 g of pelletized catalyst or 55 g of the monolith. In the
freeboard, the liquid in the form of a very fine mist produced
by a 60 kHz ultrasonic nozzle (Sono-Tek) contacted air
and steam; steam was produced by a home-made micro-
generator. The excess steam and some liquid organics

were collected in two condensers. The outlet gas flow rate
was measured by a dry test meter. The concentrations

of CO,, CO, and CH, in the product gas were monitored

by a non-dispersive infrared analyzer (NDIR Model 300
from California Analytical Instruments); the hydrogen
concentration was tracked by a thermal conductivity
detector (TCD) TCM4. In addition, the gas was analyzed
every four minutes by an on-line Varian (Model 4900) micro
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FIGURE 1. Schematic of the Bench-Scale Auto-Thermal Reforming System
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gas chromatograph (GC), which provided concentrations

of H,, CO, CO,, CH,, C,H,, O,, and N,. The temperatures
in the system, as well as the flows, were recorded and
controlled by an OPTO 22 data acquisition and control
system. Based on the flows and compositions of the process
streams, mass balances as well as the yields of hydrogen
generated from the feed were calculated.

Last year, we applied the conditions that assured
the optimal system operation in the micro-scale tests:
process temperature of 800-850°C, oxygen-to-carbon ratio
(O/C)=1.5, molar steam-to-carbon ratio S/C=1.6, and
methane-equivalent space velocity equal to 5,200 h'. This
year, using the 0.5% Pt/Al, O, catalyst from BASF, we varied
O/C and steam to carbon ratio (S/C) to find the optimal
conditions for maximizing the hydrogen yield while still
operating in the auto-thermal range.

Results

A series of auto-thermal reforming tests included
production and regeneration cycles. After each hydrogen
production test, the catalyst was regenerated by air oxidation
and reused in the subsequent tests carried out at the
same process conditions. Figure 2 shows the product gas
composition as a function of time for one of the experiments.
The results of the tests are summarized in Table 2.

Despite a lower carbon-to-gas conversion, the increase
in S/C and the decrease in O/C resulted in higher hydrogen
yields because a larger part of bio-oil reacted by steam
reforming that forms more hydrogen than partial oxidation.
The increase in space velocity had a negative impact on
both carbon-to-gas conversion and hydrogen yield. Based
on those tests, the optimum process conditions that will
assure an autothermal operation and high hydrogen yields
are temperature 850°C, O/C of 0.9-1, S/C=3, and weight
hourly space velocity (WHSV)=0.6. Assuming those reactor
conditions and performances, the hydrogen production
cost estimated using H2A for a 1,500 kg H,/day plant is
$2.75/gge and the cost of delivered hydrogen is $4.63/gge.

80

70

te

*.
60 ettt e a ettt et et ettt an  eterestiterta tastastes,
50
E 40
®
30

[ L] A z A A
20 9 0000000090 0000090000g, 00 00 9900040090%00 040004 00}

10 44

[1] 50 100 150 200 250

Time, min

#H? aCHA ACD @C)

FIGURE 2. Product Gas Composition from Auto-Thermal Reforming of Poplar
Bio-0il Using BASF 0.5% Pt/Al0, Pelletized Catalyst
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TABLE 2. Hydrogen Yields Produced at Different Process Conditions Using
0.5 PY/AlQ, at 850°C

WHSV 0/C S/C Hydrogen yield C-to-gas
(g/h bio-0il/ | (mol/mol) | (mol/mol) | (g H/100 g bio-oil) | Conversion,

g cat) %
0.6 0.5 3 10.3 72
0.89 3 10.1 86
1.6 1.6 7.0 90
1.2 0.85 2.8 5.9 76
2.4 1.5 3 5.6 80
0.9 3 4.1 60
4.8 1.3 2.8 4.7 80

The monolith platinum catalyst of nominally the
same composition as the pellets did not perform as well
as the packed bed. During all the tests, the product gas
composition as a function of time (Figure 3) changed more
than in the packed bed experiments. Especially, the water-
gas shift activity decreased with time that was observed as
the increase in the concentration of CO and the decrease
of CO,. As before, the highest yields of hydrogen were
obtained for lower values of WHSV, lower O/C, and
higher S/C. However, these yields as well as carbon to gas
conversion were lower than those achieved in the packed
bed reactor at the same conditions. In the best case, for
0/C=1, S/C=5, and G, HSV=2,000 h* the hydrogen yield
was 8.5 g/100 g bio-oil and the carbon to gas conversion
was 80% compared to respectively 10.1 g/100 g bio-oil and
90% carbon conversion for the packed bed reactor. The
reason might be shorter residence time of the bio-oil vapors
and especially of the carbon solids in the channels of the
monolith than in the packed bed.

The construction of an integrated system for producing
100 L/h of hydrogen by auto-thermal reforming of bio-oil
was completed. The main components of the system include
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FIGURE 3. Product Gas Composition from Auto-Thermal Reforming of Poplar
Bio-0il Using BASF 0.5% Pt/Al,0, Monolith Catalyst
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a bio-oil evaporator, reforming reactor, water-gas shift
convertor, and hydrogen separator.

Conclusions and Future Direction

«  Bench-scale reactor tests of catalytic auto-thermal
reforming of bio-oil performed using 90 wt%
bio-0il/10 wt% methanol mixtures produced hydrogen
yields of 10 g/100 g bio-oil with 90% of carbon-to-gas
conversion.

«  The optimal process conditions for the bench-scale
system are: temperature 850°C, O/C of 0.9-1, S/C=3,
and WHSV=0.6 (BASF 0.5%Pt/Al,O; catalyst).

«  The construction of a prototype system including bio-
oil evaporator/filter, catalytic reformer, water-gas shift
reactor, and electrochemical hydrogen separator was
completed. The system will produce 100 L/h of pure
hydrogen. The performance of that prototype will be
tested in FY 2012 and will help to make a go/no go
decision on further process development.

FY 2011 Publications/Presentations
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Fiscal Year (FY) 2011 Objectives

Develop a compact ceramic membrane reactor that
meets the DOE 2017 cost target of <$3.00/gasoline gallon
equivalent (gge) for producing hydrogen by reforming
renewable liquids. Specific objectives for FY 2011 were:

«  Use oxygen transport membrane (OTM) to reform
ethanol (EtOH) at <700°C in presence of catalyst.

«  Perform detailed Design for Manufacturing and
Assembly and H2A analyses to assess benefits of
approach.

Technical Barriers

This project addresses the following technical barriers
from the Production section (3.1.4) of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(A) Reformer Capital Costs

(B) Reformer Manufacturing
(C) Operation and Maintenance
(N) Hydrogen Selectivity

(P) Flux

(R) Cost

FY 2011 Annual Progress Report

Technical Targets

This project is developing compact dense ceramic
membranes that transport pure oxygen to efficiently and
cost-effectively produce hydrogen by reforming renewable
liquid fuels such as EtOH and bio-oil. Cost-effective small-
scale reformer technology will be developed to integrate
process steps, thereby minimizing unit size, capital cost,
energy use, and operating cost and helping to meet DOE
technical targets:

Production Unit Energy | 72% (lower heating value, LHV) by 2012
Efficiency: 65-75% (LHV) by 2017

Production Unit Capital | $1.0M by 2012
Cost (un-installed): $600K by 2017

$3.80/gge (delivered) at the pump by 2012
<$3.00/gge (delivered) at the pump by 2017

Total Hydrogen Cost:

A preliminary techno-economic analysis in FY 2010
estimated a cost of #$3.40/gge for producing hydrogen by
reforming EtOH with an OTM.

FY 2011 Accomplishments

«  Significantly increased EtOH conversion using
BaFe ,Zr, O _(BFZ1), an OTM that gives significantly
higher oxygen flux at low temperature (*500°C), but
analysis of the products indicated the need for a suitable
catalyst to increase hydrogen production.

+  Used Rh-based catalyst on a small (1.3 cm*) BFZ1
disk to nearly quadruple the hydrogen production rate
compared to that of a much larger (15.3 cm?) lanthanum
strontium cobalt iron oxide (LSCF) tube.

+  Estimated a hydrogen production cost of $3.40/kg H,
for a station with a 1,500 kg H,/day capacity, (analysis
by DTI).

R R R

Introduction

Others have shown that supplying oxygen with an OTM
reduced the costs of methane reforming by ~30-40% and
energy consumption by ~30%. Supplying oxygen during
EtOH reforming increases EtOH conversion and enhances
catalyst performance by preventing coke formation [1]. An
OTM can supply high-purity oxygen for EtOH reforming by
separating it from air without using a separate gas separation
unit. Because the OTM is a mixed conductor, the oxygen
transport requires neither electrodes nor external power
circuitry, i.e., the process is non-galvanic. The oxygen flux
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through the membrane depends on the membrane’s electron
and oxygen-ion conductivities, its surface oxygen exchange
kinetics, and the oxygen partial pressure (pO,) gradient
across the membrane.

The goal of this subtask is to develop a dense OTM that
provides oxygen for efficiently and economically producing
hydrogen through the reforming of renewable liquid fuels
such as EtOH and bio-oil. To assess the potential for
reducing the cost and energy consumption associated with
EtOH reforming. DTI performed a detailed system analysis
to determine the cost and energy benefits of using an OTM
to supply high-purity oxygen from air. While generating
the necessary data for DTT’s system analysis, we continued
developing OTMs that transport oxygen at an industrially
significant rate at low temperature (=500°C) and possess
sufficient mechanical and chemical stability under the large
stresses that develop from having air on one side of the OTM
and carbonaceous fuels on the other side.

Approach

In order to be cost-effective during the reforming
of renewable liquids, an OTM must efficiently transport
oxygen. For efficient oxygen transport, an OTM must
have an appropriate combination of electronic and ionic
conductivity; therefore, we use conductivity measurements
to identify promising membrane materials. If a material
has sufficient conductivity (>10" ohm™-cm™), we measure
its hydrogen production rate, which is directly related to
its oxygen transport rate. In order to increase the oxygen
transport rate, we adjust the OTM’s composition, decrease
its thickness, coat it with porous layers to increase its
active area, and modify its microstructure to overcome
limitations from surface reaction kinetics. With promising
OTMs, catalysts are used to promote reforming reactions.
We measure the hydrogen production rate under various
reaction conditions for periods up to 1,000 h to evaluate
the chemical stability of OTMs, because OTMs must be
stable for extended periods to cost-effectively produce
hydrogen. Because OTMs must be available in a shape with
a large surface area, e.g. tubes, we fabricate small tubular
OTMs and test their performance. In order to assess the
expected cost- and energy-benefits of reforming renewable
liquids with an OTM, we shared our oxygen flux data to an
independent party, DTI, who conducted a detailed system
analysis.

Results

BFZ1 powder was prepared by conventional solid-state
synthesis using BaCO,, Fe,O,, and ZrO, as starting materials.
Stoichiometric amounts of starting materials were ball-
milled for 1-3 days with zirconia media in isopropyl alcohol
(IPA). After drying the mixture, it was heated in ambient air
at 800-850°C for 10-20 h and then ball-milled as before for
one day. The dried powder was heated again in ambient air
at 880-900°C for 10-20 h, and then was ball-milled again.

DOE Hydrogen and Fuel Cells Program

Although the microstructure of BFZ1 thin films is
acceptable, they have shown a tendency to crack during
EtOH reforming conditions; therefore, an EtOH reforming
experiment was done using a relatively thick (0.67 mm)
BFZ1 disk. A disk (1 inch diameter) was uniaxially pressed
from BFZ1 powder and was then sintered at 1,340°C for
10 h in 100 ppm H,/balance N,. To deposit Rh-catalyst
on one face of the disk, rhodium nitrate (Rh(NO,),-2H,0,
Alfa Aesar, 99.9%) was dissolved in deionized water, and
then a binder and BFZ1 powder was added to the solution.
Heating the solution with binder and powder at <80°C
while stirring gave a viscous paste that was painted onto the
surface of the BFZ1 disk. The painted disk was dried in air
and installed for an EtOH reforming test at 600°C.

A glass ring was used to seal the Rh-coated BFZ1
disk to the test fixture by heating overnight at 650°C while
flowing He on the Rh-catalyst side and air on the other
side. After obtaining a seal at 650°C, the tube was cooled
to 600°C for the EtOH reforming test. The EtOH partial
pressure (p,q,;,) Was fixed on the Rh-coated side of the disk
by bubbling ultrahigh purity He or N, through absolute
EtOH at 23°C (pg,y #0.067 atm), while air was flowed on
the other side of the disk. During the measurements, both
gases flowed at a rate of 200 ml/min. The concentrations
of products from EtOH reforming were measured with an
Agilent gas chromatograph.

Figure 1 shows cross-sectional and plan views of
a BFZ1 disk coated with catalyst. An EtOH reforming
test with the sample shown in Figure 1 was unsuccessful,
because a gas-tight seal was not made. EtOH reforming
results were obtained with a second sample. The sample
shown in Figure 1 was heated overnight at 930°C, because
a gold ring was used to make a gas seal rather than a glass
ring. Other than being heated to higher temperature in
order to make a seal, the unsuccessful sample (Figure 1) was
identical to the sample used in the successful reforming test.
The porous catalyst-containing layer on top of the BFZ1
disk had a thickness of ~10 pym. The BFZ1 disk itself had
several isolated pores but the pores did not appear to be
interconnected.

An EtOH reforming test was conducted at 600°C with
a Rh catalyst-coated BFZ1 disk. Table 1 summarizes the
results for the BFZ1 disk coated with catalyst along with
data that was the reported previously [2] for an LSCF thin-
film tube not coated with catalyst. Figure 2 compares the
total production rates for the products of EtOH reforming
with the BFZ1 disk and the LSCF thin-film tube. Figure 3
plots the relative hydrogen production rates, i.e., the ratios of
the hydrogen production rate to the production rates for the
other products of reforming.

The carbon balance and EtOH conversion of BFZ1
were 90.9% and 28.0%, respectively. The EtOH conversion
for the BFZ1 disk was lower than that of the LSCF thin-
film tube due to the disk’s smaller active area (~1.3 vs. 15.3
cm?). Despite its lower EtOH conversion and its smaller
active area, the total hydrogen production rate of BFZ1 was
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FIGURE 1. Secondary electron images of a) fracture-surface and b) plan
view of Rh catalyst-coated BFZ1 disk.

TABLE 1. Results of EtOH Reforming Experiments at 600°C

0TM EtOH Reforming Results
0TM HPR* H,/Total H EtOH
Thickness | (cm%/min) Balance | conversion
(%) (%)
LSCF ~30 um 0.27 0.031 75.8 61.8
thin-film tube
BFZ1 disk 0.67 mm 0.96 0.360 90.9 28.0
+ Rh

*HPR = hydrogen production rate

0.96 cm®/min, which is 3.6 times higher than that of the
LSCF tube. Only a small amount of coke was found after
the experiment with the BFZ1 disk, an observation that is
consistent with the improved carbon balance for the BFZ1
disk, compared to that for the LSCF thin-film tube.

Figure 2 shows that, in addition to its higher production
rate, the BFZ1 disk gave lower production rates for the
major products (CO, and H,O) from EtOH reforming

FY 2011 Annual Progress Report
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FIGURE 2. Total production rates for products of EtOH reforming at 600°C
with Rh catalyst-coated BFZ1 disk (thickness=0.67 mm, active area=1.3
cm?) and LSCF tubular thin-film (thickness=0.03 mm, active area=15.3 cm?
not coated with catalyst.
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FIGURE 3. Relative production rates for products of EtOH reforming at
600°C with Rh catalyst-coated BFZ1 disk (thickness=0.67 mm, active
area=1.3 cm?) and LSCF tubular thin-film (thickness=0.03 mm, active
area=15.3 cm?) not coated with catalyst.

with the LSCF thin-film tube. The shift toward hydrogen
production is seen more clearly in Figure 3, which plots

the relative hydrogen production rates for the BFZ1 disk
and LSCF tube. The catalyst-coated BFZ1 disk gave
considerably higher relative hydrogen production rates for
all products except acetaldehyde (CH,CHO). The ratio of
the hydrogen production rate to the sum of production rates
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for all other products, given by H,/Total in Figure 3 and
Table 1, was more than an order of magnitude higher for

the BFZ1 disk with catalyst than for the LSCF tube without
catalyst (0.360 for Rh+BFZ1 vs. 0.031 for LSCF). The
results indicate that the addition of the Rh catalyst played
an important role for increasing the hydrogen selectivity and
decreasing coke formation.

DTI completed a detailed techno-economic analysis
of EtOH reforming with an OTM to evaluate its cost- and
energy-benefits. For the analysis, Argonne provided oxygen
flux and EtOH conversion data for promising OTMs.
The analysis shows that the cost of the EtOH feedstock
comprises a major fraction (*70%) the cost of producing
hydrogen by EtOH reforming with an OTM. The cost of
producing hydrogen by EtOH reforming with an OTM was
estimated to be ~$3.10-$3.60/kg H,, depending on the EtOH
fuel efficiency.

Conclusions and Future Directions

Significant progress was made in demonstrating that a
dense OTM can enhance the reforming of renewable liquids.
In order to further evaluate the benefits of this approach, if
funding becomes available to continue this work, we will:

«  Continue testing the performance of OTMs during
EtOH reforming at lower temperatures (500°C).

+  Study effect of EtOH concentration, gas flow rates, and
OTM thickness.
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+  Evaluate effect of Rh-catalyst during EtOH reforming
using tubular OTM with larger active area (=15 cm?).

«  Evaluate performance of other catalysts during EtOH
reforming with OTM.

«  Evaluate chemical stability of OTM during reforming of
EtOH.

«  Provide DTI with data on improved performance
of OTMs to refine the cost and energy analysis and
better evaluate the merits of using OTM to enhance H,
production by EtOH reforming.
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Fiscal Year (FY) 2011 Objectives

Develop an initial reactor and system design, with
cost projections, for a biomass slurry hydrolysis and
reforming process for hydrogen (H,) production from

woody biomass.

Develop a cost-effective catalyst for liquid phase
reforming of biomass hydrolysis-derived oxygenates.
Perform a proof-of-concept demonstration of a micro-
scale pilot system based on liquid-phase reforming of

biomass.

Demonstrate that the proposed H, production system
will meet the 2012 efficiency and cost targets of 43%
lower heating value (LHV) and $1.60/kg H, for a

2,000 ton/day (dry wood) plant.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies

Program Multi-Year Research, Development and
Demonstration Plan [1]:

(T) Capital Costs and Efficiency of Biomass Gasification/

Pyrolysis Technology

Technical Targets

This project consists of three key elements: plant and
system design, catalyst research, and a proof-of-concept

FY 2011 Annual Progress Report

demonstration. The information obtained from all three
efforts will be used to demonstrate that the proposed H,
production system will meet the DOE’s 2012 Biomass
Gasification/Pyrolysis Hydrogen Production energy
efficiency and total H, cost targets of 43% (based on
feedstock LHV) and $1.60/kg H,, respectively. The current
progress toward achieving the DOE’s technical targets based
on the preliminary plant and system design is shown in
Table 1.

TABLE 1. Technical Progress for the Project as Measured Against the DOE's
Technical Targets for Biomass Gasification/Pyrolysis Hydrogen Production

Characteristics | Units | 2012 Target | Current Status
Hydrogen Cost (Plant Gate) $/gge 1.60 1.54 (1.31-2.11)
Total Capital Investment $M 150 170 (117-304)

Energy Efficiency % 43 51.1

FY 2011 Accomplishments

«  Demonstrated 100% conversion of wood using an
inexpensive base metal catalyst.

«  Examined the effect of base concentration on liquid
phase reforming H, selectivity and yield.

«  Developed a promoted Ni catalyst that maintains a high
selectivity to H, with minimal base.

*  Elucidated the liquid phase reforming reaction pathways
for ethylene glycol over Ni and Pt via atomistic
modeling.

+  Demonstrated a continuous flow H, production system
for 1 wt% wood at 50 g min™.

R SR

Introduction

This project is focused on developing a catalytic means
of producing H, from raw, ground biomass, such as fast
growing poplar trees, willow trees, or switch grass. The use
of a renewable, biomass feedstock with minimal processing
can enable a carbon neutral means of producing H, in
that the carbon dioxide produced from the process can be
used in the environment to produce additional biomass.
For economically viable production of H,, the biomass
is hydrolyzed and then reformed without any additional
purification steps. Any unreacted biomass and other
byproduct streams are burned to provide process energy.
Thus, the development of a catalyst that can operate in the
demanding corrosive environment and presence of potential
poisons is vital to this approach.

DOE Hydrogen and Fuel Cells Program



II.B Hydrogen Production / Biomass Gasification

Emerson — United Technologies Research Center

Approach

The concept for this project is shown in Figure 1. The
initial feed is assumed to be a >5 wt% slurry of ground
poplar wood in dilute base. Potassium carbonate (K,CO,),
derived from wood ash, is an effective base. Base hydrolysis
of the wood is carried out at high but sub-critical pressures
and temperatures in the presence of a solid catalyst. A Pd
alloy membrane allows the continuous removal of pure H,,
while the retentate, including methane is used as fuel in the
proposed plant.

Results

The economics of the alkali hydrolysis-based plant
design using Ni-based catalysts were updated using the
latest version of the H2A tool from the DOE with input
from HYSYS plant models. For all cases, a Pd membrane-
based separator was used to produce >99.9999% H, from
the process for fuel cell use. For the baseline economics,
the H, was then compressed from atmospheric pressure
up to a pipeline delivery pressure of 300 psia. The use of a
H, compression system was a more economical investment
compared to using a larger Pd membrane separator
operating with a 300 psia back pressure. However, the
electrical demands of the plant increase significantly due to
the compression system.

There were several assumptions common to the
HYSYS/H2A model analyses. The wood feedstock price
was set at $41/ton to keep with the DOE’s cost target basis,
although realistic feedstock prices will be higher. The cost of
K,CO, feed for the plant was set at $900/ton and the design
assumed that 95% of the K,CO, will be recycled within the
system. The reforming catalyst was assumed to be equivalent
to Raney Ni at a cost of $20/1b with catalyst replacement

occurring every three years. The reformer liquid residence
time was fixed at 16 minutes with a catalyst to wood mass
ratio set at a very conservative 20.

In general, the hypothetical 2,000 dry ton per day
biomass plant can be run in three different modes. Table 2
shows the summary of the technoeconomic modeling results
compared to the DOE targets. The first of these modes
would use an inexpensive fuel source, such as natural gas,
to provide the heat required to operate the endothermic
hydrolysis, reforming, and H, separation processes. The
second mode of operation assumes that the plant is operated
to achieve “carbon neutrality” in terms of CO, emissions, not
counting the secondary emissions that come from electricity
provided from the grid for H, compression. Instead of using
inexpensive fossil fuels to provide the heat required for the
plant, the retentate stream from the membrane separator,
which contains H,, is burned to produce heat. This carbon
neutrality comes at a cost both in terms of the H, cost, but
the efficiency as well, as H, that could be delivered from
the plant is diverted to heat production instead. The final
mode of operation assumes that the plant is operated in
a “carbon neutral; electric grid independent” mode. To
achieve electric grid independence, the electrical demand
from the H, compression system was reduced to the point
that electricity generated from expanders in the plant could
provide all the power needed. As a result, the delivery
pressure of the H, was also reduced to 44.09 psia. The
cost of H, in this scenario does not change relative to the
“carbon neutral” mode, but the capital costs are lowered and
the plant efficiency is reduced.

First principles atomistic modeling was previously used
to gain an insight into the factors that control the activity and
selectivity toward H, production by ethylene glycol reforming
on Ni catalysts. Ethylene glycol was chosen as a model
compound due to its oxygen bonding to adjacent carbons

l-@" -] Pure H,

O

Hydrolysis

Biomass

Liquid Phase
Reforming

W -
Pd Membrane

FIGURE 1. The UTRC Approach to Biomass Slurry Reforming

TABLE 2. Technoeconomic Modeling Results for Different Modes of Operation for a 2,000 Dry Tons of Wood per day Plant Compared to the DOE’s Technical

Targets for Biomass Gasification/Pyrolysis Hydrogen Production

Characteristics Units 2012 Target Natural gas fuel mode | Carbon neutral mode | Carbon neutral, electric
grid independent mode
Hydrogen Cost (Plant Gate) $/gge 1.60 1.27 (1.05-1.84) 1.54 (1.31-2.11) 1.54 (1.31-2.11)
Total Capital Investment $M 150 188 (116-370) 170 (117-304) 164 (117-283)
Energy Efficiency % 43 56.3 51.1 46.1
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which represents some fragments of biomass. The schematic
diagram of reforming pathways for ethylene glycol on Ni is
depicted in Figure 2. For ethylene glycol on a Ni surface,
the first step after adsorption is hydroxyl bond breaking to
form an ethylenedioxy intermediate. At the surface coverage
considered, the activation of C-O bond in ethylenedioxy

and rearrangement to form the acetaldehyde intermediate
and adsorbed oxygen are thermodynamically favorable.
Subsequent dehydrogenation and C-C bond scission of
acetaldehyde yields the CO and CH, as final decomposition
intermediates. CO is shifted in water to CO, and H, while
the methyl is hydrogenated into methane. In a basic
environment, CO can also be converted to a formate ion

in solution through hydrophilic attack, consistent with the
experimental observation of formic acid in the spent liquor.

To further investigate the impact of base to wood ratio
on H, yield and selectivity, batch, single-step hydrolysis
and reforming experiments were performed at EERC. The
experiments were performed using a standard, unmodified

dehydrogenation

HOM,CCH,0H3 " OH,CCH,0" +'H,
OH=0.5T eV &H=0.76 eV

Ethylens glycol

HOH;CCHOH 2 "OH,C CH+ 0" +H,

Raney nickel catalyst and potassium hydroxide base in EERC’s
7.6-L autoclave system with a constant wood concentration
of 8 wt%. The H, yield and H, selectivity results for the
experiments are summarized in Figures 3 and 4, respectively.
Consistent with previous predictions from atomistic and
thermodynamic modeling for ethylene glycol, as well as batch
wood reforming experiments performed at UTRC, increasing
the base to wood ratio increased the selectivity of the process
toward hydrogen production versus methane. However, the
higher base levels decreased the H, yield, most likely favoring
organic acid formation over gas production.

Earlier testing work used Pt-based catalysts before
switching to less expensive Ni-based catalysts, and there is
current interest for liquid phase reactions using precious
metals. Thus, first principles atomistic modeling was used
to understand the differences in reaction mechanisms. A
schematic diagram of the reforming pathways for ethylene
glycol on Pt is depicted in Figure 5. For ethylene glycol
on the Pt surface, the first steps after adsorption are

C-0 bond scission Rearrangement

“OH,CCH, 3 "OHCCH,

8H=-0.85 8V AH=-0.15 8V

HOH,CCH;OH +° 3 HOH,CCH,0'H
Eoa™0.29 &V
4 7 4
'] :
dehydrogenation C-C bond scission B
CHCHO = CH,CO +H" CH,CO "CH, +'CO
aH=0.79 8V r ) AH=-1.188 &V L P -
Acetaldehyde .ﬂtﬂlj"‘ CO + methyl
& -
- - 5
. + [{[— -{ 5
NiCO A& : A
d —— 4

Hydrophilic sttack from base produces formate ion

*C0 +0H- (base)+ HEOO- [solution)

AH=-0.88 8V

CH3+H 3 CH4

COrH 03 COy*H; AH=-0,45 oV

AH=0.23 eV

FIGURE 2. Atomistic modeling analysis of the reforming of ethylene glycol over Ni showing the intermediate
reaction steps and the reaction enthalpies of their formation.
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FIGURE 3. Impact of KOH to wood ratio on the H, yield with Raney Ni of
8 wt% hybrid poplar in a batch reactor. Also shown on the chart is the
equivalent K,CO, to wood ratio.
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FIGURE 4. Impact of KOH to wood ratio on the H, selectivity with Raney Ni
of 8 wt% hybrid poplar in a batch reactor. Also shown on the chart is the
equivalent K,CO, to wood ratio.
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FIGURE 5. Atomistic modeling analysis of the reforming of ethylene glycol over Pt showing the intermediate
reaction steps and the reaction enthalpies of their formation.

dehydrogenations. Unlike Ni catalysts, Pt appears to prefer
C-C breaking rather than C-O breaking as the first step. As
a result, the dehydrogenated species does not go through an
ethylenedioxy intermediate as is the case with Ni, but rather
undergoes a direct C-C bond scission which results in two
COH species. The resulting COH groups can undergo a
direct reaction with OH- from the base to form CO, and H,,.
Alternatively, the COH group can dehydrogenate further

to a CO surface species which can react with hydrogen

to form methane or be shifted in water to CO, and H, as
happens with Ni. Also similar to the Ni case, the CO can be
converted to a formate ion in solution through hydrophilic
attack in a basic environment.

These modeling results offer an explanation as to why
Pt-based catalysts favor reforming to H, while Ni prefers
to form methane. Ni-based catalysts prefer to break C-O
bonds, which result in both the formation of a methyl group
and a CO. Pt-based catalysts prefer to break C-C bonds,
resulting in only CO species. The increased preference
toward CO species most likely leads to an increase in
hydrogen production over methane.

Based on the successful work with base metal catalysts,
the final step of the project was the construction and testing
of a demonstration unit for H, production. This continuous
flow demonstration unit consisted of wood slurry and
potassium carbonate feed pump systems, two reactors
for hydrolysis and reforming, and a gas-liquid separation
system. The technical challenges associated with unreacted
wood fines and Raney Ni catalyst retention limited the
demonstration unit to using a fixed bed Raney Ni catalyst
form. The lower activity of the larger particle Raney Ni in
turn limited the residence time and thus the wood mass flow
feed rate to 50 g min™ for a 1 wt% wood slurry. The project
demonstrated continuous flow H, yields with unmodified,
fixed bed Raney Ni, from 63% to 100% with corresponding

DOE Hydrogen and Fuel Cells Program

H, selectivities of 6% to 21%, for periods of several hours.
The fixed bed form of the Raney Ni exhibited signs of
deactivation which requires further study.

Conclusions and Future Directions

The project showed that it is possible to economically
produce H, from woody biomass in a carbon neutral
manner. However, further development work is required
before this process can be commercialized. Some of the key
technical areas for future projects are listed in the following.

«  Further investigate catalyst kinetics for better reactor
sizing.
«  Demonstrate >90% base recycle in an integrated system.

« Investigate catalyst durability and higher activity base
metal catalysts.

* Wood slurry pump development.
+ Integration of a burner unit with the reformer.
+  Demonstration of the system on a larger scale.

+  Demonstration of the system with power generation
(e.g., fuel cell, turbine, or internal combustion engine).
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Fiscal Year (FY) 2011 Objectives

GTI together with its partners, NETL, Schott North
America and ATI Wah Chang are working to determine the
technical and economic feasibility of using the membrane
gasifier to produce hydrogen from biomass. Specifically, the
team plans to:

«  Reduce the cost of hydrogen from biomass to
$2-4/gasoline gallon equivalent (gge) H,' (excluding
delivery).

+  Develop an efficient membrane reactor that combines
biomass gasification, reforming, shift reaction and H,
separation in one step.

+  Develop hydrogen-selective membrane materials
compatible with the biomass gasification conditions.

«  Demonstrate the feasibility of the concept in a bench-
scale biomass gasifier.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Hydrogen,
Fuel Cells and Infrastructure Technologies Program Multi-
Year Research, Development and Demonstration Plan:

' From presentation on 2011 Annual Merit Review by DOE.

DOE Hydrogen and Fuel Cells Program

(L) Impurities

(N) Hydrogen Selectivity
(O) Operating Temperature
(P) Flux

Technical Targets

This project is directed at developing a membrane
reactor that can be closely-coupled with a gasification
reactor while having a sufficiently high hydrogen flux to
achieve a hydrogen production cost of $2-4/gge (without
delivery) per the DOE 2012 technical target.

FY 2011 Accomplishments

«  Development of metallic, glass-ceramic membranes is in
progress.

*  Preliminary process development and economic analysis
with initial candidate membrane proves economic
feasibility of the process.

*  Membrane module design with initial candidate
membrane is finished.

»  Fabrication of membrane module is in progress.
S T

Introduction

GTI has developed a novel concept of membrane
reactor for clean, efficient, and low cost production of
hydrogen from biomass-derived syngas. Our approach is
presented in Figure 1 and shows conventional hydrogen
production from biomass gasification and a hydrogen-
selective membrane closely coupled with a reforming or
gasification reactor for direct extraction of hydrogen from
the syngas.

The specific objective of the project is to develop high
temperature metallic or glass membranes that can be used
closely-coupled with a biomass gasifier. The technical
feasibility of using the membrane reactor to produce
hydrogen from a biomass gasifier will be evaluated. GTI
with its project team (Schott Glass, NETL, and Wah Chang)
has been evaluating potential membranes (metal, ceramic
and glass) suitable for high temperature, high pressure,
and the harsh environment of a biomass gasifier. The
project team has been screening and testing each type of
material, investigating its thermal and chemical stability, and
conducting durability tests.
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FIGURE 1. Conventional Hydrogen Production from Biomass Gasification and Biomass Gasifier with

Close-Coupled Membrane

Approach

To conduct commercially successful research, GTI has
developed a plan where efforts are concentrated in four
major areas: membrane material development, membrane
module development, membrane process development
and membrane gasifier scale up. The initial focus of the
project has been concentrated on membrane material
development. Metallic and glass-based membranes have
been identified as hydrogen selective membranes under the
conditions of the biomass gasification, temperatures above
700°C and pressures up to 30 atmospheres. Membranes are
synthesized by arc-rolling for metallic type membranes and
incorporating Pd into a glass matrix for glass membranes.
Testing for hydrogen permeability properties has been
completed and the effects of hydrogen sulfide and carbon
monoxide were investigated for perspective membranes.
The initial candidate membrane chosen in 2008 was selected
for preliminary reactor design and cost estimates. The
overall economics of hydrogen production from this new
process will be assessed and compared with traditional
hydrogen production technologies from biomass. The final
deliverable of the project will be a gasification membrane
reactor system that is expected to meet or exceed the DOE’s
cost target for hydrogen production from biomass. This will
be demonstrated by a bench-scale gasification membrane
reactor that can process approximately 2~10 kg/hr of woody
biomass for hydrogen production.

Results

GTI and partners from NETL and Schott continued
researching new candidates for hydrogen-selective membranes.

NETL is pursuing a new approach for hydrogen
permselective Pd alloys for high temperature use.

FY 2011 Annual Progress Report 43

Superpermeable alloys have desirable characteristics

for hydrogen membrane applications including high
permeability, high temperature strength and cost, but are
very susceptible to poisoning of surface catalytic sites and
surface corrosion. A good method to counter these effects
is by coating the alloy with a second alloy such as one
containing Pd to provide catalytic activity and corrosion
protection. Unfortunately, such coatings are likely to

be unstable at the temperatures of interest. Therefore,
alternative methods of protecting these materials are
needed. One possibility being investigated is an inorganic,
nonmetallic coating that can protect these alloys at the
conditions of interest. Potential inorganic coating systems
are being investigated in the literature and synthesis of new
tertiary alloy formulations based on Pd metal is in progress.

Two new Pd-based ternary alloys are being fabricated.
The alloying components were selected to attempt to
improve high temperature strength and alter surface
chemistry to improve impurity resistance. A new niobium/
tantalum alloy has been identified that may offer high
temperature stability under the conditions of interest. These
alloys offer good resistance to the corrosive conditions of
the post-gasifier environment, however, their hydrogen
permeability is not known. More information on the
characteristics of these alloys is currently being sought. If
they continue to look promising, samples will be acquired
or synthesized for testing. Also, 55 wt% Ni-Pt and PdPtAl
synthesized earlier in the presence of H,S is being tested.
Due to membrane testing relocations, very restricted
membrane testing facilities have been available for several
months.

Schott continued development of glass ceramic
membranes based on results of membranes synthesized
by them and tested by GTI. A new melting protocol was
completed to produce larger quantities of material with
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greater homogeneous properties for permeability testing.
Total conductivity was measured. Electrical conductivity
results indicated Schott has fabricated highly-conducting
samples; however, this is likely a necessary condition,
though not sufficient, to ensure H permeation. Only direct
permeation measurements can address this point.

Glass membranes were obtained from Schott and tested
for hydrogen permeation. Unfortunately, these new samples,
processed using similar means as in 2008, did not yield
measurable H permeation at 800°C during testing at GTI.
Schott plans to focus on other Pd-containing glass-ceramics,
including Pd-Cu and Pd-Ag alloys, and subsequent submittal
of these materials for testing by GTI.

GTI continued to test membranes fabricated by GTI
and other team members as they become available. The
initial candidate membrane Pd-Cu was tested for long-term
stability at 800°C in syngas (20% hydrogen, 20% carbon
monoxide, 10% carbon dioxide, 10% water and 0.03 %
of hydrogen sulfide with balance of helium) atmosphere.
The membrane has 83% of initial hydrogen permeation
flux after 22 hours. The test was stopped due to a sealing
failure. New sealing techniques that can withstand a sour
atmosphere were researched.

Pd, Ta,, and Pd,,Cu, Ni,, foils were tested for hydrogen
permeation. The results show lower hydrogen permeability
as compared with initial candidate membrane (Pd,,Cu,).
Also, Pd,,Cu,, with thickness 5 microns was purchased.
Based on reverse dependence of hydrogen permeation with
thickness, we expect to increase hydrogen flux four times.
GTI continues to search for a new more promising alloy.

The design of a membrane module that is compatible
with the biomass gasifier was completed. The module must
be reliable, durable and cost-effective. The membrane
module is of planar design for the initial candidate
membrane (Pdy,Cu, ). Calculations were made to ensure
no diffusion limitation for hydrogen permeation process
and uniform gas distribution. Sealing was developed
to withstand high temperatures and high pressures
of operation. A support was designed to ensure high
mechanical stability. Wah Chang assisted in review of
membrane module design and their suggestions were
incorporated to the membrane module design. Figure 2
shows membrane module inside the pressure vessel.

*Syngas composition

*Biomass, Yields f ifi
'Oxvgenfair IE{ 5 rom‘g.;lsl er
“T, P, ete Reformer yields

UGAS®
software

T - temperature; P - pressure; WGS - water-gas shift

FIGURE 3. Process Modeling Scheme
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FIGURE 2. Membrane Module Unit in Pressure Vessel

A preliminary techno-economic analysis was performed
to determine the potential economic viability of hydrogen
production from biomass gasification using an initial
candidate membrane-Pd, Cu,, foil. Estimating the costs of
the process compared to the conventional technology can
determine the economic feasibility of a project. Also the
analysis is useful in directing research toward areas in which
improvements will result in the greatest cost reductions. As
the economics of a process are evaluated throughout the
life of the project, advancement toward the final goal of
commercialization can be measured.

Figure 3 shows the modeling software sequence for
process development and costing. RENUGAS® modeling
software output such as syngas composition, temperature,
pressure, etc was used as input data for the HYSYS®
software. The HYSYS model of the process was used to
determine the membrane area needed at the specified
process conditions for a given level of hydrogen recovery.
The Aspen model of the process was then used to determine
the stream flow rates and/or process heat duties for all the
process steps so that equipment sizes could be estimated.

*Total process
*Heat and Mass Balance
*Capital Cost Estimation
*Cost balance

*H;Flux@T &P
*Membrane area
*Gas composition from WGS

AspenPlus®
software

Il
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Sulfu’x l Conclusions and Future Directions

«  GTI and partners will continue to pursue
development of membranes with greater flux
and higher resistance to contaminants for the
best candidate membrane.

+  GTI will continue development of the
membrane gasifier process and full economic

HP - high pressure; LP - low pressure

FIGURE 4. Process Steps in Gasification with Hydrogen Selective Membrane

The capital cost basis was taken from the pressure swing
adsorption (PSA) advanced case [1], and capital cost
requirements were scaled from that for the membrane

cases. In all the cases, hydrogen compressors were included
to raise the pressure of the permeate hydrogen to 300 psi
for consistency with the PSA cases. Figure 4 shows that

the scope of the membrane process includes feed drying,
gasification, reforming with hydrogen recovery, heat
recovery, gas clean-up, combustion, and power generation.
The main conclusions for Task 2 “Process Development and
Techno-Economic Analysis” are:

«  Identified process variables affecting process economics.

«  Economic optimization was conducted for the variables
of reforming (membrane) temperature, permeate
pressure, and hydrogen recovery level for membranes
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analysis will be conducted.
*  Membrane module design was completed.
The module demonstrated a flux rate of 80+
SCFH/ft* and is capable of 125 SCFH/ft.
«  Fabrication of membrane module with initial candidate
membrane is in progress.
*  GTI will test feasibility of membrane module closely-
coupled with a biomass gasifier.

FY 2011 Publications/Presentations

1. Oral presentation (PD070) Roberts, 2011 Annual Merit
Review, Washington, D.C., May 9-13, 2011.
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Fiscal (FY) 2011 Objectives

«  To synthesize chemically and thermally stable
silicalite membranes with hydrogen permeance
>5 x 107 mol/m*s-Pa and H,/CO, selectivity >50.

«  To fabricate tubular silicalite membranes and membrane
reactor module suitable for membrane reactor
applications.

+  To identify experimental conditions for the water-gas
shift (WGS) reaction in the zeolite membrane reactor
that will produce a hydrogen stream with at least 94%
purity and a CO, stream with 97% purity.

Technical Barriers

This project addresses the following technical barriers
from the Production section (3.1) Hydrogen Production of
the Fuel Cell Technologies Program Multi-Year Research,
Development and Demonstration Plan:

(A) Reformer Capital Costs

(C) Operation and Maintenance (O&M)
(K) Durability

(N) Hydrogen Selectivity

(P) Flux

DOE Hydrogen and Fuel Cells Program

Technical Targets

This project is focused on fundamental studies of
zeolite membrane reactor for WGS reaction for hydrogen
production. Insights gained from these studies will be
applied towards the development of low-cost, high-efficiency
technology for distributed and central hydrogen production
that meets the following DOE 2010 hydrogen storage
targets:

«  Cost: $0.4/kg

+  Flux rate: 200 scfh/ft?

*  Hydrogen recovery: >80%

*  Hydrogen quality: 99.5%

+  Operating capability: 400 psi
*  Durability: 26,280 hr

FY 2011 Accomplishments

«  Modified silicalite/Zeolite Socony Mobil (ZSM)-5
bilayer membrane synthesized on the yttria-stablized
zirconia (YSZ)-coated alumina porous supports for
H,/CO, separation factor improvement.

«  MFI (zeolite structure code) membranes have negligible
water vapor permeance with H,/H,O selectivity
of about 100, and the presence of water vapor has
minimum effect on H, permeance and H,/CO,
selectivity.

*  High H,/CO, separation factor (25) and considerable
H, permeance (1.26x107 mol m” s™ Pa™') were obtained
on the modified silicalite/ZSM-5 bilayer membrane.

+  Developed alumina tubular porous supports coated with
YSZ barrier layer for stability improvement of tubular
MFI zeolite membranes.

+  Conducted WGS reactions in the modified disk MFI
zeolite membrane reactor at pressures up to 6 atm to
enhance the CO-conversion and hydrogen recovery.

«  Developed and characterized the most effective catalysts
for high-temperature (HT) WGS in the presence of
400 ppm H,S.

S T

Introduction

Gasification of biomass or heavy feedstock to produce
hydrogen fuel gas using current technology includes
partial oxidation to produce syngas, the WGS reaction
to convert carbon monoxide with water to hydrogen,
separation of hydrogen from the product stream, and
removal of water vapor and other impurities (such as H,S)
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from the CO, containing stream. Commercially, WGS is
normally conducted in two or more reactor stages with
inter-cooling to maximize conversion for a given catalyst
volume. Complete conversion of WGS is possible in a single
membrane reactor at high temperatures (~400°C). The
membrane removes product hydrogen from the reactor,
facilitating higher conversion at a given temperature.

This project is focused on experimental and theoretical
studies of the synthesis of a new hydrogen permselective and
thermally/chemically stable zeolite membrane and its use
in the membrane reactor for the WGS reaction to produce
hydrogen and CO, rich streams. The membrane reactor
system is designed for operation with feeds containing
sulfur or other biomass residual contaminants. The
zeolite membrane consists of a continuous thin (1-3 pm),
aluminum-free silicalite film without intercrystalline
micropores on a support with macroporous zirconia and
mesoporous silicalite intermediate layers. These composite
silicalite membranes in disk and tubular geometries were
prepared by a unique technique that combines several
synthesis methods including a template-free secondary
growth step. Research efforts were also directed towards
development of the cost-effective microwave method
to synthesize the MFI (a zeolite structure code) zeolite
(silicalite and high Si/Al ratio ZSM-5) membranes in disk
and tubular geometries.

A new catalyst was developed for the WGS reaction
under membrane reactor conditions. The final research
task is to perform experimental and modeling studies on the
performance of the WGS reaction in the membrane reactors
with the silicalite membranes and the catalyst developed in
this project. The results obtained in this project will enable
development of a large-scale one step membrane reactor
process for the WGS reaction for cost-effective production
of hydrogen to below $0.40/kg.

Approach

The approach used in this project is to study
fundamental issues related to synthesis of high quality,
stable zeolite membranes and a membrane reactor for WGS
reaction and hydrogen separation. The details of project
are to: (1) synthesize disk-shaped and tubular supports with
desired intermediate layers and silicalite membranes with a
template-free hydrothermal synthesis method; (2) optimize
the hydrothermal synthesis condition and perform thorough
permeation and separation characterization of silicalite and
ZSM-5 membranes; (3) perform chemical vapor deposition
for improvement of H, permselectivity; (4) develop a
microwave synthesis approach to more efficiently and
cost-effectively synthesize high quality silicalite membranes;
(5) obtain a new WGS catalyst with activity and selectivity
comparable to the best available commercial catalyst with
improved chemical stability for SO, and H,S containing
WGS reaction stream; and (6) develop methods to fabricate
a tubular membrane support with desired intermediate layers
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and a membrane module and sealing system for a tubular
membrane reactor that can be operated in WGS conditions.

Results

In order to obtain modified MFI zeolite membrane with
high H,/CO, separation factor, considerable H, permeance
and high chemical and thermal stability, a silicalite/ZSM-5
bilayer membrane consisting of a ZSM-5 top thin layer and
a silicalite bottom thick layer was synthesized on an alumina
support coated with a YSZ intermediate barrier layer. The
YSZ barrier layer was used to prevent the diffusion of AI**
from the alumina porous support into zeolite membrane
to improve the stability of the zeolite membrane. The
synthesized silicalite/ZSM-5 membrane was modified
through catalytic cracking deposition of methyl-diethoxy
silane (MDES) carried by equimolar H,/CO, mixture gas
at 450°C to improve the H,/CO, separation factor of the
membrane.

Figure 1 shows the variations of H,, CO, permeance
and H,/CO, separation factor during the on-stream
catalytic cracking deposition (CCD) modification of the
silicalite/ZSM-5 bilayer membrane at 450°C under H,/CO,
reducing environment. The H,/CO, separation factor of
the membrane was improved from 4.95 to 25.3 after CCD
modification for one hour and got stabilized, indicating that
the CCD modification process was fast which is consistent
with the previous observation on modification of MFI
zeolite disk membranes. The H, permeance decreased from
1.85x107 mol-m?®s™.Pa to 1.26x107 mol-m?s™.Pa with only
a reduction rate of 31.9%. The significant improvement of
H,/CO, factor with only modest reduction in H, permeance
is ascribed to the unique structure of the silicalite/ZSM-5
bilayer membrane. Because CCD of MDES precursor only
occurred in the ZSM-5 top thin layer instead of the entire
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FIGURE 1. On-stream CCD modification of the stability improved silicalite/
ZSM-5 bhilayer membrane on YSZ coated alumina porous support.
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diffusion channel along the membrane thickness direction,
the resistance for the gas diffusion through the modified
silicalite/ZSM-5 bilayer membrane is much smaller when
compared to the membrane with the entire diffusion channel
modified with MDES precursor. As a result, the H,/CO,
separation factor of the modified bilayer membrane was
improved significantly with only modest reduction in H,
permeance. The silicalite/ZSM-5 bilayer membrane is

being shifted to the tubular porous supports with a YSZ
intermediate barrier layer for stability improvement.

Understanding the effects of water vapor on gas
permeation and separation properties of MFI zeolite
membranes was important to the use of the zeolite
membranes in WGS. The effects of water vapor on H,
and CO, permeation and separation properties of ZSM-5
(Si/Al~80) zeolite and aluminum-free silicalite membranes
were studied by comparing permeation properties of H,
and CO, with the feed of equimolar H,/CO, binary and
H,/CO,/H,0 ternary mixtures in 300°C-550°C. For both
membranes, water vapor permeance was very low, with
H,/H,O selectivity about 100. The presence of water vapor
lowers H, and CO, permeance to the same extent, resulting
in negligible effect on the H,/CO, separation factor. The
suppression effect of water vapor on H, and CO, permeation
is larger for the less hydrophobic ZSM-5 zeolite membrane
than for the hydrophobic silicalite membrane, and, for both
membranes, is stronger at lower temperatures and higher
water vapor partial pressures.

The modified silicalite/ZSM-5 bilayer membrane with
improved H,/CO, separation property was packed with a
catalyst under WGS reaction conditions to examine the
long-term stability of the membrane. Figure 2 presents
the variations of CO-conversion and H, recovery of the
modified disk membrane reactor during the long-term
stability testing under WGS reaction conditions. The
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FIGURE 2. Results of stability tests (CO-conversion and H, recovery) of the

modified silicalite/ZSM-5 bilayer/YSZ membrane disk under water gas shift
reaction conditions, (at 500°C, H,0/C0=3, GHSV=60,000 h).
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stability testing was conducted at 500°C, gas hourly space
velocity (GHSV)=60,000, and H,0/CO=3. As can be seen
from this figure, the CO-conversion increased from 81%

to 85% for the first a few days because the catalyst was not
fully activated initially. After that, the CO-conversion kept
constant at a value of 85% over the entire long-term stability
testing period, indicating that the activity of the catalyst

was very stable at high temperature under WGS reaction
conditions. The H, recovery increased from 22.6% to 23.5%
with an increase rate of only 3.9% over the stability testing
for 28 days. These results also reveal that the modified
silicalite/ZSM-5 bilayer membrane reactor with an YSZ
intermediate barrier layer was very stable under WGS
reaction conditions.

To make good quality a-Al,O, tubular supports with
YSZ barrier layer for stability improvement of tubular MFI
zeolite membranes, the deposition of YSZ support layers
was investigated with commercial tubular o-Al,O; carriers
from Pall Corporation. The carrier tubes have inner and
outer diameters of 7 and 10 mm, respectively, and a specified
nominal pore size of 800 nm. A 10 wt% YSZ dispersion
was first prepared by dispersing 8 mol% yttria YSZ (TZ-8Y,
Tosoh Co.) in an aqueous suspension adjusted to pH 2 with
HNO,. The dispersion was then ultrasonically mixed with
a Branson Digital sonifier (Branson Ultrasonics Corp.) for
approximately 20 min and screened with 20 pm nylon mesh
to remove any agglomerates and external contaminants.

A polyvinyl alcohol (PVA) solution was prepared by mixing
3 wt% PVA (Celvol® 125, Celanese Chemicals) with pH 2
HNO,. The YSZ dispersion was then mixed with the PVA
solution in a 3:2 volume ratio and flow coated onto the
tubular carriers with an actuator speed of 10 mm/s and
residence time of 30 s. The coating procedure was repeated
a second time after waiting 30 s. The coated tubes were
allowed to dry overnight at room temperature and calcined
at 1,000°C for 3 hr with heating and cooling rates of
1.67°C/min.

Scanning electron microscopy (SEM) cross-sections
of the YSZ-coated Pall carriers are shown in Figure 3.
Figure 3 (a) illustrates the multilayer structure of the
modified Pall carriers. A single continuous YSZ coating is
observed on top of the two layer a-Al,O, substrate (with an
18 pm thick top layer). From the high magnification SEM
cross-section in Figure 3(b), the thickness of the YSZ coating
is estimated to be approximately 3 pm. After performing a
surface analysis of the coated Pall carrier (Figure 3(c)), the
YSZ coating was found to have a much smoother surface
than the uncoated carrier (Figure 3(d)). The YSZ-coated
tubular alumina porous supports have good quality for MFI
zeolite membrane synthesis.

During the reporting period, the work on catalysts
was focused on screening the best catalysts for HTWGS
reactions in the presence of 400 ppm H,S. Several different
kinds of ferrite-based HTWGS catalysts were synthesized
according to the procedure reported in the previous annual
report. The best HTWGS catalysts that can be used at
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FIGURE 3. Microstructure of the YSZ coated and uncoated alumina tubular support. (a) SEM cross-section of an YSZ
coating on a Pall tubular a.-Al0, carrier, (b) High magnification SEM cross-section of YSZ coating on a Pall tubular
carrier, (c) SEM surface image of an YSZ coating on a Pall tubular carrier, and (d) SEM surface image of an uncoated Pall
tubular carrier.

relatively low and high H,0/CO ratios in the presence of
H,S were selected and tested, respectively.

HTWGS reaction has been carried out over the catalysts
at temperature 500°C and compared with commercial
catalyst. WGS reaction was performed at low steam to
CO ratio (H,0/CO=1.5) in the presence of 400 ppm of
sulfur. A relatively high space velocity of 60,000 h™ was
maintained in all the experiments. On the whole, the WGS
operating conditions were chosen to mimic conditions
found in a membrane reactor. Before the reaction, all the
ferrite catalysts are activated in the presence of process gas
at 400°C for 4 h. The activation process was described in
our previous reports. WGS activity profile of Fe/Ce/Cr and
commercial catalysts for 30 days time on stream experiment
is presented in Figure 4(a) at steam to CO ratio of 1.5 and
400 ppm of H,S. Remarkably, Fe/Ce/Cr catalyst exhibited
excellent stability for 30 days. There is no decrease in CO
conversion within the permissible error during the 30 days
of reaction. On the other hand commercial catalyst started
to deactivate from the 4" day onwards. The deactivation
continued up to the 13" day and the catalyst became stable.
Hence, our shift activity results show that our Fe/Ce/Cr
catalyst exhibits better stability compared to the commercial
catalyst at specific activation and reaction conditions. The
excellent stability of Fe/Ce/Cr is due to the promotional
effect of ceria and stabilization effect of chromium.
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However, at high steam to CO ratio (H,0/C0O=3.5), the
Fe/Ce catalyst exhibited the best long-term stability with/
without the presence of 400 ppm H,S in the gas stream.
WGS activity profile of the Fe/Ce catalyst for 30 days
time on stream experiment is presented in Figure 4(b) at
a steam to CO ratio 3.5. Remarkably, the Fe/Ce catalyst
exhibited excellent stability for 30 days. The CO conversion
is decreased only from 84 to 80% during the 30 days of
reaction. The excellent stability of Fe/Ce is because both
iron and ceria undergo a facile charge transfer reaction
between Fe'' <> Fe'' and Ce'" <> Ce™ redox couples,
respectively; the synergism between the two couples could
be responsible for the improved WGS activity. Additionally,
at higher temperatures, the rapid transformation of oxygen
exchange between Ce**/Ce*" redox couple, as well as
the improvement in the oxygen storage capacity of ceria
will help the magnetite to keep its shift stability from CO
poisoning. The experiments were also carried out in the
presence of 400 ppm of sulfur to check the resistance of
Fe/Ce towards sulfur. Interestingly, Fe/Ce catalyst exhibited
excellent stability towards sulfur for 30 days as shown in
Figure 4(c). The Fe/Ce catalysts in the presence of sulfur
exhibited same activity as Fe/Ce catalyst in the absence of
sulfur. Here also, the CO conversion is decreased only from
83 to 79% during 30 days of reaction. These results reveal
that sulfur has no effect on the structure of Fe/Ce catalyst for
the WGS reaction.
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FIGURE 4. (a) Long-term stability of Fe/Ce/Cr and commercial catalysts at steam to CO ratio of 1.5 and 400 ppm of H,S, (b) long term
stability of the Fe/Ce catalyst at steam to CO ratio of 3.5 in the absence of H,S, and (c) long term stability of the Fe/Ce catalyst for at steam

to CO of 3.5 in the presence of 400 ppm of H,S.

The work conducted on zeolite membrane reactor
during the reporting period was focused on WGS reactions
in the modified zeolite disk membrane reactor at different
pressures (2~6 atm) with fixed GHSV and H,0/CO ratios.
MFI zeolite membranes were synthesized on the alumina
porous supports with a YSZ barrier layer for stability
improvement. The synthesized membranes were modified
through catalytic cracking deposition of MDES precursor for
H,/CO, separation factor improvement. HTWGS reaction
catalysts that can be used at relatively high and low H,0/CO
ratios were synthesized, respectively. The long-term stability
of the catalysts was tested with/without the presence of
400 ppm H,S in a fixed bed reactor.

The WGS reaction was performed at various feed
pressures (2~6 atm) and different temperatures (400-550°C)
in a modified disk MFI zeolite membrane. The permeate
side pressure was kept at 1 atm. Figure 5 presents the CO
conversion in the disk zeolite membrane reactor (MR)
at a fixed GHSV of 7500 h' as a function of pressure
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in comparison with the traditional reactor (TR) and

the previous results obtained from a tube MR (H,/CO,
separation factor ~40). At all temperatures, the CO
conversion in the disk MR was increased when feed pressure
increased from 2 to 6 atm (constant permeate pressure of

1 atm) because high feed pressure increases AP,,, the driving
force for H, permeation that in turn increases H, removal
from the catalyst bed. In the TR, the dependence of the

CO conversion on the reaction pressure was not significant,
with a slight increase in CO conversion of <2%. The CO
conversion in disk zeolite MR was higher than that in TR and
also higher than the equilibrium CO conversions at 500°C
and 550°C, indicating that faster reaction rate and higher

H, permeance under higher temperature facilitated the

WGS reaction to overcome the equilibrium CO conversion.
As temperature increased, the CO conversion in disk MR
increased gradually to the level of CO conversion in tube MR
which has better quality than disk membrane. This suggests
that the membrane quality becomes less influential on the
MR performance when temperature is sufficiently high.
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Conclusions and Future Directions

Conclusions

Silicalite/ZSM-5 bilayer membrane consisting of a
silicalite bottom thick layer and a ZSM-5 top thin layer
was synthesized on the alumina porous supports coated
with YSZ barrier layer for stability improvement.

The modified silicalite/ZSM-5 bilayer membrane
exhibited high H,/CO, separation factor and
considerable H, permeance.

Alumina tubular porous supports with YSZ barrier
layer for stability improvement were obtained through
optimization of a flow coating procedure.

Several different kinds of ferrite-based catalysts were
synthesized and tested in a fixed-bed reactor. The long-
term stability of the best sulfur-tolerant HTWGS catalyst
was tested in the presence of 400 ppm H,S.
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+ WGS reactions were conducted in a modified disk
membrane at pressures up to 6 atm to obtain higher
CO-conversion and hydrogen recovery.

Future Work

«  Test the long-term stability of the modified silicalite/
ZSM-5 bilayer membrane under WGS reaction
conditions in the presence of 400 H,S.

«  Synthesize and modify the silicalite/ZSM-5 bilayer
membrane on the alumina tubular porous supports
coated with YSZ barrier layer.

+  Conduct WGS reactions in the modified MFI zeolite
membrane reactor at pressures up to 20 atm.

*  Perform the atmospheric kinetics by using the best
catalytic system Fe/Ce/Cr for HTWGS and determine
kinetic parameters for that catalyst.

«  Economic evaluation of the project results to validate
the scale up and operation in an industrial scale.

DOE Hydrogen and Fuel Cells Program



II.C Hydrogen Production / Separations

Lin — Arizona State University

FY 2011 Publications/Presentations

Journal Papers

1. M.C. Schillo, L.S. Park, W.V. Chiu and H. Verweij, “Rapid
Thermal Processing of Inorganic Membranes,” J. Membrane Sci.,
362, 127-133 (2010).

2. X.F. Zhu, H.B. Wang, and Y.S. Lin, “Effect of the Membrane
Quality on Gas Permeation and Chemical Vapor Deposition
Modification of MFI-Type Zeolite Membranes”, Ind. Eng. Chem.
Res. 49, 10026-10033 (2010).

3. G.K Reddy, K. Gunasekara, P. Boolchand, and

P.G. Smirniotis, “Cr - and Ce - Doped Ferrite Catalysts for
the High Temperature Water-Gas Shift Reaction - TPR and
Mossbauer Spectroscopic Study”, J. Phys. Chem. C, 115,
920-930 (2010).

4, Z. Tang, S.J. Kim, G.K. Reddy, J.H. Dong and P. Smirniotis,
“Modified zeolite membrane reactor for high temperature water
gas shift reaction”, J. Membr. Sci., 354, 114-122 (2010).

5. H.B. Wang and Y.S. Lin, “Effects of Synthesis Conditions
on MFI Zeolite Membrane Quality and Catalytic Cracking
Deposition Results”, Microporous and Mesoporous Materials,
142, 481-488 (2010).

6. G.K. Reddy, and P.G. Smirniotis, “High Temperature WGS
Reaction over Copper Doped Fe/Ce and Fe/Cr Catalysts”,
Catalysis Letters 141, 27 (2011).

7. G.K. Reddy, K. Gunasekara, P. Boolchand, J. Dong and

P.G. Smirniotis, “High temperature water gas shift reaction over
nano crystalline copper co-doped modified ferrites”. J. Phys.
Chem. C, 115, 7586-7595 (2011).

8. H.B. Wang and Y.S. Lin, “Effects of water vapor on gas
permeation and separation properties of MFI zeolite membranes
at high temperatures”, AICKE Journal, 2011, DOI: 10.1002/
aic.12622.
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Conference Presentations

1. Y.S. Lin, “Zeoltie membranes for high temperature gas
separations”, Plenary Lecture, 2010 Chemical Engineering
Conference, Amman, Jordan, Oct.10-13, 2010.

2. H.B. Wang and Y.S. Lin, “Improving H,/CO, separation
factor of MFI zeolite membranes through catalytic cracking
deposition of silane”, Gordon Research Conference: Membrane
Materials and Processes, (Poster) New London, NH, July 25, 30,
2010.

3. Y.S. Lin and H. B. Wang, “Effects of water vapor on gas
separation properties of zeolite membranes,” ACS National
Meeting, Anaheim, CA, March 26-30, 2011.

4. H.B. Wang, Y.S. Lin, “Synthesis and catalytic cracking
modification of silicalite/ZSM-5 bilayer membrane”, NAMS
Meeting, Las Vegas, NV, June 4-8, 2011.

5. S. Kim, J. Provenzano, Z. Xu, G. Reddy, P. Smirniotis,

J. Dong, “High temperature water gas shift reaction in a
modified zeolite membrane reactor: effect of operation pressure
and long term stability”, NAMS Meeting, Las Vegas, NV, June
4-8,2011.

6. S. Kim, J. Provenzano, Z. Xu, G. Reddy, P. Smirniotis,

J. Dong, “Water gas shift reaction of simulated syngas in a
zeolite membrane reactor”, NAMS Meeting, Las Vegas, NV,
June 4-8, 2011.
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Fiscal Year (FY) 2011 Objectives

«  Develop a highly efficient, low-temperature membrane-
based bench-scale water-gas shift (WGS) reaction
process, test it at pilot scale, and demonstrate the
process in a field test unit.

«  Screen existing membranes and modify the membranes
for the proposed process and reactor.

«  Determine hydrogen production costs and define system
integration requirements for commercialization.

«  Reduce capital and operating costs for distributed
hydrogen production applications.

Technical Barriers

This project addresses the following technical barriers
as presented in Section 3.1 Hydrogen Production Technical
Plan, Fuel Cell Technologies Program, Multi-Year Research,
Development and Demonstration Plan for 2005 to 2015
(updated October 2007):

(K) Durability

(L) Impurities (Hydrogen Quality)

(M) Membrane Defects

(N) Hydrogen Selectivity
(P) Flux

(R) Cost

FY 2011 Annual Progress Report

Technical Targets

The WGS reaction is considered one of the least
efficient unit operations for hydrogen production via steam
reforming. This project focuses on developing a highly
efficient, low-temperature, low-cost membrane-based WGS
reaction process. 2010 Technical Target values for dense
metallic membranes include:

+  Flux Rate - 250 scfh/ft* at 20 psig pressure

+  Membrane Material and All Module Costs - $1,000/ft
of membrane

*  Durability - 2,680 hours

+  Operating Capability - 400 psi

*  Hydrogen Recovery - >80% (of total gas)
+  Hydrogen Quality - 99.99%

FY 2011 Accomplishments

«  Verified palladium (Pd) membrane bundle performance
and separation properties at pilot plant and end-user site.

+  Confirmed Pd membrane bundles long term thermal
cycling stability in nitrogen are similar to results for
single membrane tubes (~20°C to 350°C).

+  Developed a post treatment hydrogen product purity
strategy that reduced 300, 70 and 10 ppm CO in
hydrogen to 16, 1.2 and 0.3 ppm respectively.

+ Identified a potential alloy for upgrading our Pd
membrane product that will support improved stability
during cooling in the presence of hydrogen.

S R R

Introduction

Membrane separation traditionally has been considered
a simple, low-cost and compact process. At the same time,
the WGS reaction is one of the least efficient unit operations
for hydrogen production via steam reforming. This project
will focus on the development of technology components
associated with a WGS reactor/separator membrane
process to enhance the hydrogen production efficiency for
distributed hydrogen production.

Pd membranes, one set of dense metallic membranes,
are capable of delivering high purity hydrogen product with
a high recovery ratio. Specifically, this project will fabricate
tubular Pd membranes by depositing Pd thin film over a
ceramic substrate and bundling the tubes into a reactor.
During 2010-2011, a test quantity of Pd membrane bundles
suitable for packaging into the membrane reactor were
field tested. The project target of producing a hydrogen
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product stream with <<10 ppm CO was achieved. Also,
an evaluation of a series of Pd-alloy foils established the
fundamental basis for the development of a Pd-based

membrane with cooling stability in the presence of hydrogen.

Further confirmation through field testing will be pursued in
FY 2011-2012.

Approach

Our overall technical approach includes three steps as follows:

1. Bench-Scale Verification

-  Evaluate membrane reactor: use existing membrane
and catalyst via math simulation.

- Experimental verification: use upgraded membrane
and existing catalyst via bench unit.

—  Validate membrane and membrane reactor
performance and economics.
2. Pilot Scale Testing

—  Prepare membranes, module, and housing for pilot
testing.

—  Perform pilot-scale testing.

—  Perform economic analysis and technical
evaluation.

- Prepare field testing.

3. Field Demonstration

— Fabricate membranes and membrane reactors and
prepare catalysts.

—  Prepare site and install reactor.
- Perform field test.
—  Conduct system integration study.

—  Finalize economic analysis and refine performance
simulation.

Results

1. Produced an 11-tube 24-Inch Length Second
Generation Pd Membrane Bundle

Ceramic-based Pd membrane tubes were successfully
developed and tested previously. In addition, a membrane
bundling technique was developed for potting these tubes
into a bundle for packaging into a membrane housing for

commercial use. Over the last year, several Pd membrane
tube bundles have been produced and evaluated, and these
bundles will be packaged into the membrane reactor for
field testing to demonstrate the proposed WGS membrane
reactor in FY 2012. Table 1 shows the performance of the
four bundles produced. One of these bundles (Pd-B-4)

was evaluated for its mixed gas performance. Mixed gas
testing was conducted at ca. 380°C using an 80/20 vol%
H,/Ar blend. The H, permeance and H,/Ar selectivity in the
mixture were 7.1 and 1,220 m*/m*/hr/bar, respectively, and
are consistent with the pure component result. Furthermore,
the performance of these Pd membranes has been confirmed
in field testing at our end-user facility using both synthetic
and actual reformate.

2. Tested Thermal and Thermal Cycling Stability of
Our Pd Membrane Tube Bundles

This year membrane tube bundles were subjected to
thermal and thermal cycling stability testing similar to testing
performed last year on Pd membrane tubes for >2,500
hours (see Figure 1). About 140 thermal cycles between
25 and 350°C have been performed. The Pd membrane
bundle maintains its excellent H,/N, selectivity of ~4,000.
Separately the thermal stability of the membrane bundle
was tested for ~400 hours. The bundle maintains its
hydrogen permeance of ~15 m*/m*/hr/bar and selectivity of
10,000 - 15,000 at 350°C. This thermal stability test will be
continuing into the next year. In summary, the thermal and
thermal cycling stability of the Pd membrane tube bundles
are excellent, similar to the tubes tested previously, and the
improved performance is, in part, the result of the potting
technique developed for the proposed applications.

3. Demonstrated H, Post-Treatment CO Reduction in
the WGS-Membrane Reactor

Our previous bench-top WGS membrane reactor
experimental study demonstrated the ability of our
membrane to reduce CO contamination of hydrogen to
50 ppm or below, depending in part upon the degree of
hydrogen recovery, and the transmembrane pressure drop.
During this year, we have developed a post-treatment
technique that is to be integrated into our membrane reactor
to further reduce the CO level. Our experimental study
demonstrated the reduction of CO from 50-300 ppm to
~0.3 to 16 ppm respectively, as illustrated in Figure 2. In

TABLE 1. Pure Component Permeance and Selectivity of the Pd Bundles Prepared and Tested during 2010-2011

Bundle ID Tube Count Temperature Pressure H, H,/N, Comments
() (#) (°C) (psig) (m*/m?/hr/bar) ()
#1 " 336 2.6 6.1 1,100 Broken
#2 14 337 2 9.8 1,600
#3 14 338 2 7.9 780
#4 14 337 2 6.2 1,800
DOE Hydrogen and Fuel Cells Program 54 FY 2011 Annual Progress Report
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Thermal Stability of Pd Membrane: Pd-1500H-2 @ 350°C
Thermal Stability of Pd Membrane: Pd-1500H-2 @350°C ®
oo 20 =
: 18 F Emm &
2 S . 5
= oo - = —5 = w2 | |5E= :
E L n B _ = 145_ ¥ o0 o T el 3
E | E =
] 0.008 #MN2(250C) 2 3 :’ 5,000
g r10 s
z WH2({350C) = 0
E 0.00¢ mr H o 100 200 400 S0
o t B = Thne (howrs)
3 =
o 0 s et e g ey
R L2 Test Condition
0 T T . 0
0 100 200 300 400 500 o - .
Time (hours) 350°C in N2 and Ambient Pressure
Thermal Cycling Stability of Palladium Membrane: Pd-1500-263 Thermal cycling Stability of Palladium Membrane: Pd-1500-253
oo 10 LS .
& - 5000 w L
8 KA (IR .
_ 0o08 4 x - (e oo e TR T
2 ama Ay a4 4 i AL - § oom . *
& A i = ]
Eoooe f— & = PUR s 3 ™
E = 2 om
g #N2{350C) g
E 0.004 | Iy : o - . . . . - ., ._ " 4
E AH2{350C) g C 2 & @ « . Ir?‘_ II:tJ 0 160 180 2
K z o, of Cycles [
& =
0.002 feoy 2 - . ” : - .
peete SR g Y W Y X I'est Condition for Each Cvcle
. . 25 —350°C in N, for 3 hrs; then
0 . ] a0 [=1] @ 100 120 140 160 180 200 350°C in N2 for 2 hl’S; then
Ho. of Cyeles 1] 350 —25°Cin N; for 2 hrs

FIGURE 1. Evaluation of Thermal and Thermal Cycling Stability of the Pd Membrane Tube Bundles

the upcoming year, we will perform WGS membrane reactor
runs integrated with this post treatment to demonstrate the
reduction of CO in the final product to <<10 ppm.

4. Cooled Pd Membranes in the Presence of Hydrogen

The application selected by our end-user requires the
ability to cool the membrane in the presence of residual

CO Contaminantin the Hydrogen Stream Produced from WGS-MR
As shown in our previous membrane reactor study, our palladium membrane has
been able to deliver a hydrogen product stream with ~50 ppm CO using our standard

Pd membrane as a reactor.

Our Proposed Solution to Reduce CO Contaminant Level
A post treatment strategy has been developed and experimentally demonstrated on
the technical feasibility in reducing CO contaminantto an extremely low level, such as

<10-1 ppm as shown below

Concentration of CO in Feed [ppm] | Residual CO in Product [ppm] W/F [g catalyst/(mol CO/hr)]
300 16 4,148
70 11 17,778
50 03 24,889

Activities Planned in 2011

*demonstrate this post treatment strategy in conjunction with our WGS-MR.
« further incorporate this post treatment into our WGS-MR as an integrated

membrane reactor.

FIGURE 2. Post-Treatment for Reduction of CO Contaminant Level in Hydrogen Produced from our WGS-

Membrane Reactor

FY 2011 Annual Progress Report
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hydrogen following shut-down of the hydrogen generator.
Although this is a very desirable feature for the commercial
use of the Pd membrane, very few literature studies have
addressed this issue. The pure Pd membrane such as

those we have produced thus far failed to maintain their
membrane materials stability through cooling from 350 to
25°C in the presence of hydrogen. This year we conducted

a laboratory evaluation study using commercially available
Pd alloy flat discs to determine the alloy formula required

to sustain the cooling cycle. The results of our evaluation
for the Pd-Ag (23%) and Pd-Cu (40%) alloys are presented
in Figures 3 and 4. No damage through the cooling test for
both alloys was observed under visual and scanning electron
microscope examination. However, the H,/N, selectivity

Before

After

FIGURE 3. Evaluation of Pd Alloy Flat Discs for their Cooling Stability in the Presence of Hydrogen Required by Our Target Applications

H,and N, permeances of the Pd-Ag(23%) alloy (left) and Pd-Cu(40%) alloy (right) flat disc membranes
following thermal cycling between RT and 350°C with cooling in hydrogen.
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FIGURE 4. Evaluation of Pd-Ag vs. Pd-Cu for the Cooling Stability in the Presence of Hydrogen
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for the Pd-Ag alloy deteriorates severely after 3-4 cycles
while the Pd-Cu remains intact (i.e., N, permeance

<0.01 m*/m?/hr/bar) for up to 60 cycles. In addition when
the Pd-Au alloy was used in the Pd membrane considerable
damage was exhibited throughout the test. In summary,
we believe the Pd-Cu (40%) offers a fundamental basis for
us to prepare a supported Pd membrane which can sustain
the cooling in the presence of hydrogen. We will pursue
fabrication of the Pd-Cu alloy membrane on our ceramic
support in FY 2012.

Conclusions and Future Direction

« A newly developed potting technique has enabled
packaging low-cost Pd membrane tubes into
commercially viable bundles.

*  Both pilot and field tests confirmed the separation
efficiency of the Pd membrane bundles is similar to the
performance of single membrane tubes.

«  Bench-top feasibility tests indicate that the new post
treatment strategy should reduce CO contamination to
well below 10 ppm.

« A full-scale membrane reactor packed with our
Pd membrane bundles and equipped with internal
cooling coils has been designed and is currently under
fabrication for the field test to be conducted in 2011.

+  Commercially available Pd alloy foils of Pd-Ag (23%)
and Pd-Cu (40%) remain intact through multiple
cooling cycles, suggesting that Pd-Cu alloy could
produce cooling stability for the reactor in the presence
of hydrogen. This cooling stability is a desirable feature
for our target application.

FY 2011 Annual Progress Report
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Our FY 2012 activities will be focused on the following areas:

+  Complete fabrication and field test the full-scale
membrane reactor packed with the Pd membrane
bundles and equipped with cooling coils.

« Integrate the post-treatment strategy into the membrane
reactor to deliver hydrogen product with <<10 ppm CO.

«  Conduct a field test with the use of the membrane
reactor at the participating end-user site.

«  Develop the third generation Pd membrane with the
cooling stability in the presence of hydrogen.

FY 2011 Publications and Presentations

1. Abdollahi, M., Yu, J., Liu, P.K.T, Ciora, R., Sahimi, M., and
Tsotsis, T.T., “Process Intensification in Hydrogen Production
from Syngas,” Ind. Eng. Chem. Res., 49, 10986, 2010.

2. Tsotsis, T.T., Sahimi, M., Fayyaz-Najafi, B., Harale, A., Park,
B.G., Liu, PX.T., “Hybrid Adsorptive Membrane Reactor,” U.S.
Patent 7,897,122, March 1, 2011.

3. Abdollahi, M., Yu, J., Liu, PK.T,, Ciora, R., Sahimi, M., and
Tsotsis, T.T., “Ultra Pure Hydrogen Production from Reformate
Mixtures using a Palladium Membrane Reactor System,’
submitted to J. Membrane Sci.
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Fiscal Year (FY) 2011 Objectives

The overall project objective is the development,
demonstration and economic analysis of a Pd-alloy membrane
that enables the production of 99.99% pure H, from reformed
natural gas as well as reformed bio-derived liquid fuels such
as ethanol at a cost of $2-3/gasoline gallon equivalent by
2011. The specific objectives for the past year were:

+  Conduct long-term durability testing of Pd-alloy
membranes in syngas/water-gas shift (WGS) reaction
environments meeting Phase III performance goals.

«  Determine the optimal Pd-alloy membrane composition
and thickness to assure stable performance with respect
to product hydrogen flux and purity in WGS reaction
environments.

«  Scale up the substrate and membrane synthesis
processes to 12” elements.

«  Design and fabricate multi-tube modules minimizing
concentration polarization effects at high hydrogen
recoveries.

*  Work with an end user to compare cost/performance of
a membrane-based system to pressure swing adsorption
(PSA) and solvent-based systems for large-scale
hydrogen production with CO, capture.

DOE Hydrogen and Fuel Cells Program

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan and the technical targets indicated
in Table 1:

(K) Durability

(L) Impurities (Hydrogen Quality)
(M) Membrane Defects

(N) Hydrogen Selectivity

(O) Operating Temperature

(P) Flux

(Q) Testing and Analysis

(R) Cost

TABLE 1. Applicable Technical Targets for Dense Metallic Membranes and
Current Project Status

Performance Criteria 2010 2015 Pall Status
Target Target 2011
Flux SCFH/ft> @20 psi AP H, 250 300 270*
partial pressure and 15 psig
permeate side pressure
Membrane Cost, $/ft? $1,000 <$500 <$1,000
(including all module costs)
AP Operating Capability, 400 400-600 >600 PSI
system pressure, psi
Hydrogen Recovery >80 >90 >80
(% of total gas)
Hydrogen Permeate Quality 99.99% >99.99% | 99.999%***
Stability/Durability 2 years >b5 years To be
determined

*Maximum observed. Averaged over more than 20 samples ~190 scfh/ft.

** Measured on a 50%H,/21%H,0/up to 3.5% CO/balance CO, mixed gas stream.
Hydrogen flux and recovery measurements are planned with other impurities
starting in mid-2009. The experimentally observed recovery is determined by
chosen operating conditions and is not necessarily a limit of the membrane
performance.

*** Projected purity based on H,/N, ideal selectivity.

FY 2011 Accomplishments To Date with Specific Barriers
Addressed

«  Determined optimal Pd-alloy membrane composition
as Pd, Au , to assure stable performance with respect
to product hydrogen flux and purity in WGS reaction
environments (K, L, N, P, Q).

+ Increased membrane operating capabilities to 400 psi
at 550°C through use of 310SC stainless steel tubular
substrate.
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«  Optimized and scaled up the membrane and diffusion
barrier coating process to 12-inch lengths. The substrate
tube manufacturing capability is up to 1 m length (N, R).

+  Developed a commercial welding process for non-
porous fittings to porous tubes (N, R).

*  Met Phase III performance goal demonstrating up to
500 hours of durability testing on Pd-alloy membranes
in syngas/WGS reaction environments meeting Phase
III performance goals (K, L, N, P, Q).

«  Observed high mixed gas hydrogen flux rate
(145 scth/ft*>-atm®’) and high hydrogen purity (<99.95%)
for up to 120 hours at an operating feed side pressure of
>200 psig (K, L, N, P, Q).

+  Observed a reversible H, flux decline with H,S exposure
during testing with low concentration H,S exposure (K,
L,N, P, Q).

«  Demonstrated membrane performance stability with
thermal cycling (50-400°C) (K, Q).

«  Showed an achievable end-user cost of less than
$1,000 per ft* of area for a stand-alone membrane
separator device (R).

«  Minimized concentration polarization effects while
maintaining high hydrogen recoveries for a 12-tube,
12-inch long, multi-tube module (P, R).

«  Directed Technologies, Inc. calculated that a membrane-
based process can enable cost reduction through process
intensification and that the hydrogen production cost
target of $3/kg is achievable. The capital equipment
cost estimate is based on sale price to the end user for
membrane in a module (R).

S R

Introduction

This project is focused on optimizing the overall
composition of the Pd alloy, intermediate layers and tubular
support, as well as on the manufacturing methods required
to produce a very thin, high-flux, cost-effective membrane for
H, separation and purification on a robust, porous, inorganic
substrate. The substrate' is readily scalable to high volume
production as it is manufactured in long lengths. Robust high
area modules can be made by welding multiple tubes into a
pressure vessel, eliminating low temperature seal materials.

Approach

The approach is to further develop and optimize the
performance of Pd alloy membranes that have been shown
to have both high flux rate and high separation factor for
H, from reformate. This is being accomplished by design
of a composite membrane based on robust, tubular, porous
metal media as a substrate. The substrate is modified by
the addition of a uniform, fine pore size diffusion barrier

! Pall’s AccuSep” inorganic media

FY 2011 Annual Progress Report

layer. The deposition methods are modified to produce a
thin, uniform, functional gas separation Pd-alloy membrane
layer. The project plan includes commercial scale up of the
high quality porous metal substrate and diffusion barrier
layer that enables the development of a technically and
economically viable composite membrane. Membrane
alloy composition and thickness is optimized for assuring
high hydrogen flux and selectivity as well as long-term
durability with tolerance to contaminants. The membrane
performance is determined under typical operating
conditions for a reformed natural gas or bio-derived liquid
fuels stream. The H2A model, modified to incorporate

a membrane reactor design, is used to verify economic
viability. Our plan is to confirm an increase in the overall
energy efficiency of a H, reforming system through the use of
membrane technology for process intensification. Economic
modeling is conducted to determine the cost benefit of

an integrated membrane reactor that results from fewer
pressure vessels and reduced catalyst volumes. An end user
is conducting system economic and energy analyses and
comparing the results to PSA and amine-based systems.

Results

Membrane Development

The process for depositing ceramic on the porous metal
tubes was modified to increase the diffusion barrier substrate
surface roughness and eliminate potential film stresses and
membrane film delaminations observed in some of the
earlier composite Pd-alloy membrane samples. Synthesis of
membrane with varying thickness in 3 to 9 micron range and
Pd-Au alloy composition in 0-30% Au range were prepared
for determining optimal membrane composition and
thickness for long-term stable membrane performance.

The substrate as well as Pd-alloy composite membrane
synthesis processes were successfully scaled up to prepare
elements of 12” overall length with 10” active membrane
length. The scaled up membranes were tested to confirm
their hydrogen separation performance as observed in
shorter (2” active length) membranes. Several 12” overall
length ceramic porous metal AccuSep® substrates were
prepared and composite Pd-alloy membranes are being
prepared for assembling them in a multi-tube module and
testing in WGS environment. For the 12-tube module
assembly, eight Pd-alloy membranes are complete while five
more are currently being fabricated.

Membrane Durability Testing in WGS Streams and
Membrane Optimization

Extensive testing of Pd-alloy membranes in pure
gas streams and in methanol/natural gas reformate
environments was conducted for parametric evaluation of
their performance. For example, effect of concentration
polarization and CO concentration was observed in another
test with a Pd,;,Au, membrane of 8 pm thickness with three
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different feed gas mixtures consisting of H,/Ar, H,/Ar/steam
and WGS mixture (50% H,, 25%CO,, 20% H,0, 5%CO -
WGS-5) at 400°C and 132 psi feed pressure with a feed flow
rate of 2,000 mL/min. The permeate pressure was 17 psia.
The results shown in Figure 1 indicated a H, flux reduction
due to the concentration polarization effect of ~20%, with
an additional flux reduction of 20% due to CO.

The standard WGS composition was determined to be
insufficient to cause a decline in flux or H, purity of most
of the membranes for determination of the optimum alloy
composition or thickness. For example, a 2.2 micron thick
Pd, Au,; alloy membrane on Pall Accusep® support was
tested in WGS with high CO content and steam to CO ratio
of 1:1 (50% H, 10% CO,, 20% CO and 20% steam - WGS-
20). Temperature was varied between 400°C and 450°C.
This composition also was determined to be insufficient to
cause a decline in flux or purity and stable permeance and
purity performance over ~400 hours is shown in Figure 2.
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FIGURE 2. Stable Membrane Performance in WGS-5 and WGS-20 Syngas
Conditions
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To facilitate rapid durability evaluation of several alloy
compositions an accelerated life test based on an aggressive
variant of the WGS composition was tested and determined
to be sufficient to cause a decline in the H, purity and
H, recovery in the 100 hour range. The accelerated test
conditions use a WGS gas mixture without any steam (50%
H,, 30% Ar, 20% CO - WGS-20D). As shown in Figure 3,
a linear decrease in permeate purity was obtained in approx
100 hours for the same membrane referenced in Figure 2.
Evaluation of two sets of three membranes with varying
alloy composition were tested with results given in Table 2.
One membrane of each composition was tested at each
location. From the performance in WGS20D the Pd, Au,
alloy was selected for next durability tests.

TABLE 2. Performance evaluation of membranes of varying alloy
compositions in accelerated test conditions for a minimum of 100 hours.

Thickness Au content Purity Decline
(micron) (wt%) (ppm/day)

3.0 0 42
4.1 0 74
4.0 9 0

39 1" 6

3.6 20 356
3.6 24 652

Module Development

A major advantage of using the porous metal AccuSep®
is the ability to weld individual membrane elements in
a metal tube sheet similar to the conventional shell and
tube architecture. However, a multi-tube module must be
designed to minimize the concentration polarization effect
typically observed at high hydrogen recoveries. Different
concepts of multi-tube membrane module design were
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FIGURE 3. Membrane Degradation in WGS-20D Syngas Conditions
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evaluated to overcome concentration polarization effects?.
Multi-tube modules were fabricated and tested to confirm
hydrogen flux and recovery as predicted by the model shown
in Figure 4. A test facility with a feed gas flow capacity of
200 liters/minutes needed for testing the performance of the
12-tube module is being assembled.

System Economic and Energy Analysis

The end user conducted a techno-economic study to
compare Pd-membrane-based process to competing PSA and
solvent scrubbing-based processes for large-scale hydrogen
production (~36,000 kg/hr) from natural gas with CO,
capture. This analysis assumed an autothermal oxygen-
blown reforming of natural gas to provide hydrogen-rich
reformate gas for further processing by the three option
processes considered. A two-stage cascade of WGS reactor/
membrane separator was found to be able to provide the
desired 90% H, recovery with 90% H, purity. Utilization
of an inert nitrogen sweep gas stream in the second stage
was necessary to achieve the target 90% recovery from the
reformate gas mixture generated by autothermal reforming
of natural gas. The amount of sweep gas that could be used
was dictated by the requirement of achieving the 90% target
hydrogen purity. Pall Corporation provided estimates of
total membrane area needed to produce 36,000 kg/hr of
hydrogen. The total costs of the membrane system were
estimated assuming utilization of 2,000-tube modules. This
analysis included the costs of sequestration-ready CO,
capture in addition to that would be needed for just the
hydrogen production. As a result additional equipment was
needed to be incorporated increasing the costs of processes
based on hydrogen separation, i.e. PSA and membrane-based
processes, significantly increasing the costs of those processes
when compared to the amine scrubbing option. This report
is being reviewed to modify the analysis to conform to the

2The resultant module designed to reduce concentration
polarization was developed using Pall Corporation’s internal funds
in a separate project.

80 7150 71,61
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Polarization Device

FIGURE 4. Multi-Tube Module Design with Minimization of Concentration
Polarization
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goals of hydrogen production in our DOE contract. A
separate report is being prepared for DOE’s review.

Conclusions

+  Eliminated delaminations and improved membrane
quality by optimizing the substrate/diffusion barrier
substrate process.

«  The PdAu alloy membranes were stable in a standard
WGS stream environment.

+  Developed more aggressive gas stream compositions
to accelerate a decline in membrane performance in a
reasonable time.

+  Verified long-term durability of the optimal
Pd,,Au,jalloy composition.

Future Plans

+  Complete membrane optimization tests to determine
both the optimum membrane composition and thickness
to assure long-term durability in WGS reaction
environments.

+  Demonstrate additional long-term durability to meet
Phase III goals using membranes with optimum
composition and thickness.

«  Complete fabrication of 12-inch overall length PdAu
membranes for the multi-tube module assembly and test
a module with at least six tubes.

+  Demonstrate multi-tube module performance is close to
single-tube performance.

+  Complete the techno-economic analysis of the
membrane-based hydrogen production process.

FY 2011 Publications/Presentations

1. @. Hatlevik, M.K. Keeling, K. Rekczis, ].D. Way, “ High
carbon monoxide test conditions for accelerated qualitative
evaluation of palladium gold alloy membranes for use in CO,
capture from water-gas-shift mixtures ;” presented at the North
American Membrane Society annual meeting, Las Vegas, NV,
June 2011.

2. Hatlevik, 0., Gade, S.K., Keeling, M.K., Thoen, P.M. and
].D. Way, “ Palladium and Palladium Alloy Membranes for
Hydrogen Separation and Production: History, Fabrication
Strategies, and Current Performance,” Separation and
Purification Technology, 73, 59-64(2010).

3. A. Damle, “Commercialization of Pd Membrane for H,
Production,” presented at the Fuel Cell Seminar, San Antonio,
TX, October, 2010.
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Joseph Schwartz

Praxair, Inc.

175 East Park Drive

Tonawanda, NY 14150

Phone: (716) 879-7455

E-mail: Joseph_Schwartz@Praxair.com

DOE Manager

Elaine Everitt
Phone: (304) 285-4491
E-mail: Elaine.Everitt@netl.doe.gov

Contract Number: DE-FE0004908

Subcontractors:

+ Colorado School of Mines (CSM), Golden, CO
» T3 Scientific, Blaine, MN

Project Start Date: October 1, 2010
Project End Date: Project continuation and
direction determined annually by DOE

Fiscal Year (FY) 2011 Objectives

«  Demonstrate hydrogen transport membrane
performance in syngas derived from coal or coal-
biomass.

«  Separate 800 scfh of hydrogen from syngas.

«  Design a membrane reactor to separate at least
4 tons/day of hydrogen from a large-scale gasifier.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(K) Durability

(L) Impurities

(M) Membrane Defects
(P) Flux

(R) Cost

DOE Hydrogen and Fuel Cells Program
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Technical Targets

TABLE 1. Progress towards Meeting Technical Targets for Dense Metallic
Membranes for Hydrogen Separation and Purification®

Performance Units Status 2010 2015
Criteria Target Target
Flux Rate® scfh/ft? >200 250 300
Module Cost $/ft? of 1,000 1,000 <500
(including membrane
membrane
material)°
Durability® hr <8,760 26,280 >43,800
Operating psi 300 400 400-600
Capability®
Hydrogen % 88 >80 >90
Recovery
Hydrogen % of total (dry) | > 99.98 99.99 >99.99
Qualityf gas

“Based on membrane water-gas shift reactor with syngas.

°Flux at 20 psi hydrogen partial pressure differential with a minimum permeate
side total pressure of 15 psig, preferably >50 psi and 400°C.

°Although the cost of Pd does not present a significant cost barrier due to the
small amount used, the equipment and labor associated with depositing the
material (Pd), welding the Pd support, rolling foils or drawing tubes account

for the majority of membrane module costs. The $1,500 cost status is based

on emerging membrane manufacturing techniques achieved by our partners

and is approximately $500 below commercially available units used in the
microelectronics industry.

9Intervals between membrane replacements.

°Delta P operating capability is application dependent. There are many
applications that may only require 400 psi or less. For coal gasification 1,000 psi
is the target.

It is understood that the resultant hydrogen quality must meet the rigorous
hydrogen quality requirements. These membranes are under development to
achieve that quality. Membranes must also be tolerant to impurities. This will be
application specific. Common impurities include sulfur and carbon monoxide.

Most tests have been conducted at higher pressure than
20 psi, but our current test unit is limited to 200 psi. A
new reactor is under construction that will allow testing at
450 psi.

FY 2011 Accomplishments

«  Demonstrated 90+% of original flux from membranes
coated with MembraGuard” in pure gas and mixtures
with no sulfur.

«  Demonstrated high flux from Pd alloy membranes.

+  Determined impact of ethylenediaminetetraacetic acid
(EDTA) on membrane performance.

+  Improved membrane seal.

+  Designed and began construction of new test reactors to
test larger membranes with H,S and at higher pressure
and flow rate.

+  Coated membranes up to two feet in length.

FY 2011 Annual Progress Report
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Introduction

Hydrogen membranes can be used to separate hydrogen
from syngas produced by coal gasification and facilitate CO,
capture and sequestration. Currently, these membranes
have not had widespread commercial success because of
durability and performance issues, including susceptibility to
sulfur contamination.

Approach

The project will examine different membrane alloys and
determine the most appropriate alloys for different syngas
compositions produced by gasification. The alloy(s) will be
selected based on the expected contaminants in the syngas
and their resistance to those contaminants. Other methods,
such as sorption, will be used to remove contaminants, but
employing a contaminant-resistant alloy will help ensure the
success of the project. The alloy must be incorporated into a
manufactured membrane. The project will examine different
membrane architectures and manufacturing techniques to
select the optimum membrane based on performance and
manufacturing cost. The project will examine different
manufacturing methods to select the most reliable low-cost
production method that can produce large membranes on a
commercial scale.

The membranes must be incorporated into a membrane
unit that separates hydrogen from syngas. The project will
examine different membrane reactor designs, including
use of catalysts and sweep streams, to select the optimum
membrane reactor configuration. Reactor modeling will
evaluate different configurations and estimate the impact
of reactor design on performance. In Phase I, a small
proof-of-concept reactor will be built to separate at least
2 Ibs/day (about 15 scfh) of hydrogen from coal-derived
syngas. In Phase II, a pilot-scale reactor will be built and
integrated with an operating gasifier to produce at least 100
Ibs/day (about 800 scth) of hydrogen. The reactors must
be incorporated into a membrane process that produces
hydrogen and power at a lower cost than competing
processes. The project will examine different integrated
process designs to select the most economical process based
on the total cost of power and hydrogen produced. In
Phase I1I, this process will be used as the basis for designing
a commercial-scale hydrogen transport membrane unit
capable of producing at least 4 tons per day of hydrogen.

Results

A Pd-Au membrane was tested for H, flux over a
temperature range of 300-400°C and a pressure range of 20-
200 psid as shown in Figure 1. The membrane showed H,
fluxes of 96 and 511 scth/ft*at 400°C and 20 and 200 psid,
respectively. This is a very encouraging result because a
high H, flux with a high Au content is expected to provide

FY 2011 Annual Progress Report

acceptable performance and resistance to contamination
due to impurities including sulfur. The best fit for the H,
flux showed a pressure dependence of 0.56, indicating that
the Pd-Au film is responsible for most of the resistance to
hydrogen permeation.

The membrane was then tested in a mixed gas stream
with CO (1%), CO, (30%), H, (50%), and H,O (19%) and
a feed flow rate of 6.2 slpm. As shown in Figure 2, the
hydrogen recovery increased with pressure and reached 82%
at a feed pressure of 200 psi. The composition of H, in the
retentate decreased from 57 to 33% while the composition of
CO, increased from 41 to 64% as the feed pressure increased
from 50 to 200 psia.
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FIGURE 1. Flux Test Results for a Binary Pd-Au Membrane at 300-400°C
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FIGURE 2. H, Recovery and Dry Gas Composition on the Retentate Side for a
Pd-Au Membrane in a Mixed Gas Test
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Other experimental work focused on understanding
the effect of EDTA on hydrogen permeation in pure Pd
films. EDTA is a bath stabilizer utilized to keep Pd ions in
solution and to prevent formation of Pd particles during
electroless plating of Pd. EDTA is added to the standard Pd
electroless plating solution in amounts that bracket literature
values. The plating temperature, hydrazine amount, and
length of time in the plating bath were all held constant to
understand the effect of EDTA on plating kinetics, which
were shown to decrease as the amount of EDTA increased.
Pure gas hydrogen permeation tests were completed and are
discussed in detail in the following.

Effects of EDTA

The amount of EDTA added to the Pd electroless
plating solution for the study was 0-80 g/1, spanning the
amount used in the literature. The average amount of
EDTA currently being used in the membrane literature is
about 40 g/L EDTA. The single-gas permeation results are
compared with Pd membranes made without EDTA as seen
in Figure 3.

As the amount of EDTA used in the plating bath
increases, the hydrogen permeability decreases. The percent
differences from the estimated value of 0 g/L. EDTA (linear
fit trend line) are 2.6%, 5.7%, 14.3%, and 31.7% for the 20,
40, 60, and 80 g/L EDTA films, respectively. All of the
films were exposed to air at 300°C for a minimum of five
hours at 5 psi. Exposure to air provides a boost in hydrogen
flux, more for membranes containing EDTA than for those
that do not. As a result of air exposure, the flux for 0 g/L
EDTA increased by a factor of 1.5, while it increased by
factors of 1.8, 2.0, 2.42, and 3.1 for 20, 40, 60, and 80 g/L
EDTA, respectively. This increase in flux did not allow
EDTA membranes to be equivalent to those made without
EDTA. A possible explanation is that although the carbon
on the surface may have been cleared off with the air, there
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FIGURE 3. Hydrogen Flux of Pd Membranes Made With and Without EDTA
at 400°C and 20 psi
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FIGURE 4. SEM micrographs of films made with EDTA. 20 g/L EDTA (A), 40
g/L EDTA (B), 60 g/L EDTA (C), and 80 g/L EDTA (D)

is still carbon left in the bulk and/or grain boundaries that is
inhibiting the hydrogen transport.

All of the membranes were examined with scanning
electron microscopy (SEM)/energy dispersive X-ray
spectroscopy (EDS) after testing. Interestingly, as the
amount of EDTA decreases, the films begin to resemble ones
made without EDTA in that the surface is connected, bubbly,
and “cauliflower” like. SEM micrographs of these films can
be seen in Figure 4.

The 60 and 80 g/L EDTA films had noticeable carbon
enrichment on the surface. In the case of 60 g/L, this can
be seen in the small, white spheres (Figure 4C), which were
identified by EDS in the peak magnitude of the carbon
as compared to the larger, darker bubbles. In the case of
80 g/L EDTA, contamination could be seen with the naked
eye and looked like black tar on the membrane surface. The
micrograph in Figure 4D is a close up of one of the spots.

Future work with the EDTA membranes will have the
objective to try to understand why the hydrogen permeation
is suppressed. As hydrogen is transported through a
palladium membrane using a solution-diffusion mechanism,
permeability, P, is a function of solubility, S, and diffusivity,
D, as seen in equation 1:

P=D-S (1)

Conclusions and Future Directions

«  High flux has been demonstrated using Pd and Pd alloy
membranes that are expected to have good resistance to
contaminants, including H,S.

«  Future research will focus on demonstrating
performance with H,S contamination.

FY 2011 Annual Progress Report
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«  Small-scale gasifier testing has begun at Colorado
School of Mines.

«  Future research will focus on integrating a membrane
test unit with the gasifier to demonstrate performance in
coal-derived syngas.

FY 2011 Publications/Presentations

1. DOE Annual Hydrogen Review Meeting.

Copyright © 2011 Praxair Technology, Inc.

The Recipient grants to the Government, and others

acting on its behalf, a paid-up, nonexclusive, irrevocable
worldwide license in such copyrighted data to reproduce,
prepare derivative works, distribute copies to the public, and
perform publicly and display publicly, by or on behalf of the
Government.
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Fiscal Year (FY) 2011 Objectives

+  Demonstrate a cost-effective H,/CO, membrane
separation system.

«  Scale up membrane manufacturing.

+  Construct, install, and operate subscale engineering
prototype.

+  Down-select engineering, procurement, and
construction firm and conduct pre-front end engineering
design for a 4-10 ton per day pre-commercial scale up.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(K) Durability
(Q) Testing and Analysis
(R) Cost

Technical Targets

Eltron’s hydrogen membrane system has demonstrated
high flux rates of >99.99% pure hydrogen at expected
temperatures and differential operating pressures. This
project is currently focused on scaling up these membranes
while meeting the following 2015 DOE technical targets for
dense metallic membranes:

DOE Hydrogen and Fuel Cells Program

+  Module Cost: $500/ft> of membrane
*  Durability: >43,800 hours
*  Hydrogen Recovery: 90%

FY 2011 Accomplishments

*  Membrane manufacturing was scaled up to produce 5
ft-long tubular membranes. These tubular membranes
are 2 inch outside diameter and have a wall thickness
of 500 microns.

+  Two foot-long membranes were tested at Eltron
Research & Development and demonstrated 70%
hydrogen recovery.

« A subscale engineering prototype pilot reactor was
designed, constructed, and installed at Eastman
Chemical Co.

R

Introduction

The overall objective of this project is to scale up
the hydrogen transport membrane technology system for
energy efficient carbon capture and hydrogen separation
from industrial sources thereby enabling early technology
commercialization by reducing time, technology risk,
and cost. The goal of the project is to scale up Eltron’s
dense hydrogen transport membranes which can extract
and purify hydrogen to very high levels from coal-derived
water-gas shift mixtures, while minimizing the pressure
drop of CO, in order to lower capital and compression
costs for CO, sequestration. Dense hydrogen separation
membranes are being developed to be compatible with high-
temperature water-gas shift reactor conditions for water-
gas shift reactors placed downstream from coal gasifiers in
integrated gasification combined cycle (IGCC) type systems.
Hydrogen separation membranes must be compatible with
high-temperature water-gas shift reactor temperatures
(approximately 320-440°C) and with mixtures of water-gas
shift components containing hydrogen, steam, CO, and CO
as well as residual impurities which escape upstream warm-
gas clean up systems and the beds of water-gas shift catalyst.
The hydrogen separation membranes must also function at
pressures near that of the coal gasifiers, 450-1,000 psi.

Approach

Eltron is addressing all key issues to successfully scale
up this technology. Bench scale testing is being conducted
to demonstrate flux, hydrogen recovery, and durability. In
addition, process modeling and techno-economic analyses
are being developed. Eltron is scaling up this technology
in three steps. Reactors nominally sized for 12 Ibs/day
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and 250 Ibs/day hydrogen separation will be designed,
constructed, and operated. Eltron was awarded an ARRA
project to further scale up this technology to a 4-10 ton
per day pre-commercial module scale. The approach for
the ARRA portion of the project is to continue membrane
development, conduct pre-front end engineering design
and front end engineering design engineering packages for
the selected pre-commercial module site; and to design,
construct, and operate the pre-commercial module and
conduct appropriate engineering analyses.

Results

Figure 1 shows a general schematic of Eltron’s membrane
system. The membrane is composed of three dense metal
alloy layers. The center layer is 500 microns thick and is
a low-cost metal alloy with high hydrogen permeability.

A thin catalyst layer (<1 micron) is deposited on both the
inside and outside surface of the membrane. High pressure
shifted syngas is fed to the outside surface of the membrane.
Pure hydrogen is collected on the inside of the tube. This
membrane was designed to operate at water-gas shift
conditions and retain CO, at high pressures to minimize
compression costs for CO, capture and sequestration.

In FY 2011, Eltron scaled up the manufacturing of
these tubular membranes to 5 ft-long tubes. These tubes
are '2 inch outside diameter tubes with a wall thickness of
500 microns. Eltron deposits metal alloy catalysts on the
inside and outside surface of the tubes. A scanning electron
microscope image of a deposited catalyst layer is shown in
Figure 2. The deposited catalyst is uniform, dense, and well-
adhered to the bulk metal surface.

Two foot pieces of membrane were tested at Eltron at
340°C and a differential pressure of 400 psig in a simulated
water-gas shift feed stream. Figure 3 shows the observed
hydrogen flux as a function of time. A stable flux rate of

Bulk Membrane

Shifted Syngas
(Hz + CO,
+C0+H,0)

High Pressure
High Temp

Hydrogen Desorption Catalyst

Hydrogen Dissociation Catalyst

FIGURE 1. Schematic of Eltron’s Dense Metal Tubular Membrane System
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28 scfh/ft* was observed for 16 hours. This flux rate was
lower than expected due to the effect of concentration
polarization inherent in low-flow rate bench-scale reactors.
In this particular test the membrane was able to recovery
70% of the hydrogen in the feed stream.

Finally, Eltron designed and constructed the first
reactor in our three step scale up plan. Figure 4 shows the
constructed sub-scale engineering prototype. This reactor
was designed to separate up to 12 Ibs/day of hydrogen from
a gasified coal feed stream at Eastman Chemical Co. site in
Kingsport, TN.

On the ARRA portion of the project Eltron has
down-selected URS as the engineering, procurement, and
construction firm for the pre-commercial module. URS and
Eltron are evaluating three potential sites for operating the
pre-commercial module.
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FIGURE 2. Scanning Electron Microscope Image of Deposited Catalyst
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FIGURE 3. Hydrogen Flux vs. Time Recorded for a Two Foot-Long Membrane
Tested at 340°C and 400 psig Differential Pressure
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Patents Issued

1. Mundschau, M.; Xie, X.; Evenson, C.; Grimmer, P.;
Wright, H. Hydrogen Separation Process. US Patent 7,947,116.
May 24, 2011.

FY 2011 Publications/Presentations

1. David Anderson. Carl Evenson. John Faull. Doug Jack. Scale-
up of Membranes for Separation of Hydrogen from Syngas for
Carbon Capture. 2010 AIChE Annual Meeting. November 9,
2010.

2. Michelle Livingston. et. al. Advanced Membrane System for
Hydrogen Separation and Carbon Dioxide (CO,) Capture. 2011
North American Membrane Society Meeting. June 8, 2011.

FIGURE 4. Completed Sub-Scale Engineering Prototype

Conclusions and Future Directions

In FY 2011 Eltron scaled up manufacturing of our
tubular membrane and successfully tested membranes up
to two feet long under expected operating conditions. In
addition, Eltron designed, constructed, and installed the first
scale-up reactor. During the next FY Eltron will operate
the sub-scale engineering prototype, update our economic
models with the results, and begin the design process for
the next scale up step. Front end engineering design will be
conducted on the down-selected site for the pre-commercial
module.
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Fiscal Year (FY) 2011 Objectives

»  Construct, test, and demonstrate a PACu metallic
tubular membrane micro-channel separator capable
of producing 2 Ib/day of H, at >95% recovery when
operating downstream of an actual coal gasifier.

*  Quantify the impact of simulated gas composition and
temperature on separator performance.

«  Compare the performance and durability of a surface-
modified, higher H, flux PdCu membrane with the
baseline PdCu tubular membrane.

«  Evaluate various materials of construction for the
separator’s non-Pd structural parts to ensure durability
under harsh gasifier conditions.

«  Perform an engineering analysis using National Energy
Technology Laboratory (NETL) guidelines of the
separator design based on gasifier test performance for
the co-production of electric power and clean fuels.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Separations section of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan [1]:

(K) Durability
(L) Impurities

FY 2011 Annual Progress Report

Technical Targets

The focus of this project is to construct, test, and
demonstrate a PdCu separator capable of producing 2 1b/day
H, operating downstream of a coal gasifier. As such, the
emphasis is on achieving progress against the DOE technical
targets pertaining to impurities (sulfur and CO tolerance)
and durability. The current progress toward the DOE’s 2015
technical targets for hydrogen separation is given in Table 1.

TABLE 1. Technical Progress for the Project as Measured Against the DOE's
Technical Targets for Hydrogen Separation

Performance | Units | DOE 2015 Current Status
Criteria Target
H, Flux ft'h 't 300 125
(500°C, enhanced PdCu)
(200 psia feed pressure, 185.3 psid)
Temperature °C 250-500 250-600
Sulfur ppmv >100 618 h at 5-39 ppmv S (0.008 psia S)
tolerance >24 h at 236-963 ppmv S (0.0104—
0.0425 psia S)
[8 h at 236 ppmv S (0.0104 psia S)]
[5hat472 ppmv S (0.0208 psia S)]
[4 h at 708 ppmv S (0.0312 psia S)]
[7.5 hat 963 ppmv S (0.0425 psia S)]
With reversible, low impact on
permeability
Cost $/it” <100 400-500
(metal cost, without recycle &
leasing strategy)
AP operating psi 800-1,000 400
capability
CO tolerance - Yes 13.3% CO at 90 psia
>9% CO at 204.7 psia
H, purity % 99.99 99.9999
Stability/ Years 5 1,031 h
Durability

FY 2011 Accomplishments

+  Demonstrated negligible impact of gas species for
temperatures >400°C and pressures <200 psia. Sulfur
partial pressures up to 0.008 psia and CO partial
pressures up to 2 psia do not affect H, flux for
temperatures >400°C.

«  Identified potential non-membrane materials of
construction superior to SS-316.

+  Constructed four laboratory-scale separators and two
pilot-scale separators capable of separating >2 lIb/day H,.

+  Compared the performance and durability of a surface-
modified, higher H, flux PACu membrane with the
baseline PdCu tubular membrane.

DOE Hydrogen and Fuel Cells Program
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Introduction

Advancements in hydrogen (H,) membrane separation
are critical to allow the development of a viable H, economy
based on coal/biomass processing with CO, capture. United
Technologies Research Center (UTRC), in collaboration with
Power+Energy, Inc. (P+E) and the Energy & Environmental
Research Center at the University of North Dakota (EERC),
therefore proposed to demonstrate palladium (Pd)-based
membrane separation of H, from coal-derived syngas at the
pre-engineering/pilot scale.

In Phase I, the objectives are to: (1) construct, test, and
demonstrate a PdCu metallic tubular membrane micro-
channel separator capable of producing 2 Ib/day of H, at
>95% recovery when operating downstream of an actual
coal gasifier; (2) quantify the impact of simulated gas
composition and temperature on separator performance;
(3) compare the performance and durability of a surface
modified, higher H, flux PdCu membrane with the baseline
PdCu tubular membrane; (4) evaluate various materials
of construction for the non-Pd separator structural parts
to ensure durability under harsh gasifier conditions;

(5) perform an engineering analysis using NETL guidelines
of the separator design based on gasifier test performance
for the co-production of electric power and clean fuels; and
(6) select a gasification facility partner for Phase III.

Approach

This project is a continuation of the UTRC-led team’s
approach to increase the technology readiness level of
Pd-based metallic membranes for H, separation from
coal-biomass gasifier exhaust or similar H,-containing gas
streams. The current project is aimed at demonstrating at
the pre-engineering/pilot scale the separation of H, from
coal-derived syngas using a proprietary, surface-modified,
palladium-copper (PdCu) tubular membrane separator. It
will include testing of separators capable of producing
2 Ib/day of H, and, in follow-on phases, separators capable
of producing 100 Ib/day of H,.

UTRC’s subcontractor, P+E will manufacture the
separators and EERC will test the separators downstream of
a coal gasifier. The main objective of the first phase (Phase
I) of the project is to construct, test, and demonstrate a
PdCu dense metallic tubular membrane separator capable of
producing 2 Ib/day of H, at a minimum 95% recovery when
operating downstream of an actual coal gasifier. The project
will also acquire engineering data to reliably scale up PdCu
membrane separators to a size of 4 tons per day (tpd) of
H, and assess the combined effects of coal gas constituents
and trace contaminants on membrane performance and
durability. The data will be evaluated against the DOE’s
2015 targets for H, membrane separation and used in an
engineering analysis of the separation and production
method using NETL guidelines.

DOE Hydrogen and Fuel Cells Program

Results

By the end of June 2011, P+E had delivered four out
of six laboratory-scale (x0.1 ft?) separators as well as two
out of six pilot-scale (~1.5 ft*) separators. Based on the
information from preliminary corrosion tests, as well as the
availability of alloys in the forms needed for fabrication, it
was decided that all remaining separators to be delivered
in Phase I of the project would be made out of C-22 and/or
C-276. As a result, two of the laboratory-scale separators
and both pilot-scale separators were made using these
alloys. Due to manufacturing delays, the first two pilot-scale
separators were made with non-surface enhanced PdCu
alloys. All future pilot-scale separators will be made with
the enhanced PdCu membranes.

Seven separators (identified as 5265, 5266, 5276,
5277,5290, 5291, and 5297) have been evaluated for their
hydrogen separation capability. An Arrhenius plot of the
pure hydrogen permeability for each of the separators versus
temperature is given in Figure 1. All but two separators
(5266 & 5297) demonstrated similar performance, which
was greater than that of conventional PdCu, although not as
high as the original target for the enhanced PdCu.

Separator 5266 was a single-tube membrane separator
from a previous DOE contract (DEFC2607NT43055) that
was sent to EERC for gasifier testing and returned to UTRC.
The data obtained at UTRC for separator 5266 indicated
that the separator was leak tight and that performance
of the membrane was equivalent to conventional PdCu
after gasifier testing. Separator 5266 was used to establish
reproducibility between EERC’s and UTRC'’s testing
hardware and will be characterized to determine the impact
of gas contaminants on its materials of construction.
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FIGURE 1. Arrhenius plot of the pure hydrogen permeability versus
temperature for the PdCu separators tested so far on this project. Shown
for reference are the hydrogen permeability curves for conventional PdCu
membranes as well as the target performance for the surface modified,
enhanced PdCu membranes.
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Separator 5276 was tested for 1,031 hours, including
618 hours of hydrogen sulfide (H,S) exposure with no signs
of performance degradation. The impact of non-sulfur gas
contaminants on hydrogen permeability for temperatures
greater than or equal to 400°C appeared to be negligible
when compared to pure hydrogen experiments as shown
in Figure 2. Furthermore, the addition of H,S to the same
gas mixtures also had a negligible effect on the hydrogen
permeability as shown in Figure 3. One objective of the
sulfur tests was to determine the length of time required for
the membrane performance to come to a steady state upon
exposure to H,S. Preliminary durability data suggested that
the separator needed to be equilibrated for at least 100 hours
before stable gas contaminant testing could be measured.

Separator 5297 is a pilot-scale separator that
was tested with pure H, and H,/N, mixtures at feed
pressures of 44.1 psia and 88.2 psia, respectively, to verify
separator performance with UTRC’s separator model.
The separator was also tested with H,S in H, to verify
its ability to withstand gasifier poisons. The maximum
H,S concentration used was 963 ppmv at 44.1 psia,
approximately five times the maximum sulfur partial
pressure used for testing separator 5276. At 500°C, the
reduction in H, permeation from the 0.043 psia H,S was
approximately 50% but the H, performance fully recovered
after exposure to pure H,. Separator 5297 was also
pressure checked at 400 psia and found to be leak free. The
separator was exposed to four thermal cycles in H,/N, from
200°C to 500°C with no performance degradation and no
leaks. Separator 5297 was shipped to EERC after a total of
356 hours of testing at UTRC to serve as the test article for a
coal gasifier test before the end of September.
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FIGURE 2. Hydrogen flux at (450 = 2)°C versus the square root hydrogen
partial pressure driving force for separator 5276 for different gas mixtures,
not including H,S. The separator was tested at feed pressures varying from
29.4 psia to 200 psia with different binary and ternary gas mixtures.
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FIGURE 3. Hydrogen flux at (450 + 2)°C versus the square root hydrogen
partial pressure driving force for separator 5276 for different gas mixtures,
including H,S. The separator was tested at feed pressures varying from

29.4 psia to 200 psia with different binary and ternary gas mixtures. The H,S
gas concentration was varied from 5 ppmv to 39 ppmv.

UTRC began preliminary corrosion testing under
a slightly modified DOE test 2A condition at 500°C in
February. Initial Round 1 coupon tests were performed for
474 hours with samples of SS-316, SS-309, C-22 and C-276.
After 474 hours of testing, it was observed that SS-309,
C-22, and C-276 had weight gain constants that were two
orders of magnitude lower than SS-316. This was likely due
to their improved resistance to H,S compared to SS-316.
Some coupons exhibited crevice corrosion where the metal
samples sat in a ceramic “dee-tube” Thus, a new fixture was
designed for Round 2 testing in which samples hang from an
alumina rod to minimize this effect.

The Round 2 corrosion test included two Oak Ridge
National Laboratory alloys (OC-10 and OC-11) as well
as HR-120 and SS-310. Corrosion testing of these alloys
is currently in progress, with more than 1,500 hours of
accumulated run time. Round 2 corrosion testing will
continue until approximately 2,000 hours of total run time
has been achieved, after which the Round 1 coupon tests
will be repeated for approximately 2,000 hours.

In addition to lab-scale tests performed at UTRC, a total
of 24 samples were prepared for exposure testing under
actual gasifier conditions at the National Carbon Capture
Center (NCCC) in Alabama. The coupons were made of
eight different alloys (SS-316, SS-309, SS-310, HR-120,
C-22, C-276, OC-10, and OC-11) and were sent to NCCC in
late March.
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Conclusions and Future Directions

«  Dense metallic, PdACu membranes can fully tolerate
the DOE test protocol conditions for pressures up to
200 psia and temperatures between 400°C and 500°C.

+  The impact of H,S for partial pressures <0.008 psia
on H, permeability was insignificant for temperatures
between 400°C and 500°C, although exposure to partial
pressures as high as 0.043 psia H,S showed a reduction
in permeability up to 50% which was completely
reversible.

«  The surface enhanced PdCu membranes show higher
hydrogen permeability than the conventional PdCu,
particularly at lower temperatures (<450°C).

+  Several non-membrane materials of construction have
been identified that have superior corrosion resistance
to the DOE protocol conditions compared to SS-316.

«  Samples of the non-membrane materials of construction
were sent to the NCCC in Alabama for exposure testing
under real gasifier conditions.

« A single-tube separator was exposed to coal gasifier
exhaust and will be characterized to determine the
impact of gas contaminants on the materials of
construction.

« A pilot-scale separator will be tested at 400 psia
downstream of a coal gasifier at EERC by September
to evaluate the impact of real gasifier exhaust on
membrane performance.

DOE Hydrogen and Fuel Cells Program
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FY 2011 Publications/Presentations

1. Emerson, S.C. Advanced Palladium Membrane Scale-up for
Hydrogen Separation, invited presentation at Advancing the
Hydrogen Economy Action Summit III, University of North
Dakota EERC’s National Center for Hydrogen Technology,
Grand Forks, ND, September 13-15, 2010.

2. Emerson, S.C. Quarterly Progress Report: Advanced
Palladium Membrane Scale-up for Hydrogen Separation, DOE
Award Number DE-FE0004967, United Technologies Research
Center: East Hartford, CT, January 2011.

3. Emerson, S.C. Quarterly Progress Report: Advanced
Palladium Membrane Scale-up for Hydrogen Separation, DOE
Award Number DE-FE0004967, United Technologies Research
Center: East Hartford, CT, April 2011.
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Fiscal Year (FY) 2011 Objectives

«  Synthesis of composite Pd and Pd/alloy porous metal
(316L, Inconel, Hastelloy) membranes for water-gas
shift (WGS) reactors with long-term thermal, chemical,
and mechanical stability with special emphasis on the
stability of H, flux and selectivity.

«  Demonstration of the effectiveness and long-term
stability of the WGS membrane shift reactor for the
production of fuel cell quality H,.

«  Research and development of advanced gas clean-up
technologies for sulfur removal to reduce the sulfur
compounds to <2 ppm (ARI).

+  Development of a systematic framework towards
process intensification to achieve higher efficiencies and
enhanced performance at a lower cost.

+  Rigorous analysis and characterization of the behavior of
the resulting overall process system, as well as the design
of reliable control and supervision/monitoring systems.

«  Assessment of the economic viability of the Pd-based
membrane reactors integrated into integrated
gasification combined cycle (IGCC) plants through a
comprehensive calculation of the cost of energy output
and its determinants (capital cost, operation cost, fuel
cost, etc.), followed by comparative studies against
existing pertinent energy technologies.

FY 2011 Annual Progress Report

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(K) Durability associated with the determination of
optimum temperature for the WGS reaction.

(L) Impurities associated with adsorbent selection and
pressure swing adsorption (PSA) system build-up,
testing completed with syngas + H,O, H,S and carbon
oxysulfide (COS).

(M) Membrane defects associated with the study of
membrane surface upon WGS reaction.

(N) Hydrogen selectivity, leak growth will be mitigated by
working at 400-450°C.

(P) Flux and reproducibility of high H, flux targets
already achieved. Setting of Pd thickness and support
characteristics to meet 2015 DOE targets.

(R) Cost, two-dimensional (2D) model for catalytic
membrane reactor (CMR) simulations, safety and
economic analysis.

Technical Targets

A number of composite Pd and Pd/alloy porous metal
(316L, Inconel, Hastelloy) membranes for WGS reactors
have been synthesized and long-term thermal, chemical, and
mechanical stability and hydrogen flux and selectivity have
been determined. Technical targets and current membranes
operational data are listed in Table 1. The typical
microstructure of composite Pd membranes listed in Table 1
is shown in Figure 1.

This project is conducting fundamental studies on
composite Pd membranes permeance and selectivity stability
in WGS reaction conditions. Insights gained from these
studies will be applied toward the design and synthesis of
hydrogen storage materials that meet the following DOE
2011 hydrogen storage targets:

+  Durability (K): we are targeting a 1,000 hour WGS
reaction long-term experiment with a stable H,
permeance and H,/He selectivity.

«  Impurities (L): membranes were tested up to 20 ppm
H,S in pure H,.

*  Membrane defects (M): All membrane surfaces were
studied after testing to investigate surface changes in
syngas atmospheres.

+  Hydrogen selectivity (N): a selectivity (H,/N,) of 10,000
at 180 psig was targeted.

DOE Hydrogen and Fuel Cells Program
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TABLE 1. Characteristics and Results of Tested Pd Membranes at WPI

DOE Targets Current WPl membranes

2010 2015 #029 #031 #33 #038 #039 #RK04
Thickness (um) n/a n/a 7.6 7 8.7 6 7.3 13
Flux (scfh/ft?) 200 300 166 26.6 72.5 196 1m 114
AP (psi) H, Partial Pressure 100 100 100 15 100 100 100 100
(P, = 14.7 psi)
Temp. (°C) 300-600 250-500 450 450 450 450 450 450
H,/He Ideal Selectivity n/a n/a 0 4,500 9,725 330 335 1,000
Test duration (hrs.) n/a n/a 4,500 2,200 800 170 165 1,250
WGS activity Yes Yes Not tested Not tested Not tested Not tested Not tested Not tested
CO Tolerance Yes Yes Yes Not tested Not tested Not tested Not tested Not tested
S Tolerance 20 >100 Not tested Not tested Not tested Not tested Not tested Not tested
H, Purity 99.5 99.99 >99.999 >99.98 >99.99 >99 >99 >99.9
At 180 psig
AP Operating Capability 400 800-1,000 225 15 100 30 100 100
(Max System Pressure, psi)

n/a — not applicable

E 2 1 +  Consistently achieved composite Pd membranes with
Ountlng Powder - thicknesses ranging between 4-12 pm porous metal

b i supports indicating the reproducibility of our fabrication

! method.

+  Pd/316L-PSS membranes have been synthesized and
tested under WGS and H,/H,O mixed gas conditions
at 400°C for 65 and 225 hours, respectively. The
membrane leak growth was less than 11% over those
testing periods.

«  An integration option of the WGS-composite membrane
reactor into IGCC plants was proposed and the
performance of the industrial-scale WGS-composite
membrane reactor’s performance was assessed via a
more accurate 2D model to achieve 98% CO conversion

A : - ) and 95% H, recovery.

J + In the net present value (NPV)-based comparative

et p o) m‘ys Metal assessment analysis, the positive NPV of $40M for

- s l‘b p o rt Sl IGCC-membrane reactor (MR) with carbon capture
with a net power output of 550 MW showed the
advantage of the membrane reactor technology over

FIGURE 1. Composite Pd/Porous Metal Support Microstructure more traditional options such as supercritical pulverized

coal (SC-PC), IGCC baseline, IGCC-PBR (IGCC with
traditional packed bed reactor) with CO, capture in the

+  Flux (P): H, permeances ranging from 29.2 to presence of CO, taxes.

43.8 scth/ft* psi®® were targeted to achieve DOE
2010-2015 targets.

+  Cost (R): 1,000 $/ft* to meet DOFE’s target.

«  The uncertainty analysis performed with the Monte-Carlo
techniques to access the risk associated with the Pd-based
membrane reactor technology indicated that regulatory
action on CO, emissions would induce an appealing NPV

FY 2011 Accomplishments profile for the IGCC-MR technology option.

*  Accomplished PSA studies in collaboration with ARI.
*  Shown and re-produced selectivity H,/He stability at

400-450°C over thousands of hours.
S R RS
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Introduction

Combining the coal-derived syngas WGS reaction in a
Pd-based membrane reactor leads to high purity hydrogen
(>99.999%), high pressure CO, ready to be sequestered
and energy and capital costs savings. The integration of
the membrane technology into coal-fired power plants is
an attractive option particularly due to benefits associated
with both H, and CO, separation. MR technology should be
economically competitive with the SC-PC, IGCC baseline
and IGCC-PBR. Thus, the NPV-based economical analysis
was performed on the basis of co-production of hydrogen
and power from coal using Pd-based composite membrane
reactors with sequestration. Moreover, the inherent
uncertainty of the inputs of the NPV model has to be
recognized and explicitly taken into account in investment
decision-making.

However, coal gasification feedstocks raised challenges
such as hydrogen permeance stability under H,S, COS and
heavy metal pollutants [1,2]. Selectivity stability was the
second largest challenge since thin electrolessly deposited
membranes developed leaks at temperatures ranging from
400 to 450°C [3]. The objective of this project was to
develop a membrane module for the production of hydrogen
using WGS reaction working at temperatures close to 450°C
and under real gasification conditions.

Approach

Composite Pd membrane preparation consisted of
the pretreatment of the porous stainless steel support i.e.
deposition of an intermetallic diffusion barrier and a grading
layer, surface activation and Pd deposition by the electroless
plating method [4-5]. Pd thicknesses of 4-12 microns
were targeted in order to reach DOE’s flux target without
compromising H,/He leak stability at 450-500°C. WPI
worked in collaboration with ARI to develop a PSA process
to decrease contaminants level in syngas feed. In a parallel
fashion Pd-Au alloy membranes and special protective
coatings are being developed at WPI to mitigate H,S and
other coal contaminants. A complete WGS-CMR, seen in
Figure 2, was also built at WPI to test 1-inch outer diameter,
10-inch long composite Pd membranes with synthetic syngas
shown in Figure 3.

A comprehensive economic analysis was performed
to identify the industrial-scale membrane reactor module
cost, capital and operating and maintenance costs of the
whole IGCC plant with the Pd-based membrane reactor
technology. The NPV model was included into the
economical analysis to compare the profitability of power
plants with a net power output of 550 MWe both with and
without future CO, taxes. In addition, the consequences and
impact on project value of uncertain futures was calculated
with the Monte Carlo simulation effectively. Detailed Monte
Carlo simulations integrated into the detailed NPV model
were performed in order to explicitly take into account
the main uncertainty drivers associated with the NPV of

FY 2011 Annual Progress Report
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FIGURE 2. WGS-CMR for the Test of 1-Inch Outer Diameter, 10-Inch Long
Composite Pd-Alloy/Porous Metal Membranes

FIGURE 3. 1-Inch Outer Diameter, 10-Inch Long Pd/Porous 316L Composite
Membranes

the whole IGCC-MR, namely, the plant capacity factor,
initial CO, tax, CO, tax growth rate, nominal discount rate,
inflation rate, electricity selling price, Pd price, support price
and membrane life.

Results

+  Achieved excellent long-term H,/He selectivity stability,
of essentially infinite value, over over a total testing
period of ~3,550 hours (>147 days) at 300-450°C and at
a AP of 15-100 psi (P, =15 psia).

* At 450°C, achieved re-producible, long-term H,/He
selectivity stability with several membranes with H,

purity >99.99% over a testing period of 30 to 90 days.

«  Achieved flux of ~359 scfh/ft?, which exceeded DOE’s
2010 and 2015 H, flux targets (T=442°C and AP of
100 psi [with P =15 psia]). Such high fluxes were also
achieved on high surface area composite Pd membranes
1-inch outer diameter, 10-inch long shown in Figure 3.

+  Conducted an additional ~3,000 hours of mixed gas
permeation experiments (61.7% H,, 37.1% CO, & 1.2%
carbon monoxide [CO] w/ and w/0 19% steam).

DOE Hydrogen and Fuel Cells Program
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FIGURE 4. Single-Point NPV with Revenue Results of the Power Plants in
Case of no CO, Tax (Without Capture) and with CO, Tax (With Capture)

«  Reduced the number of synthesis steps for the
large-scale membrane preparation for potential
commercialization of WPI’s composite Pd-based
membrane production technologies.

+  Achieved 99% total CO conversion and 89.9% H,
recovery in a 12.5 pym-thick Pd-based CMR operated at
~350°C, AP=200 psi (P, =15 psia) H,0/CO=1.44 and
gas hourly space velocity (GHSV,)=150 h, exceeding
equilibrium conversion of 93.4% and traditional packed

bed conversion of 92.7% [5].

»  Successtully completed steady-state methane steam
reforming (MSR) and WGS reaction modeling studies
and process intensification analysis.

*  Successfully completed unsteady-state WGS reaction
modeling studies and implemented process control
strategies.

«  Successfully completed a 2D model for WGS tube and
shell membrane reactors.

*  Successfully used the 2D model to calculate CO
conversion and H, recovery for different configurations
of MR integration into IGCC plants.

+  Completed capital, operating and maintenance costs of
a IGCC-MR plant.

«  Completed NPV analysis of IGCC, IGCC-PBR, IGCC-
MR and SC-PC plants.

«  Completed isotherm measurements for the selected
adsorbents (ARI).

«  Completed the PSA system construction and PSA
testing at 200°C and a feed pressure of 200 psia (with
P .=l atm.), (ARI).

DOE Hydrogen and Fuel Cells Program

A WGS experiment was conducted with a 10.3 pm
Pd/316L-PSS membrane over 65 hours at 400°C,
200 psig, and with a feed rate of 2,100 h™' syngas feed
(23% CO, 45% H,0, 22% H,, 10% CO,). A stable CO
conversion of 96% was achieved with an H, recovery in
excess of 80%. The H, recovery declined by 10% over
the course of the reaction due to coke formation on the
membrane surface.

«  The single estimate/projection NPV results showed
that the IGCC-MR was an economically attractive
technology option generating a positive NPV in a
scenario with a $25/ton CO, tax starting in 2015 as
shown in Figure 4. The negative NPV values of IGCC-
PBR and SC-PC with CO, capture plants would possibly
preclude these options from investment consideration in
the presence of regulatory action on carbon emissions.

«  The expected total capital investment (average) for
membrane reactor module consisting of 10 micron thick
Pd-based membrane tubes was estimated at 1,285 $/ft>
which was slightly higher than the 2015 DOE target of
1,000 $/ft* with a maximum and minimum of 2,267 and
310 $/ft* (lower than the 2015 target), respectively.

« A comparatively more attractive NPV/cost distribution
profile obtained in the IGCC-MR case assessed against
the ones in the IGCC-PBR and SC-PC cases in the
presence of regulatory action on CO, emissions made
the Pd-based membrane reactor technology option
integrated into an IGCC power plant a promising
investment choice.

Conclusions and Future Directions

+  Membrane preparation led consistently to thin 4-12 um
membranes. Some membranes experienced relatively
low flux when considering their thicknesses indicating
the presence of mass transfer resistance in the porous
metal support.

+  Consistent H,/He selectivities over thousands of hours
were obtained at 400-450°C.

«  The membrane stability during long-term WGS
reaction and H,/H,O mixed gas conditions has been
demonstrated, and the synthesis methodology necessary
for producing those membranes has been developed.

«  Total capital investment for the membrane reactor
module was calculated to be around 1,285 $/ft* very
close to the DOE target (1,000 $/ft%).

+ NPV analysis suggested that if CO, taxes were
implemented, IGCC-MR with carbon capture would
be a quite attractive technology option. The most
significant risk source was technological (reflected on
lower capacity factor values) due to the lack of IGCC-
membrane reactor operating experience, adversely
impacting project value.

*  Monte-Carlo techniques were used to study the effect
of uncertainties namely, capacity factor, initial CO,
tax, CO, tax growth rate on project economic value,
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suggesting that regulatory action on CO, emissions,
would induce an appealing NPV-profile for the IGCC-
MR technology option.

Future Work (to be conducted under new award
#FE0004895)

*  Along-term WGS experiment will be conducted with a
Pd-316L/PSS membrane for up to 1,000 hours at 400°C,
200 psig, and with a feed rate of 2,700 h™' syngas feed
(19% CO, 55% H,0, 18% H,, 8% CO,).

+  Pd-Au and Pd-Ru membranes will be synthesized for
testing under WGS conditions for up to 200 hours with
up to 20 ppm H,S present in the feed.

+  Flexibility analysis will be included into the NPV-based
economical model for the integration of the membrane
reactor technology into IGCC plants to increase the
value of the project (increased NPV) and also to
decrease the risk associated with the membrane reactor
technology.

«  Prepare thin and stable composite pure Pd membranes
on l-inch outer diameter PSS 316 and test them under
real gasification conditions at National Center for
Carbon Capture, Wilsonville, Alabama.

«  Conduct DOE Test 2A (simulated effluent of WGS
reactor) on MembraGuard®-coated Pd membrane to
further confirm the stability of MembraGuard®-coated
membrane under WGS reaction conditions.

«  Composite Pd membranes will be prepared on new
supports with higher initial He permeability in order to
decrease mass transfer resistance within the support.
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2. Augustine A.; Mardilovich I.; Ma Y.H. and Kazantzis N.K.
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3. Augustine, A.S., Ma, Y.H., Kazantzis, N.K. “High pressure

palladium membrane reactor for the high temperature water-
gas shift reaction.” International Journal of Hydrogen Energy.
36(2011), 5350-5360.

4. Pomerantz, N. and Ma, Y.H., “Isothermal Solid-State
Transformation Kinetics Applied to Pd/Cu Alloy Membrane
Fabrication”, AIChE J, 56, 3062 - 3073 (2010).

5. Chen, Chao-Huang and Ma, Yi Hua, “The Effect of H2S
on the Performance of Pd and Pd/Au Composite Membrane”,
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“A Process Dynamic Modeling Framework for Performance
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Environmental Chemistry, August 22-26, 2010, Boston, MA,
USA.

11. Koc, Reyyan, Kazantzis, Nikolaos K. and Ma, Yi H,,
“Process Safety Aspects in Water-Gas-Shift (WGS) Catalytic
Membrane Reactors Used for Pure Hydrogen Production”,
Mary Kay O’Connor Process Safety Center International
Symposium, October 26-28, 2010, College Station, TX, USA.

12. Koc, Reyyan, Kazantzis, Nikolaos K and Ma, Yi Hua,
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Fiscal Year (FY) 2011 Objectives

Develop and demonstrate advanced low-cost, moderate-

pressure proton exchange membrane (PEM)-based water
electrolyzer system to meet DOE targets for distributed
electrolysis:

«  Develop high-efficiency, low-cost membrane

«  Develop long-life cell-separator

«  Develop lower-cost prototype electrolyzer stack and
system

«  Demonstrate prototype at the National Renewable
Energy Laboratory (NREL)

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(G) Cost - Capital Cost
(H) System Efficiency
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Technical Targets

TABLE 1. GES Progress toward Meeting DOE Targets for Distributed
Electrolysis Hydrogen Production

Characteristics Units 2012/2017 GES
Target Status
Hydrogen Cost $/kg H, 3.70/<3.00 4.66%
Electrolyzer Capital Cost $/kg H, 0.70/0.30 0.60
Electrolyzer Energy Efficiency % (LHV) 69/74 75%*

*Using H2A model rev 2.1.1. A cost of $1.80 is included for H, compression,
storage, and delivery

** Stack efficiency; System efficiency ~68%

LHV — lower heating value

FY 2011 Accomplishments

Membrane

Demonstrated enhanced dimensionally stable
membrane (DSM™) performance (>Nafion® 1135
membrane).

Completed 5,000-hour life-test with DSM™ (@80°C).
DSM™ operating lifetime estimated at 55,000 hours.

Reduced membrane support costs by one order of
magnitude in the past year.

Cell-Separator

Demonstrated reduced hydrogen embrittlement in
titanium/carbon cell-separator.

Projected longevity of the carbon/titanium cell-
separators (>60,000 hours).

Electrolyzer Stack and System Design

Completed fabrication of electrolyzer stack utilizing
low-cost components.

Reduced electrolyzer stack costs by 60% over a four
year period.

Completed fabrication of electrolyzer system
incorporating a high-efficiency hydrogen dryer.
Completed extensive safety review of electrolyzer
system.

Completed modeling of electrolyzer capital and
operating costs; performed economic analysis using the
DOE H2A model illustrating cost-reductions.

R SR SR S
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Introduction

The DOE has identified hydrogen production by
electrolysis of water at forecourt stations as a critical
technology for transition to the hydrogen economy, and as
the hydrogen economy matures, for hydrogen production
at centralized locations using renewable energy sources.
However, state-of-the-art electrolyzers are not economically
competitive for forecourt hydrogen production due to their
high capital and operating costs. The cost of hydrogen
produced by present commercially available electrolysis
systems is estimated to be $5.20/kg-H,, considerably higher
than the DOE target of $3.70/kg-H, by 2012 [1]. Analysis of
electrolyzer systems performed by GES and others using the
DOE H2A model indicate that the major cost elements are
the cost of electricity, the capital costs of electrolyzer stacks
and systems, and the high cost of hydrogen compression,
storage, and delivery.

GES has developed PEM-based electrolyzer technology
that operates at differential pressure for producing hydrogen
at moderate to high pressure directly in the electrolyzer
stack, while oxygen is evolved at near-atmospheric
pressure. In this system, liquid water, which is a reactant
as well as coolant, is introduced into the oxygen side at
near-atmospheric pressure. The goals of the project are to
reduce the cost of the stack and system, improve electrolyzer
efficiency, and to demonstrate electrolyzer operation at
moderate pressure.

Approach

To reduce the cost of PEM-based electrolyzers, GES is
improving electrolyzer stack efficiency and reducing stack
cost through development of an advanced low-cost, high-
strength, membrane using a perforated polyimide support
imbibed with perfluorosulfonic acid (PFSA) ionomer. GES
is also reducing stack capital cost and increasing stack
life through development of a long-life bipolar stack cell-
separator, decreasing stack costs by initiating scale-up to a
larger active area, and reducing the system capital cost by
applying commercial production methods to PEM-based
electrolyzer systems. In each of the key development
areas, GES and its team members are conducting focused
development of advanced components in laboratory-
scale hardware, followed by life-testing of the most
promising candidate materials. The project will culminate
in fabrication and testing of an electrolyzer system for
production of 0.5 kg-H, /hr and validation of the electrolyzer
stack and system in testing at NREL.

Successful development of the advanced electrolyzer stack
and system will result in a high-efficiency; low-capital-cost
electrolyzer that will meet the DOE cost targets for hydrogen
production, assuming high-volume production. This will
provide competitively priced hydrogen for delivery at forecourt
stations to enable transition to the hydrogen economy.

DOE Hydrogen and Fuel Cells Program

Results

DSM™ Membrane Performance: To improve
electrolyzer efficiency, GES has developed an advanced
supported membrane having an ionic resistance comparable
to that of a 0.0020- to 0.0035-inch-thick Nafion® membrane,
but having significantly improved mechanical properties.
This advanced membrane is referred to as a dimensionally
stable membrane (DSM™) due to the membrane support
that minimizes changes in dimensions (swelling/contraction)
under high-pressure operation and with changes in water
content. The support structure utilized in the development
of the DSM™ consists of a polyimide (Kapton®) base film
with a definable open pattern. The support structure is
then imbibed with 1100-equivalent-weight (EW) PFSA
ionomer to a thickness of 2 to 3 mil (0.002-0.003”). Initially
the membrane support structures were fabricated using a
laser-drilling procedure. A more cost-effective technique of
fabricating the support structures via chemical-etching has
recently been implemented by GES, reducing the cost of the
membrane by one order of magnitude.

Polarization scans of the DSM™ were conducted in
scaled-up, full-size electrolyzer hardware through a current
density range of 0-2,000 mA/cm2, a differential pressure of
300 psid, and temperature of 80°C. Results are compared
to Nafion® 1135 membrane with similar cathode and anode
electrode structures, Figure 1. During testing, the DSM™
exceeded the criterion for performance: exhibiting lower
cell voltages and thus higher cell efficiencies than that of a
Nafion® 1135 membrane.

Performance Scan

1.7
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1.55 ﬂ
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320-330 psig Cathode (Hy) Clpoco)Ti seperator used in o— 160-cm? Nafion 1135
20 psig Anode (H,0/0) scaled-up 290-cm?® HW

Terminal Cell Voltage (V/Cell)

HW - hardware; MEA - membrane electrode assembly

FIGURE 1. Performance Scans: DSM™ vs. Nafion® 1135
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Durability of the DSM™
was also demonstrated in the
scaled-up, hardware via fluoride
release rate (FRR) measurements
at constant-current operation.
Since PFSA ionomer is used
as the membrane material and
in the binder for the catalyst
layer, the loss of fluoride is
used as a measurement of
membrane degradation. An
FRR rate of 3.7 pg F ion/hr or
less than 10 micrograms F ion/
liter (<10 ppb) was present in
the cathode effluent (electro-
osmotically transported water)
at the end of the 1,000-hour life
test. Based on electrolysis FRR
results, the lifetime of the DSM™
is projected to be between 45,000
and 55,000 hours, which exceeds
the durability requirements of the
electrolyzer system. In addition
to its durability, the DSM™
exhibits high cell efficiencies in the range of 75% LHV
(88.8% higher heating value) at an operating current density
of 1,500 mA/cm2.

Cell-Separator Development: The cell separator
is a gas-impermeable conductive sheet that separates
the hydrogen and oxygen compartments in the bipolar
stack. The separator must be highly conductive, as well
as resistant to hydrogen embrittlement and to corrosion
in an oxidizing environment. GES’s legacy high-pressure
naval electrolyzers use a complex multi-layer cell-separator
incorporating a conductive compliant member and sheets
of niobium and zirconium metal. Zirconium is used due
to its high resistance to hydrogen embrittlement. GES has
previously evaluated a low-cost, dual-layer titanium cell-
separator. Although performance was comparable to that of
niobium/zirconium cell-separators, lifetimes were limited to
5,000 hours due to hydrogen embrittlement.

The most promising approach for long-term
implementation has been achieved by coating titanium with
a low-cost electrically conductive, embrittlement-resistant
carbon coating. The challenge was the development of
a pinhole-free, highly adherent coating with the required
characteristics. Under the cell-separator development task,
GES demonstrated performance of a carbon/titanium cell
separator in scaled-up 290-cm? electrolyzer stack hardware.
Performance is comparable to that of the niobium-zirconium
separator. In addition, life expectancy of the carbon/
titanium separator, determined via hydrogen-uptake analysis
over a 1,000-hour period, indicates lifetimes exceeding the
50,000-hour system requirement.

Electrolyzer Stack and System Fabrication: The full-size
(27-cell, 290-cm? active area) electrolyzer stack developed
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FIGURE 2. Low-Cost Electrolyzer Stack

during this project is shown in Figure 2. The electrolyzer
stack, capable of producing 0.5 kg-H,/hr at an operating
current density of 1,500 mA/cm?, is designed with low-cost
components. In addition to the use of chemically etched
DSM™ and carbon/titanium cell-separators, the electrolyzer
stack includes several modifications to GES’s legacy
hardware; (1) an increase in cell active area from 160 to

290 cm?, effectively reducing the number of cells required to
produce a given amount of hydrogen, thus reducing the stack
manufacturing labor, (2) an overall decrease in the parts
count per cell (from 41 to 10), (3) a 75% reduction in anode
and cathode catalyst loadings, (4) molded thermoplastic cell
frames, resulting in a cost reduction of 95% as compared to
machining this component, (5) a 33% reduction in cell frame
thickness, thus reducing the anode and cathode support
materials and costs by 33%, and (6) a low-cost carbon-steel
end plate. As a result of the component and membrane
development during this project, the overall projected capital
cost of the electrolyzer stack has decreased from greater
than $1,000/kW in 2007 to <$400/kW in 2011 (Figure 3).

As shown in Figure 4, the system build, undertaken at
the Parker facility, is in its advanced stages. The electrolyzer
system required detailed planning with respect to system
layout and fabrication sequence. Several factors, including
specific codes and standards that are pertinent to hydrogen
electrolyzer systems, were considered during the system
layout. To meet these requirements, the system was designed
with three separate compartments; the oxygen (O,), the
hydrogen (H,), and the electrical (controller and power
supply) compartments. The O, compartment contains the
oxygen gas-phase separator, a circulating liquid pump, and the
de-ionized water feed tank. The H, compartment encloses
a novel high-efficiency (97%) hydrogen dryer assembly,
high- and low-pressure hydrogen gas-phase separators, a
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heat exchanger, cooling fans, and various flow valves. The
electrolyzer stack is powered via a high-efficiency power
supply rated at 94% located in the electrical compartment.
The outside platform is also used as the staging area for the
nitrogen (N,) tanks that will provide N, gas for purging the
electrolyzer stack during start-up and shutdown.

Conclusions and Future Directions

Significant progress has been made in DSM™
membrane development. GES has demonstrated membrane
reproducibility and durability as well as a significant
improvement in electrolyzer cell efficiency that exceeds the
DOE’s 2017 efficiency targets. In addition, development
efforts conducted under this project have resulted in
significant cost reductions in the PEM-based electrolyzer
stacks and systems, an increase in the life of the low-cost
cell-separators, and improved balance-of-plant components
efficiency. The future objectives are to:

+  Complete critical design review.

« Install electrolyzer stack into system.
«  Assist in system start-up at Parker facilities and evaluate
overall performance.

*  Deliver and demonstrate the prototype electrolyzer
system at NREL for validation.
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Fiscal Year (FY) 2011 Project Objectives

«  Improve electrolyzer cell stack manufacturability through:
—  Consolidation of components.

— Incorporation of alternative materials and
manufacturing methods.

- Improved electrical efficiency.

«  Reduce cost in electrode fabrication through:
- Reduction in precious metal content.
- Alternative catalyst application methods.

«  Design scale up for economy of scale including:
- Scale up of the design to a large active area cell
stack platform.
- Development and demonstration of a robust
manufacturing process for high volume plate
production.

*  Quantification of the impact of these design changes
through utilization of the H2A model.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

FY 2011 Annual Progress Report

(G) Capital Cost
(H) System Efficiency
(J) Renewable Electricity Generation Integration

Technical Targets

TABLE 1. Proton Energy Systems Progress towards Meeting Technical
Targets for Distributed Water Electrolysis Hydrogen Production

Characteristics Units 2012 2017 Proton
Target Target Status
Hydrogen Cost $/gge <3.70 <3.00 3.46
Electrolyzer Capital Cost $/gge 0.70 0.30 0.64
Electrolyzer Energy % (LHV) 69 74 67
Efficiency

gge - gasoline gallon equivalent; LHV - lower heating value

Note: Estimates are based on H2A v2.1, for electrolysis only (compression-
storage-delivery not included). Model assumes $0.05/kWh.

Electrolyzer cost based on 1,500 kg/day capacity, 500 units/year. Efficiency based
on system projections and demonstrated stack efficiency of 74% LHV efficiency.

FY 2011 Accomplishments

«  Alternate electrode structures enabled 55% less precious
metal on the anode (Proton process) and >90% less
on the cathode (3M nano-structured thin-film [NSTF]
structures).

* A new flow field design resulting in >20% part cost
savings (12% stack cost savings) passed production
validation and was commercially released.

«  Composite bipolar plates from Entegris exhibited
stability over >3,000 hours of operation.

«  Alternative flow field manufacturing methods were
surveyed and a path to additional 50% cost reduction in
the subassembly was defined.

+  Penn State comprehensive electrolyzer cell model
was validated against physical test data and is being
leveraged for cell characterization.

Nitride coatings on flow fields and separators from

Entegris, Proton, and Oak Ridge were characterized
before and after cell operation and found to remain
intact on surface after >500 hours.

S R R

Introduction

This project addresses the DOE Hydrogen Program
objective for distributed production of hydrogen from proton
exchange membrane (PEM) water electrolysis. The DOE
Technical Targets for hydrogen cost as well as electrolyzer
efficiency and capital cost will be directly addressed through
the advancement of key components and design parameters.

DOE Hydrogen and Fuel Cells Program
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Currently, a significant portion of the electrolyzer system
capital cost comes from the cell stack(s). When added
together, the flow fields and membrane electrode assemblies
(MEAs) constitute over half of the total cell stack cost
(Figure 1). Significant cost reductions of these components
as demonstrated with this research are required in order

to reach the targets. Further optimization of cell stack
components results in efficiency gains at the system level
and ultimately a reduction in the cost to produce hydrogen.

Approach

The scope of work for this project allowed for research
and development in several key areas relating to cell stack
cost reduction. Topics included: 1) catalyst formulation,

2) flow field design, 3) computational performance modeling,
and 4) flow field coating development. Higher efficiency
oxygen evolution catalysts are of interest because the oxygen
evolution reaction is inefficient and therefore requires

high catalyst loadings to achieve reasonable operational
voltages at the desired current densities. Improving catalyst
utilization can substantially reduce the cost of the MEA

by reducing the noble metal content in the catalyst layers.
Novel electrode structures have been constructed using
alternate synthesis and processing techniques and are being
characterized for performance and durability.

Advancements in flow field design are intended to be
advantageous for low-cost, high-volume manufacturing.
Alternatives to the current flow field design included either
1) composite bipolar plates or 2) unitized flow fields,
which consolidate parts and reduce the amount of required
precious metal plating. A parallel path is being followed,
utilizing the top candidate from each category. Material
testing samples for the composite materials are under test
for compatibility with the corrosive environment known
to exist within operating electrolyzer cells. Prototype flow
fields will be fabricated and tested to determine dimensional
capability. Computational modeling of an electrolyzer cell
will allow for optimization studies to be performed around
flow field material and architecture. Cell performance can
be quantified in ways not typically possible with standard
physical test experiments. Alternate coating strategies
are also being investigated which eliminate metal plating
entirely. Validation of all of the previously mentioned design

M Power supplies

= Balance of plant

» MEA

M flow fields and separators
® balance of cell

w balance of stack

FIGURE 1. Relative Cost of Electrolyzer System Components
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changes will be achieved through cost analysis based on the
H2A model V2.1.

Results

Significant advancements have been made in the
development of an optimized catalyst formulation and
application technique. This work has demonstrated a
55% reduction in the amount of precious metal used in the
anode catalyst layers of the MEA vs. current commercial
production. Durability testing showed no degradation over
the duration of the test. The application technique represents
an improvement over existing production techniques in that
it allows for improved accuracy and uniformity while also
enabling higher speed throughput. Work with 3M has also
shown feasibility of greater than 90% reduction in catalyst
loading vs. current commercial production on the cathode
side of the cell utilizing 3M’s NSTF electrodes. Even with
15% higher membrane thickness, the reduced loading
cathodes demonstrated roughly equivalent performance to a
Proton baseline (Figure 2), and durability was demonstrated
to over 3,500 hours. A non-proprietary test cell was also
qualified and shared with collaborators for increased
throughput and cost sharing.

Near-term electrolyzer stack cost reductions of 12% vs.
Proton’s 2010 commercial product were identified through
the testing and validation of non-metal cathode flow field
components. The new part was implemented in Proton’s
commercial product, with thousands of cells manufactured
to date.

Composite bipolar plates which enable substantial
further reduction in metal content were procured and have
been on test for over 3,000 hours without significant voltage
decay (Figure 3). Samples were nitrided to protect the
part from oxidative corrosion and hydrogen embrittlement.
Selected samples will be examined after longer operating
times to predict overall life based on any signs of corrosion
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FIGURE 2. Performance of NSTF Electrodes as Electrolysis Cathodes
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FIGURE 3. Voltage Trend for Composite Bipolar Assembly

or material degradation. A survey was also completed

of over 30 bipolar assembly concepts, which showed
opportunity for 50% cost savings in the subassembly over
the production change already implemented. In addition to
the composite plate, an alternate unitized part was selected
for prototyping to verify cost and dimensional tolerancing.

The comprehensive computational model of an
electrolyzer cell developed at Penn State was shown to be
capable of predicting performance parameters based on the
geometry of the flow fields and specified operating conditions.
Calculated parameters included overall cell potential,
distribution of potential and current density distribution, as
well as volume fractions of water, oxygen and hydrogen in
various regions of the cell. Predicted polarization curves
were shown to be consistent with actual data. A parametric
study was performed to flex the model variables. Learnings
from this model will be used for refinement of cell component
architecture for improved water distribution within the cell
and better thermal management.

Plasma Nitrided

Nitriding was studied on both the composite parts as
discussed above as well as metal parts. Characterization at
Oak Ridge National Laboratory showed that both samples
maintained similar thicknesses of the nitrided layer after
electrolysis operation (Figure 4). Thermal nitriding was
also explored at Oak Ridge and samples were tested for
500 hours in the electrolysis environment without evidence
of corrosion. These results validate the potential for multiple
options for plate fabrication and coating while eliminating
noble metal coatings or plating.

Conclusions and Future Directions

+  Cost reductions can be made by controlling the catalyst
formulation process and through advanced application
techniques. Further work is needed to integrate the
anode and cathode benefits realized in this project into
a single MEA configuration.

« Initial cost reductions on the cathode flow field were
successfully implemented in production.

«  Tests have shown that alternative conductive materials
can remain stable in the corrosive environment of
operational electrolyzer cells for tests over 3,000 hours.
Further analysis is required to determine durability
projections and progress towards the 30,000 hour
minimum operational life of Proton cell stacks, but no
obvious degradation has been observed.

* A unitized flow field plus frame assembly has been
selected as the parallel path to the composite bipolar
plate, with initial predictions of over 50% part cost
reduction.

+  Electrolyzer cell performance can be predicted with
the use of a comprehensive computational model and
flow distribution across the bipolar assembly can be
modeled to provide valuable insights on design and flow

requirements.
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«  Nitride coatings fabricated by different methods appear
to be very stable in electrolysis conditions and may
enable reduction in metal coatings. Further process
development will be performed to determine the best
approach for manufacturability.
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II.E.3 High-Capacity, High Pressure Electrolysis System with Renewable Power

Sources

Paul M. Dunn

Avilence, LLC

1240 Oronoque Road
Milford, CT 06460

Phone: (203) 874-6786
E-mail: pmd@avalence.com

DOE Manager

HQ: Eric Miller

Phone: (202) 287-5829

E-mail: Eric.Miller@hq.doe.gov

GO: Paul Bakke
Phone: (720) 356-1426
E-mail: Paul.Bakke@go.doe.gov

Contract Number: DE-FG36-08G018066

Subcontractor:
HyPerComp Engineering, Inc., Brigham City, UT

Start Date: June 1, 2008
Estimated Project End Date: September 30, 2012

Fiscal Year (FY) 2011 Objectives

«  Achieve at least a 15X increase in the gas production
rate of a single high-pressure production cell.

«  Demonstrate the high pressure cell composite wrap
which enables significant weight reduction.

+  Build and test a 1/10™-scale pilot plant.

+  Have fabrication ready drawings for full-scale plant
(300 kg/day, 750 kW).

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(G) Capital Costs of Hydrogen Generation by Electrolysis
Systems

(H) System Efficiency
(J) Renewable Electricity Generation Integration

FY 2011 Annual Progress Report
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Technical Targets

TABLE 1. DOE Technical Targets: Distributed Water Electrolysis Hydrogen
Production

Characteristics Units 2012 2017
Target Target
Hydrogen Cost $/gasoline gallon 3.70 <3.00
equivalent (gge)
Electrolyzer Capital $/gge 0.70 0.30
Cost $/kW 400 125
Electrolyzer Energy % (lower heating value) 69 74
Efficiency

Distributed Water Electrolysis Hydrogen Production

In this project Avélence is developing an enlarged
version of its present electrolyzer design that will have 15X
the capacity of the current single tubular cell. To achieve
this, the diameter of the current Avélence design individual
tubular cell is being enlarged to enable an innovative
cell core design: multiple coaxially arranged cylindrical
electrodes, nested in a uni-polar configuration. This design
is the core of a distributed water electrolysis hydrogen
production system that will meet the following DOE 2017
targets:

«  Hydrogen cost: $3.00 gge
«  Electrolyzer energy efficiency: 74 kWh/kg

FY 2011 Accomplishments

Detailed engineering and design and construction of
the test cell continued during 2011. Significant engineering
focus was directed toward a detailed design to seal the
inner electrodes and membranes and the pressure flange
and provide inlet and exit ports for the water and H, and
O, gases. The cell prototype will be tested at 1,000 psi on
an existing test stand at Avalence that will provide electrical
and pressure control and electrolyte level balancing. 2011
accomplishments include:

«  Detailed design drawings for the prototype cell
(Figure 1) to include the following elements:

- A top gas exit manifold made of polyvinyl chloride
(PVC) that will have gas collection channels
machined into the manifold. Oxygen will be
collected and sent to a center outlet port. The
hydrogen manifold will be split into four quadrants
with outlet ports in each of the four quadrants.
The manifold, which will have an electrode sealing
mechanism or clamp, is at the top end of the cell.

DOE Hydrogen and Fuel Cells Program
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SIDE VIEW CUTAWAY OF LARGE CELL WITH INTERNALS

FIGURE 1. Cutaway View of Cell Nested Components

- Aninnovative method of joining and securing
the electrode and membrane ends to the top
and bottom of the cell via a mounting collar
made of PVC.

«  Detailed design of the exact geometry of the internal
nested cylindrical components which consist of two
inner anodes, two cathodes, and the four membranes
that form the boundaries between the anolyte and
catholyte chambers. The design utilizes 8-inch, 6-inch,
4-inch and 2-inch 316 stainless steel.

«  Detailed engineering design of the inner and outer
pressure flanges that will allow the assembly of inner
electrodes and membranes in two modules:

One outermost piece of the outer flange assembly
that holds an anode, inner cathode, and two
membranes.

A second assembly that includes a flange which is
sandwiched underneath the outermost flange. This
assembly holds the second anode and the center
cathode, plus two membranes in place.

Design of plastic mounting disks which are placed
inside and are locked into position by the outer
flange pieces to seal the electrodes and membranes
in place.

The outermost piece of the outer flange is bolted
through the second assembly (sandwich) flange into
the inner flange of the cathode/pressure cylinder,
pressure sealing the entire cell.

The design calls for a top outer flange/mounting
disk assembly with gas exit paths, and a bottom
outer flange/disk assembly with liquid distribution
and recirculation.

In a departure from the current smaller scale
Avilence product design [1], the cell membranes
are sealed at both ends of the cell to prevent anolyte
and catholyte from mixing. This will ensure high
purity by preventing H, and O, gases dissolved in
the electrolyte from crossing the cell boundaries
formed by the membranes by eliminating an open

DOE Hydrogen and Fuel Cells Program
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BOTTOM FLANGE-MANIFOLDING

circulation path below the membrane. Anolyte
and catholyte entrained in the exiting gas bubbles
(through gas paths in the top of the cell) will return
to the appropriate cell chambers via external
circulation and reinjection through the bottom
outer flange/disk assembly.

The design makes extensive use of O-rings to seal
leak paths through liquid inlets and gas outlets, as
well as to seal the flanges at both ends of the cell.

+  The outer cathode/pressure cylinder was cut from an
8-inch pipe and the inner flanges machined from a
stainless steel solid bar stock at Avilence and welded
together and dye penetrant-checked, see Figures 2 and 3.

«  The cylinder was shipped to HyperComp in Brigham
City, Utah, for wrapping with carbon fiber, see Figure 4.

S T R

Introduction

Avilence has existing technology that is globally
unique in its ability to deliver hydrogen directly at storage-
ready pressures of 2,500 and 6,500 psi without a separate
compressor. Using an alkaline electrolyte process, the
Avilence Hydrofiller systems integrate the production
and compression processes by operating the electrolytic
cells at the desired delivery pressure. The systems can
interface directly with renewable electricity supplies and
have been shown in previous work (DOE Small Business
Innovation Research project completed in April 2005)
that the electrolyzer operates through the full range of
voltages output from the connected photovoltaic (PV) array
without using any power conditioning equipment. These
characteristics result in a renewable hydrogen production
and delivery system that is significantly more efficient
and reliable, and substantially less expensive than existing
commercially available electrolyzer and compressor
system sets. The smaller scale Hydrofillers are based on a
single cathode/anode tubular cell design with production
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FIGURE 2. Cell with Flange Ends for Carbon Fiber Wrapping

electrolysis cell, enable operation at 2,500 psi and above, and
reduce the cell weight and cost relative to conventional metal
containment (similar to what is seen today with composite
storage tanks used on vehicles). Ninety-six of these high-
capacity cells will now produce a single unit (module) with a
production capacity of 150 kg/day.

To complete this development process, Avilence is
proposing to build a quarter-scale pilot plant to be composed
of 20 cells that will replicate the full plant design and
operation, but minimize the cost to DOE for this technology
demonstration. The pilot plant will be sent to the National
Renewable Energy Laboratory for verification testing. The
final result of the project will be a commercially operating
30 kg/day pilot plant integrated with a wind turbine and/
or PV array, and delivering H, gas at pressure directly to
storage cylinders. Operation of this plant and extensive
testing of this and earlier development versions throughout
FIGURE 3. Photograph of Cell Prior to Carbon Fiber Wrapping the course of the project will thoroughly document the
performance and operation of the technology. This
combination of an operating pilot plant and substantial
performance and operating data will position the technology
for commercialization.

capability of about 0.1 kg/day per cell. A revolutionary
design approach to this high-pressure cell core is needed for
an order-of-magnitude capacity scale up of the individual
electrolyzer modules.

Results

Approach Initial test work on nested components, with passive
circulation, was conducted during the first quarter of FY
2011. The test results from one nested set did demonstrate
substantial recirculation (driven only passively at this point).
The recirculation had a very positive effect in that purity of
hydrogen (before the catalyst) increased from 98.5% typical
at 2,200 psig to >99.5% at 2,200 psig. The recirculation
resulted in less dwell time inside the cells for the gas
bubbles and therefore less opportunity to diffuse or leak

by whatever minute paths exist. This is an indication that
Avélence should be able to return to high pressure operation
(6,000 psig) with no compressor, and stay below the required
safety limit of 2% impurity before the catalysts. The test cell,
with five nested electrodes, will use active circulation, which
should further reduce dwell time, so even better results

In this project, Avélence is developing an enlarged version
of the current Avéalence design that will have at least 15X
the capacity of our present single tubular cell. The diameter
of the large individual cell will be substantially increased
in order to enable an innovative cell core design - multiple
coaxially arranged cylindrical electrodes, nested in a uni-polar
configuration - enabling up to 1%2 kg/day of production per
individual cell. In order to accomplish this cell diameter
increase with a practical pressure boundary while operating
at either 2,500 or 6,500 psi, Avilence has partnered with a
composite cylinder manufacturer, HyPerComp Engineering
Inc. They will develop a custom designed containment
vessel/cathode using their composite technology expertise
that will allow an increase in the diameter of the individual

FY 2011 Annual Progress Report 89 DOE Hydrogen and Fuel Cells Program



Il.LE Hydrogen Production / Electrolysis

Dunn — Avalence, LLC

FIGURE 4. HyperComp Wrapping Sequence and Finished Cylinder

are anticipated. In support of the multi electrode testing,
Avilence has selected circulation pumps for testing of the
five nested electrodes.

Based on the tests conducted during the first quarter
of FY 2011 and additional analysis, there is a problem
of excessive voltage drop associated with axial electrical
conductivity in the nested set of 316 stainless steel electrodes.
As a result, additional design work was undertaken to
decrease electrical resistance within the cells and associated
with pass through (sealed) conductors. This is focusing on
the selection and construction of the anodes and cathodes
that provide the axial conductivity and electrical pass
through, and which are also of acceptable cost. The test cell
design is limited to 3’ height due to concern over voltage loss
axially. This means that the pilot plant cells at 6’ will require
that electrical connections are made at both ends of the
electrodes or another solution is devised in order to improve
the conductivity. For example, it is possible to solve this
problem with a change in material (to nickel for example),
but this is costly. Avélence is working on other concepts
such as layering (cladding) the electrodes to deliver both the
conductivity required and to manage the cost.

Lastly, design work focused on how to align the plurality
of electrodes and membranes top and bottom for better
manufacturability. This is being addressed by securing the
membranes and inner electrodes to a top alignment mount

DOE Hydrogen and Fuel Cells Program

made of PVC that will be glued to the upper gas manifold
(also made of PVC). The relatively thin membranes will be
reinforced at the bottom with a PVC guide ring glued to the
membranes. The membranes and electrodes are attached to
a PVC bottom alignment guide, and the entire assembly can
then be inserted into an outer anode and flange assembly.
Avidlence is researching the manufacture and supply of stiff
tubular membranes made by casting a membrane material
onto a rigid ceramic, extruded PVC, or other support.

Conclusions and Future Directions

Conclusions

Through changes in conceptual design and detailed
engineering design currently underway, Avalence is
addressing the design challenges of this unique high pressure
concentric ringed electrolysis cell, all of which impact
manufacturability, gas purity, and high pressure operation:
«  Electrode and membrane sealing to cell ends
+  Gas collection
*  Axial conductivity

Electrolyte balancing

Cell cooling
+ Etc
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Future Directions FY 2011 Publications/Presentations

«  Demonstrate large diameter cell operation at 1,000 psi: 1. High Pressure, High Capacity Electrolysis System, presented
at the 2011 Fuel Cell and Hydrogen Association Conference,

—  The cell will be tested on a test stand that Avélence February 15, 2011.

has adapted from the balance of plant of a
Hydrofiller 15.

- Will circulate electrolyte on both sides using cat
pumps.
- No gas recirculation will be required until the
design pressure goes above 2,500 psig.
«  Test long-term 6,500 psi operation approaches:

—  Using existing small cell apparatus.

—  Purified gas “recirculation/dilution” approach
as required to achieve lower explosive level
requirements.

- Neutral electrolyte chamber approach - membrane
related effort.
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Kevin Harrison (Primary Contact), Todd Ramsden,
Genevieve Saur, Chris Ainscough

National Renewable Energy Laboratory (NREL)
1617 Cole Blvd.

Golden, CO 80401

Phone: (303) 384-7091

E-mail: Kevin.Harrison@nrel.gov
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Subcontractor:
Spectrum Automation Controls, Arvada, CO

Project Start Date: October 1, 2003
Project End Date: Project continuation and
direction determined annually by DOE

Fiscal Year (FY) 2011 Objective

«  Optimize the coupling between wind and solar electric
resources and the hydrogen-producing stacks of
commercially available electrolyzer systems.

*  Quantify performance differences between variable and
constant current operation of electrolyzer stacks and
systems.

«  Collaborate with industry and utilities to advance the
commercialization of integrated renewable electrolysis
systems.

«  Demonstrate the technical readiness of DOE-awarded
advanced electrolysis systems.

Technical Barriers

This project addresses the following technical
barriers from the Production section (3.1) of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(G) Capital Cost
(H) System Efficiency
(J) Renewable Electricity Generation Integration

Technical Targets

Results from the project demonstrate improved system
efficiency and offer opportunities to reduce capital costs by
reducing redundant components in a renewable-coupled
system. Previously, testing conducted under this project of a
DOE-awarded system, from Giner Electrochemical Systems,

DOE Hydrogen and Fuel Cells Program

demonstrated small-scale (16-kW) electrolyzer system
energy efficiency of 55% (lower heating value, LHV). The
current (2009) state-of-the-art cost for delivered hydrogen
from electrolysis for a forecourt refueling station ranges from
$4.90/kg-H, to $5.70/kg-H, dispensed at the pump, with a
base-case estimate of $5.20/kg-H,. This base-case estimate
of $5.20/kg-H, includes an electrolysis production cost of
$3.32/kg-H, and compression, storage and dispensing costs
of $1.88/kg-H,. These costs are evaluated using Energy
Information Administration Annual Energy Outlook 2005
High A Case industrial electricity costs ($0.053/kWh on
average) [1]. In the coming year, this project will test the
performance of two DOE-awarded systems to demonstrate
their technical readiness for improved stack efficiency and
higher pressure (>2,500 psig) hydrogen product directly from
the electrolyzer stack. Based on information provided by
electrolyzer suppliers for their state-of-the-art technologies,
both alkaline and polymer electrolyte membrane (PEM)
electrolyzers are now capable of producing hydrogen using
less than 50 kWh/kg, representing a lower heating value
efficiency of greater than 67% [1].

TABLE 1. Progress toward Meeting DOE Technical Targets for Distributed
Water Electrolysis Hydrogen Production

Characteristics Units 2012 Target Status
Hydrogen Cost $/gge 3.70 4.90-5.70
Electrolyzer Energy % (LHV) 69 67-75
Efficiency

gge — gasoline gallon equivalent

FY 2011 Accomplishments

«  Completed Fuel Cell Technologies Program milestone for
Hydrogen Fuel R&D for Quarter 1: “Complete testing
(300 hours) of multiple commercial electrolysis stacks
into a wind-to-hydrogen system to characterize the
impacts of the power electronics interface and varying
wind power input on electrolyzer performance and cost
of renewable-based hydrogen production.”

—  Conducted varying current stack testing continuously
for more than 3,800 hours by the end of July 2011.

—  The testing revealed that the duration of full-current
steady-state operation embedded between long-
duration, varying-current wind profile operation
influences the anode catalyst oxidation state and
may have a role in transient voltage behavior.

+  Demonstrated 10% efficiency improvement by
combining direct-coupled photovoltaic (PV) and power
converter-to-stack operation based on solar irradiance.

« Installed new test facility and power switch gear at the
Wind-to-Hydrogen (Wind2H2) project to support testing
of DOE-awarded electrolyzer systems in FY 2012.
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« Installed refurbished alkaline stack and balance-of-plant
components enabling side-by-side comparison testing of
similarly sized competing electrolyzer technologies.

«  Completed initial hourly analysis of central wind
electrolysis production facility (50,000 kg/day). See
project ILE.6, “Hour-by-Hour Cost Modeling of Optimized
Central Wind-Based Water Electrolysis Production”.

R R T R S

Introduction

Renewable electrolysis is inherently distributed, but
large-scale wind and solar installations are becoming more
common and will take advantage of economies of scale. Life
cycle assessments of large-scale wind turbines, for example,
show payback for the greenhouse gas emissions required
to manufacture the equipment in about nine months [2].
Renewable electricity sources, such as wind and solar,
can be closely (and in some cases directly) coupled to the
hydrogen-producing stacks of electrolyzers to improve
system efficiency and lower the capital costs of this near-
zero carbon pathway.

Approach

The Xcel Energy/NREL Wind2H2 project is advancing
the integration of renewable electricity sources with state-of-
the-art electrolyzer technology. Real-world data from daily
system operation are revealing opportunities for improved
system design and unique hardware configurations to
advance the commercialization of this technology. Lessons
learned and data-driven results provide feedback to the
analytical and modeling components of this project [3].

In hydrogen production facilities even small increases in
system efficiency result in significant reductions in hydrogen
cost. DOE is funding electrolyzer manufacturers to design and
build improved stacks and system balance of plant to reduce
the cost of electrolytically produced hydrogen. This project
provides independent testing and verification of the technical
readiness of these advanced electrolyzer systems by operating
them from the grid and renewable electricity sources.

Results

We conducted side-by-side testing and comparison of
stack voltage decay rates between constant and variable
current operation. Two, 34-cell stacks of an H-Series PEM
electrolyzer, from Proton On Site, were operated with a highly
variable wind profile for more than 3,800 hours between
November and July 2011. The third stack was operated over
the same time with a constant stack current while having
the same average current as the two variable stacks. Varying
wind current profile was normally operated for hundreds of
hours continuously and only interrupted to operate all three
stacks at their full-current steady-state point for a few days at
a time.

FY 2011 Annual Progress Report

Table 2 summarizes these results, which are based
on over 3,800 hours of combined varying wind and full-
current steady-state operation through July 2011. Before
delivery to NREL, the stacks under test faced severe abuse
with no hydration for about a year in a warehouse without
operation or attention. Furthermore, this testing is intended
only to reveal relative stack decay rates between a variable
wind profile and constant current operation if there is any
difference. Stack decay rates of today’s PEM stacks are in
the range of 2-5 pV/cell-h.

TABLE 2. Summary of Full-Current Steady-State Scans and Resulting Decay
Rate

Mode Stack Voltage (104°F) Average

1/1/2011|2/9/2011 | 4/12/2011 | 6/10/2011| 7/22/2011 ”\[,’/Z';f'l‘_'hr
Variable 76.5 71.6 78.6 79.1 78.3 13.9
Variable 74.5 75.5 76.9 71.2 76.3 13.7
Constant| 75.1 75.9 771 71.3 76.7 12.4
Cumulative Hours 594 1,853 3,143 3,803

The cell membrane resistance supports the linear fitting
and extrapolation to 104°F (40°C) to establish a common
temperature to compare the full-current scans. The data
indicate a narrow band of operation during the colder winter
months and the wider temperature operating range from the
April 12 full-current scan (Figure 1). We expect that hotter
summer months will shift stack operating temperature to
even higher temperatures, which is the reason 104°F was
selected as the comparison temperature.

Original plans to operate the three stacks in full-
current steady-state mode for tens of hours between the
varying wind profile were quickly replaced when longer
duration full-current scans revealed a change in the voltage
behavior. The longer duration full-current scans suggested
that the anode catalyst layer has a role in this transient
voltage behavior. As a result, all future full-current steady-
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FIGURE 1. Stack B (Varying Stack) Voltage Responses During Full-Current
Steady-State Operation
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state scans will be run for several days. Proton On Site has
suggested a brief electrolyzer shutdown between varying
stack and full-current steady-state mode may provide further
insight to stack voltage behavior.

The three stacks are periodically brought to their full-
current steady-state operating point to enable comparison of
their stack voltages at stable conditions. Input and output
deionized (DI) water temperature, stack current, and voltage
are monitored. DI input and output water temperatures are
averaged and binned for every 1°F and the corresponding
stack voltages are averaged for each bin. Stack B (varying
stack) voltage responses are shown in Figure 1 for three of
the full-current steady-state periods and are representative
of each stack. Each stack responded similarly during these
full-current steady-state operation periods.

In FY 2010, NREL conducted testing comparing
the performance of direct coupling a PV array to a PEM
electrolyzer stack with that of a power converter using
maximum power point tracking. The electrolyzer stack
operating point was intentionally aligned with that of PV array.
In FY 2011, the power converter switching losses and diode
reverse recovery were investigated. The direct coupling and
power converter data were further analyzed to show a 10%
system efficiency improvement if direct coupling were used in
solar irradiances less than 500 W/m? and the power converter
was used when higher irradiances were present (Figure 2).

Conclusions and Future Direction

Through the end of July 2011, NREL conducted more
than 3,800 hours of varying wind profile stack current
testing with two PEM electrolyzer stack while holding
a third stack at constant current. As these results are
preliminary, the testing continues.

NREL’s comparison testing between direct coupling
a PV array to a PEM electrolyzer stack versus a power
converter using maximum power point tracking provides an
opportunity to improve system efficiency. System efficiency
can improve by 10% if direct coupling is used in solar
irradiances less than 500 W/m? and the power converter is
used when higher irradiances are present.

«  To support the opportunity to use electrolyzers as
dispatchable loads for grid support services, NREL
plans to induce frequency disturbances on its 80 kW
and 125 kW diesel generators using resistive step
loads. Both the PEM and alkaline electrolyzers will
be triggered to shed or add load to the microgrid to
mitigate these frequency changes.

«  Similarly, the 5 kW PEM fuel cell will be direct current
coupled with the PV array to quantify its response time
as clouds passing by the PV array induce load changes.

«  NREL plans to test the performance of two DOE-
awarded electrolyzer systems in the coming year. These
advanced systems were designed and built to improve
stack efficiency and high-pressure electrochemical
operation of the stack.
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FIGURE 2. 10% Improved Energy Capture by Taking Advantage of Direct
Coupling at Solar Irradiances Less Than 500 W/m? and Power Conversion
when Irradiances are Greater

+  Equipment downtime, reliability, and maintenance data
will be tracked to help quantify the performance of this
integrated renewable hydrogen production system.

«  Multiple stack electrical isolation tests will highlight
the challenges of electrical floating and bipolar stack
operation. If successful, multiple stacks could be
configured to take advantage of the direct current bus of
large-scale variable-speed wind turbines.

FY 2011 Publications/Presentations

1. Harrison, K.; Novachek, F.; Ramsden, T.; Ainscough, C.,
NREL and Xcel Energy Collaboration on Wind-to-Hydrogen
(Presentation); Fuel Cell and Hydrogen Energy Association
Conference, February 14-16, 2011, Washington, D.C.

2. Harrison, K.W.; Remick, R.; Hoskin, A.; Martin, G.D.,
Hydrogen Production: Fundamentals and Case Study
Summaries; NREL Report No. CP-550-47302.
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I.E.5 Process Intensification of Hydrogen Unit Operations Using an

Electrochemical Device

Glenn Eisman (Primary Contact), Daryl Ludlow,
Dylan Share

H2Pump, LLC

11 Northway Lane North

Latham, NY 12110

Phone: (518) 783-2241

E-mail: glenn.eisman@h2pumpllc.com

DOE Manager

HQ: Richard Farmer
Phone: (202) 586-1623
E-mail: Richard.Farmer@ee.doe.gov

Contract Number: DE-SC0002185

Subcontractors:

» PBI Performance Products, Inc., Rock Hill, SC
+ Plug Power, Inc., Latham, NY

Project Start Date: Phase II: August 15, 2010
Project End Date: August 15,2012

Fiscal Year (FY) 2011 Objective

Develop and demonstrate a multi-functional hydrogen
production technology based on a polybenzimidazole (PBI)
membrane which exhibits:

«  High efficiency (70%)

« 100 scth pumping capability

+ CO,and CO tolerance

+ 300 psig (differential) pressurization capability
«  $3/kg operating costs

Technical Barriers

This project addresses the following technical barriers
addressed in the Production section of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan.

(K) Durability

(L) Impurities

(N) Hydrogen selectivity
(O) Operating temperature
(

(
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Technical Target

This project is focused on fundamental chemical and
mechanical engineering studies on PBI proton exchange
membranes and electrochemical cell hardware, respectively.
Learnings gained from these studies will be applied to
the membrane fabrication process as well as toward the
electrochemical cell architecture to meet the following key
targets:

* 300 psid differential pressure operation at 160°C
+  CO, tolerance
*  High efficiency

FY 2011 Accomplishments

* 300 psig compression demonstrated at 160°C for over
600 hours on a PBI-based electrochemical pump.

« A process to increase the membrane durability and
performance was developed.

«  Advancements in the pump support and seal design
(50 cm? format).

+  Characterization of the gas diffusion layer (mechanical
properties), enhanced pump architecture, and a
1% generation large format pump design completed
to achieve the program target of 100 scth.

R S

Introduction

One of the barriers to fuel cell acceptance is the lack
of a simple, reliable, cost-effective and robust process to
purify, pump, and pressurize hydrogen. This challenge is
magnified by impurities and hydrogen generation occurring
at near ambient pressure. Technical means of pressurizing
the hydrogen is especially daunting for low to moderate flow
rates. If the pressurization, purification, and recovery of
the hydrogen can be developed into a single unit operation,
the key goals relating to cost and reliability via process
simplification could be an attractive and enabling option.
Application of electrochemical methods is a potential
solution. H2Pump has leveraged its extensive experience
in electrochemical separation and pressurization systems
to meet the project objectives with a high temperature
membrane-based electrochemical hydrogen pump. The
solutions have been based on developing a chemically
and mechanically robust membrane in conjunction with
advancements in cell hardware.

The significance of the success of the project to date
is that multiple unit operations have been combined into a

DOE Hydrogen and Fuel Cells Program
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single device and demonstrated to be capable of generating
the targeted pressures and impurity tolerances.

Approach

H2Pump has shown that electrochemical methods to
recover, purify, and pressurize hydrogen is a viable option
for low to moderate volumes of hydrogen containing gases.
The main challenge for this specific application is the lack
of a proton conducting membrane which exhibits carbon
dioxide and carbon monoxide tolerance and at the same
time pressurize the hydrogen from atmospheric pressure
to 300 psig. The approach has been to work closely with
its partner, PBI Performance Products, to enhance the
membrane properties relevant to this application while at the
same time address cell hardware architecture so as to support
the high temperature, CO, and CO tolerant membrane. The
results (properties) of the membrane modifications were
then used to guide the cell hardware program in which cell
components have been assessed and characterized for the
desired operating conditions. The combined efforts have
led to the successful operation of 50 cm? cells which meet
or exceed the program targets. Design guidelines developed
with lab-scale pumps are then applied to a larger format to
meet the volume requirements of the effort.

Results

The most significant result during this period is having
achieved the targeted 300 psig compression using the
high-temperature CO,, CO tolerant membrane. Other
accomplishments include membrane enhancement and
characterization, gas diffusion layer characterization and
selection, enhanced pump architecture, and completion of
a 1% generation large format pump design. High pressure
electrochemical hydrogen compression was achieved
through rigorous material characterization and selection
processes in conjunction with advancements in the pump
support and seal design. Presented in Figure 1 are the data
for a 300 psig 50 cm® pump operated at 160°C on humidified
hydrogen for 300 hours. Membrane enhancement was
accomplished via various treatments with the intent to
improve material durability and performance over long
lifetimes. Acid absorption, mechanical strength and
electrochemical performance were studied after membrane
treatments were performed. Polarization data for the pump
operating with a 300 psig differential pressure are presented
in Figure 2. Hardware design and material preparation
methods were studied and improved to boost the maximum
differential pressures within the hydrogen pump. This work
was essential to address the failure modes which are unique
to the high temperature and high pressure operation.

Tests are currently underway to assess lifetime of the
multi-functional device at the targeted operating conditions.
Additional cells have been tested with various sealing
designs at pressures between ambient and 300 psig to
assess the impact of the sealing method on high differential

DOE Hydrogen and Fuel Cells Program
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FIGURE 1. Cumulative Run Time: voltage, current, and temperature vs. time.
50 cm’ PBI Performance Products enhanced membrane operating at 300 psi
differential pressure in the H2Pump advanced cell hardware.
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FIGURE 2. Voltage vs. current density: 50 cm? cell operating at 300 psi
differential pressure with the PBI Performance Products enhanced membrane.

pressure operation. There are currently two approaches
which have proven viable for the 300 psig pressurized
operation, both relating a novel sealing and support design.
In future activities one will be down-selected. Single cells
operating at 300 psid have now exceeded 600 hours and
remain on test.

Additional work is being carried out on enhancing
the membrane properties via two approaches, thermal
and chemical cross-linking of the polymer in the PBI
membranes. Results of both methods (impact on stability
and mechanical properties) have guided the effort to date.
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Conclusions and Future Directions

« In collaboration with our partner, PBI Performance
Products, PBI membrane has been successfully modified
and is now stable in the targeted operating environment.

«  Enhancement of the membrane - electrode interface
successfully completed.

«  Cell hardware has been modified and sub-components
evaluated and down-selected.

« 300 psig differential pressure operation has been
demonstrated for hundreds of hours.

«  Life testing, impact of operating conditions, and
durability will continue to be evaluated.

«  Scale up of the membrane and electrode assemblies as
well as the hardware is underway so as to achieve the
100 scfh target.

«  Gas quality and analytical tests will be performed to
further assess the performance of the 300 psig pump
cells.

«  Plans and preparation for an on-site demonstration
of the technology will commence in the forthcoming
months.

FY 2011 Annual Progress Report
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FY 2011 Publications/Presentations

1. Eisman, G., Ludlow, D., “Process Intensification of Hydrogen
Unit Operations Using an Electrochemical Device, Proceedings
of the DOE Hydrogen and Fuel Cell Annual Merit Review
Meeting, Crystal City, VA., May, 2011.
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II.E.6 Hour-by-Hour Cost Modeling of Optimized Central Wind-Based Water

Electrolysis Production

Genevieve Saur (Primary Contact), Todd Ramsden,
Kevin Harrison, Chris Ainscough

National Renewable Energy Laboratory (NREL)
1617 Cole Blvd.

Golden, CO 80401

Phone: (303) 275-3783

E-mail: genevieve.saur@nrel.gov

DOE Manager

HQ: Eric Miller

Phone: (202) 287-5829
E-mail: Eric.Miller.ee.doe.gov

Project Start Date: October 1, 2010
Project End Date: Project continuation and
direction determined annually by DOE

Fiscal Year (FY) 2011 Objectives

«  Corroborate recent wind electrolysis cost studies using a
more detailed hour-by-hour analysis.

«  Examine consequences of different system configuration
and operation for four scenarios.

« Initiate understanding of sizing implications between
electrolyzers and wind farms.

« Identify areas for further analysis and cost reduction.

«  Determine the sensitivity of the cost of hydrogen
to various inputs, such as turbine cost, electrolyzer
efficiency, electrolyzer capital cost, capacity factors, and
availability.

Technical Barriers

This project addresses the following technical barriers
from the Production section (3.1) of the Hydrogen, Fuel
Cells and Infrastructure Technologies Program’s Multi-Year
Research, Development and Demonstration Plan:

(G) Capital Cost
(H) System Efficiency
(J) Renewable Electricity Generation Integration

Technical Targets

This analysis shows that using current prices for
electricity from Class 4-6 wind resources, the hydrogen cost
can approach the DOE 2012 cost per gallon of gasoline
equivalent ($/gge) target. (See Table 1 for more details.)
Using wind electricity prices collected in the 2000 to 2002
time frame, which are lower than now (2011), a Class 6 wind

DOE Hydrogen and Fuel Cells Program

resource could produce hydrogen at the production plant
gate for $3.06/gge. This analysis focused on the production
components of hydrogen cost, including, electrolyzer

capital, electricity cost, depreciation, and operation and
maintenance. Table 1 includes an additional $1.88/kg for
compression, storage, and dispensing, the value assumed by
an independent review panel on low-temperature electrolysis
from which the electrolyzer performance and costs were
derived for this analysis [1].

TABLE 1. Progress towards Meeting Technical Targets for Distributed Water
Electrolysis Production

Characteristics | Units 2012 2017 Status Analysis
Target' | Target'

Hydrogen Costat | $/gge | 3.70 <3.00 | 4.90-5.70° | 5.70-7.49°

Production Gate

'2012 and 2017 target for forecourt hydrogen station includes production and CSD
(compression, storage, and delivery)

? The current (2009) state-of-the-art cost for delivered hydrogen from electrolysis for

a forecourt refueling station ranges from $4.90/kg-H2 to $5.70/kg-H2 dispensed at

the pump, with a base-case estimate of $5.20/kg-H2. This base-case estimate of
$5.20/kg-H2 includes an electrolysis production cost of $3.32/kg-H2 and compression,
storage and dispensing costs of $1.88/kg-H2. These costs are evaluated using Energy
Information Administration Annual Energy Outlook (AEQ) 2005 High A Case industrial
electricity costs ($0.053/kWh on average)[1].

® The analysis found production gate values between $3.82-5.61/kg. Additional CSD of
$1.88 CSD is included in agreement with the independent review panel [1].

FY 2011 Accomplishments

+  Completed initial hourly analysis of central wind
electrolysis production facility (50,000 kg/day).

«  Determined that Class 4-6 wind sites can produce green
hydrogen for between $3.82-$5.61/gge at the production
plant gate without additional compression, storage, or
dispensing.

«  Presented results at the Fuel Cell Hydrogen Energy
Association (FCHEA) conference, Feb. 14-16, 2011,
Washington, D.C.

+  Technical paper.

«  Saur, G. and T. Ramsden, Wind Electrolysis-Hydrogen
Cost Optimization. NREL/TP-5600-50408. Golden,
CO: NREL 2011.

S S R

Introduction

This project is a analytical component of the
“Renewable Electrolysis Integrated System Development
and Testing” and is aimed at understanding the barriers
and costs associated with large-scale (50,000 kg/day)
wind-based hydrogen generation plants. Such plants can
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take electrical energy from the wind or from the grid and
use it to split water molecules into hydrogen and oxygen
molecules. The hydrogen can then be used for a variety

of purposes, including vehicle fuel, fertilizer feedstocks,
petroleum upgrading, metal processing, and other industrial
processes. The hydrogen can also be stored, converted back
to electricity, and sold to an electric utility for the grid.

Approach

The approach used in this analysis was to review a range
of wind sites from Class 1 to 6 for their ability to produce
hydrogen economically by electrolysis. An hourly model
was created by modifying the DOE H2A Production model
version 2.1 to work in conjunction with an hourly analysis.
The wind sites were modeled using 8,760 hr/yr data calculated
from profiles in Western Wind Data Sets [2] and 3 MW
turbine performance profiles adapted from the WindPACT
Turbine Rotor Design Study [3]. Wind farms were created as
a number of 3 MW wind turbines. Wind turbine costs came
from the 2008 Wind Market Report [4]. The electrolyzer
performance and cost was modeled consistently with an
independent review panel on high volume production costs of
the current state-of-the-art low-temperature electrolyzers [1].
Further, each site was analyzed under four different scenarios
run hourly over a year.

A. Cost balanced: $ grid purchased electricity = $ wind
electricity sold.

B. Power balanced: kilowatt-hour (kWh) grid purchased
electricity = kWh wind electricity sold.

C. Same as A, but no purchase of summer peak electricity.
D. Same as B, but no purchase of summer peak electricity.

In addition to these scenarios, sensitivities to various
inputs were analyzed, including wind turbine capital cost,
wind electricity costs, electrolyzer efficiency, electrolyzer
capital cost, capacity factor, and availability.

Results

This analysis found that in power balanced scenarios,
the cost of hydrogen at the production plant gate can range
from nearly $12/gge down to $3/gge, depending on the class
of the wind site. It is only in wind sites of Class 4 or better
that such a plant begins to approach DOE technical targets.
This analysis looked at electricity prices in the California
market. Electricity process will have an influence on the
quality of the wind resource required.

An example of the range of costs for all the wind sites
analyzed can be seen in Figure 1 which shows a power-
balanced scenario where no summer peak electricity was
bought from the grid. In this scenario the wind electricity
sold to the grid was balanced with the grid electricity bought
on a per megawatt basis per year. The electrolyzer was
run at peak capacity except during summer peak hours
in which it was run separate from any wind electricity

FY 2011 Annual Progress Report
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FIGURE 1. Power Balanced Scenario — Range of Costs at the Production Plant
Gate

available. A ramification of this scenario was that slightly
less than 50,000 kg/day of hydrogen was produced during
the summer, but the cost of hydrogen at the production
plant gate was also slightly less (~$0.10/kg) than it would
be if expensive summer peak grid electricity was purchased.
Figure 1 shows the range of costs for the power-balanced,
no-summer-peak scenario across the different wind class
sites analyzed.

In places with low-cost electricity (no production tax
credit included), <$0.10/kWh, hydrogen can be produced
for approximately $3.79-$5.90/gge at the production plant
gate with no additional compression, storage, or dispensing.
This was true of both power and cost-balanced scenarios.
Scenarios with no-summer-peak electricity buy resulted
in lower hydrogen costs but could also result in unmet
hydrogen demand. The difference in the cost of hydrogen
at the production plant gate between buying summer peak
electricity and not buying was more pronounced in the cost-
balanced scenarios, but resulted in <$0.10/kg for all of the
power-balanced and between about $0.50-$0.10/kg for the
cost-balanced scenarios depending on the quality of the wind
profile. See Figure 2 for more details.

In order to produce 50,000 kg of hydrogen per day, the
required installed wind capacity varies greatly with the wind
class, and thus with the cost of wind electricity. It can be
as low as 200 megawatt (MW) (Class 6), and as much as
850 MW (Class 1) (see Figure 3).

In the sensitivity analysis, the largest component changes
in hydrogen cost were caused by wind turbine capital cost,
followed by electrolyzer efficiency (see Figure 4).

In summary, at the production plant gate the largest
hurdles to hydrogen cost from water electrolysis remain
wind turbine capital cost and electrolyzer efficiency.

Figure 4 shows the sensitivity of costs for a particular

Class 5 wind site using the power-balanced, no-summer-
peak scenario described previously. Table 2 shows the base
case assumptions for the different variables with the high
and low values used to calculate the cost of hydrogen at the
production plant gate. As seen in Figure 4, a 20% reduction
in wind turbine capital will reduce hydrogen costs by

DOE Hydrogen and Fuel Cells Program
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FIGURE 3. The Effect of Wind Electricity on the Installed Capacity of a Wind
Farm Capable of Producing 50,000 kg/day of Hydrogen

$0.58/gge, or 15%. Similarly, dropping electrolyzer-specific
energy use from 50 to 47.5 kWh/kg can remove another
$0.13/gge from the hydrogen cost. Other sites and scenarios
exhibited very similar ranges in the cost of hydrogen at the
production plant gate for these sensitivity values.

DOE Hydrogen and Fuel Cells Program
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FIGURE 4. EHydrogen Cost at the Production Plant Gate - Example
Sensitivity for a Power-Balanced Case, No-Summer-Peak Scenario, Wind
Class 5

TABLE 2. Base Case and Sensitivities for a Power-Balanced, No-Summer-
Peak Class 5 Wind Site, Cost of Hydrogen at the Production Plant Gate

Variable Name Base Case Low High

Value Value Value

Wind Turbine Capital Cost ($/kW) 1,964 1,571 2,356
Electrolyzer Energy Use (kWh/kg) 50 47.5 60
Electrolyzer Capital Cost ($/kW) 384 307 461
Wind Farm Availability (%) 88 90 86
Electrolyzer Capacity Factor (%) 98 99.5 96

100
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Conclusions and Future Direction

Given the large influence of electricity pricing on
this type of system, future work will analyze areas of the
country with high electricity prices and good wind resources
(Hawai’i and New England, for instance).

In addition to different geographical regions, the
analysis will be deepened to look at solar integration and
possibly smaller generation stations supporting the emerging
vehicle and material handling fleet vehicle markets. Future
analysis will include:

«  More sensitivities to various inputs possibly including
grid pricing, wind farm size, and production tax credit.

+  Use of curtailed wind.

+  Regionally expanded grid pricing structures.

+  Examination of solar integration.

«  Other optimal electricity/hydrogen production balance
scenarios.

FY 2011 Publications/Presentations

1. Saur, G. and T. Ramsden, Wind Electrolysis - Hydrogen Cost
Optimization, presented at FCHEA conference, Feb. 14-16,
2011, Washington, D.C.

2. Saur, G., Ramsden, T., Harrison, K., and Ainscough, C.,
Hour-by-Hour Cost Modeling of Optimized Central Wind-Based
Water Electrolysis Production, presented at DOE Annual Merit
Review, May 9-13, 2011, Washington, D.C.

3. Saur, G. and T. Ramsden, Wind Electrolysis-Hydrogen Cost
Optimization. NREL/TP-5600-50408. Golden, CO: National
Renewable Energy Laboratory, 2011.
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Project Start Date: September 1, 2007
Project End Date: August 31, 2014

Fiscal Year (FY) 2011 Objectives

«  Demonstrate a cost-effective high-temperature
water splitting cycle for hydrogen production using
concentrated solar energy.

«  Evaluate photocatalytic and electrolytic options for
generating hydrogen that meet DOE’s solar high
temperature H, production efficiency and cost goals.

«  Confirm the feasibility of the selected cycle via bench-
scale experiments.

«  Determine the economic prospects of the selected cycle
using the Aspen Plus chemical process model and H2A
economic analysis program.

+  Demonstrate a fully-integrated pilot-scale solar H,
production unit.

Technical Barriers

This project addresses the following technical barriers
from the Production section (3.1.4) of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(U) High-Temperature Thermochemical Technology
(V) High-Temperature Robust Materials

DOE Hydrogen and Fuel Cells Program

(W) Concentrated Solar Energy Capital Cost

(X) Coupling Concentrated Solar Energy and
Thermochemical Cycles

Technical Targets

Table 1 presents the progress made, to date, in achieving
the DOE technical targets as outlined in the §3.1.4 Multi-
Year Research, Development and Demonstration Plan -
Planned Program Activities for 2005-2017 (updated Oct.
2007 version), Table 3.1.9: Solar-Driven, Thermo-chemical
High-Temperature Thermochemical Hydrogen Production.

TABLE 1. Progress towards Meeting Technical Targets for Solar-Driven High-
Temperature Thermo-chemical Hydrogen Productiona

Characteristics Units U.S. DOE Targets Project
Stat
2008 | 2012 | 2017 aus

Solar-Driven $/gasoline | 10.00 | 6.00 | 3.00 | $7.74(2015)
High-Temperature gallon $4.65 (2025)
Thermo-chemical equivalent
Water Splitting H,
Cycle Hydrogen
Production Cost
Heliostat Capital $/m? 180 140 80 97°
Cost (installed cost)
Process Energy % 25 30 >35 19.3
Efficiency®

#Electrolytic system projected costs based on latest H2A analysis.

®Based on SAIC glass-reinforced concrete structure with 10 sq.m. area and low
production quantity.

°Plant energy efficiency is defined as the energy of the hydrogen produced (lower
heating value) divided by the sum of the energy delivered by the solar concentrator
system plus any other net energy imports (electricity or heat) required for the process.

FY 2011 Accomplishments

+  Anindependent thermodynamic and chemical plant
analysis reaffirmed that the cycle can be closed and
indicated cycle viability.

* A high pressure reactor was developed to allow high
temperature operation of the electrolytic cell. Various
catalysts, cell configurations and membranes were
tested.

«  Steady progress was made and a total cell voltage of
0.8 V@ 160 mA/cm?® and 1.02 V @ 300 mA/cm? (in
short term runs) was attained while achieving near
quantitative hydrogen production and sulfite conversion.

« Initial lab results prove the feasibility of the all-(liquid/
gas) K,SO,/K,S,0, chemistry for the high-temperature
oxygen evolution sub-cycle using potassium sulfate.
Residual gas analysis equipment was added to the
thermogravimetric analysis (TGA) unit at UCSD and the
combined system is producing results.

FY 2011 Annual Progress Report
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«  An improved Aspen Plus model of the sulfur-ammonia
system was developed by UCSD and is being refined
based on lab results and additional data.

*  H2A economic model results were updated and aligned
with DOE program assumptions showing the 2015
estimated hydrogen cost of $7.74/kg and the 2025 cost
of $4.65/kg. The results assume no credit for excess
electrical production. The process is being optimized
to eliminate excess electrical production, improve
efficiency and thus reduce cost.

R S

Introduction

Thermo-chemical production of hydrogen by splitting
water with solar energy is a sustainable and renewable
method of producing hydrogen. However, the process must
be proven to be efficient and cost effective if it is to compete
with conventional energy sources.

Approach

To achieve the project objectives, the Bowman-
Westinghouse “sulfur-family” hybrid thermo-chemical
water splitting cycle (aka “Hybrid Sulfur, HyS” cycle) was
modified by introducing ammonia as the working reagent,
thus producing the sulfur-ammonia, or “SA,” cycle. The
purpose of the modification is to attain a more efficient
solar interface and less problematic chemical separation
steps. Several versions of the SA cycle were developed and
evaluated experimentally as well as analytically using the
Aspen Plus chemical process simulator.

Two approaches were considered for the hydrogen
production step of the SA cycle, namely: photocatalytic and
electrolytic oxidation of ammonium sulfite to ammonium
sulfate in an aqueous solution. Also, two sub-cycles have
been considered for the oxygen evolution side of the SA
cycle, namely: zinc sulfate/zinc oxide and potassium sulfate/
potassium pyrosulfate sub-cycles. The laboratory testing
and optimization of all the process steps for each version
of the SA cycle were then carried out. Once the optimum
configuration of the SA cycle has been identified and the
cycle has been validated in closed loop operation in the lab,
it will be scaled up and tested on-sun.

Results

Cycle Evaluation and Analysis

In previous years, significant work was performed on
the photo-catalytic SA cycle. During the past year, work
focused on the electrolytic SA cycle, which is summarized in
the following equations:
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The electrolytic oxidation of the ammonium sulfite
solution occurs more efficiently at higher temperatures
requiring the development of a system capable of running
at higher pressures. Reactions (3) and (4) form a sub-cycle
by which potassium sulfate is reacted with ammonium
sulfate in the low temperature reactor, to form potassium
pyrosulfate. That substance is then fed to the medium
temperature reactor where it is decomposed to SO, and
K,SO, again, closing the sub-cycle. The potassium sulfate
and pyrosulfate form a miscible liquid melt that facilitates
the separations and the movement of the chemicals in
reactions (3) and (4). The oxygen production step (5) occurs
at high temperature over a catalyst. Separation of the
oxygen from SO, occurs when they are mixed with water in
reaction (1). The net cycle reaction represented by reactions
1-5 is decomposition of water to form hydrogen and
oxygen. All of the reaction steps described above have been
demonstrated in the laboratory and shown to occur without
undesirable side reactions. Figure 1 shows a schematic of
the electrolytic SA cycle.

Independent Thermodynamic and Chemical Plant
Analyses

An independent thermodynamic analysis of the
feasibility of the SA Cycle was performed. The first step
was to perform a preliminary thermodynamic analysis
of the SA cycle. Subsequently a detailed analysis of the
potassium pyrosulfate/electrolytic version of the SA cycle
was performed. The analysis reaffirmed that the cycle can
be closed and indicated cycle viability. The thermodynamic
analysis was based on ideal solutions using HSC Chemistry
7.0 (Outotec Oyj, Espoo, Finland) augmented with SO,
vapor pressure over K,SO,/K,S,0. solutions from reference
[1]. The analysis was performed with Excel using add-
in links to the HSC database enthalpy, and Gibbs energy
functions. Vapor pressure data was fit using non-linear least
squares analysis to generate functions for use in an Excel
spreadsheet.

The major concerns to be addressed were in the
oxygenation subsystem: the decomposition of ammonium
sulfate, the formation of potassium pyrosulfate and the
liberation of SO, from potassium pyrosulfate. Figure 2
shows details of the high temperature portions of the oxygen
generation subsystem. The analysis assumed that the oxygen
generation system would be operated at one bar and that the
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FIGURE 1. Schematic of the Electrolytic SA Cycle
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Solar site to make up the lost material.
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Decomposer Heater The temperature of the potassium salt decomposer (the

FIGURE 2. High-Temperature Portion of the SA Oxygen Generation Subsystem

ammonium sulfate decomposition step (low-temp reactor of
Figure 1) would be accomplished at 400°C. For this analysis,
the SO, decomposition temperature (high-temp reactor of
Figure 1) was assumed to be 1,000°C. The composition of
the electrolyte fed to the oxygen generation, obtained from
ESC was H,0: (NH,),SO,:(NH,),SO, = 7.2:1:0.05. The
minimum melting point of a K,SO,/K,S,0, mixture occurs
at about 8.3 mole percent K,SO, at about 400°C. The ratio
K,SO,:K,S,0,=2:10 in the molten salt fed to the ammonium
salt decomposer was chosen such that, after absorbing one
mole of SO, from the (NH,),SO,, the composition would be
K,SO,:K,S,0,=1:11, or 8.33 mole percent K,SO,.
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mid-temp reactor of Figure 1), 733°C is the temperature
required to vaporize one mole of SO, from the salt product

to return it to the required composition for feed to the
ammonium salt decomposer. The stream must be cooled to
645°C such that when mixed with the electrolysis feed the
resultant temperature of the ammonium salt decomposer is
the specified 400°C. The only use of the heat from 733°C to
645°C is the production of electricity. This amount of heat

is sufficient to power the electrolysis system at a voltage of
1.5 volts if the electricity is generated at 25% efficiency. If the
hydrogen is produced at a reasonable voltage (0.5 to 0.8 volts)
and the electricity is generated at normal efficiencies (30-
400%) there will be a large excess production of electricity
available for export. Since we intend to operate the hydrogen
production system on a continuous 24/7 basis and the SO,
decomposition system only during insolation, the hot molten
salt will be available to generate electricity continuously.
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Electro-Oxidation of Aqueous Ammonium Sulfite
Solutions

Optimization of the electrolytic process continued at
ESC. New catalysts and electrode materials have been
screened at 80°C, with the most promising materials
including spinels (M N, O, where M,N=Fe/Ni/Co),
platinum/cobalt mixtures and alternate felts. These
materials were further screened in a new high pressure
reactor which was built for this project and is shown
in Figure 3. The high pressure reactor is capable of
operation at 150 psi and 260°C. Cell performance with
the Pt/Co catalyst at 130°C gave 0.8 V @ 160 mA/cm” and
1.02 V @ 300 mA/cm? as shown in Figure 4 with further
improvements at higher temperature. Work also showed
that the use of an undivided cell is most likely not possible
at temperatures above 60°C, as the present cathode structure
becomes inefficient with reduction of sulfite competing with
hydrogen production.

High-Temperature Cycle Step Evaluation

Evaluation of the all-liquid/gas high-temperature cycle
steps continued. As shown in Figure 5, TGA experiments
were conducted to show the evolution of ammonia and
water vapor at ~365°C, followed by evolution of sulfur
trioxide at 496°C. A residual gas analyzer was used to detect
the gases from the reaction. However, as tiny amounts
(~10 mg) of reactants are used for the TGA with an argon

New 180 cm? cell,
capable of

~25 L/hr

H, production

@ 54A

(300 mA/cm?)

FIGURE 3. Pressure Vessels Required for Electrochemical Cell Operation at
High Temperature
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purge stream, the product concentrations are very diluted,
and often not detectable. A large reactor system is being
built to use ~10 g of reactants to study the reaction kinetics
and evolution of gases products under more realistic
operating conditions. The reactant ratios will be optimized
to increase the temperature difference between the evolution
of ammonia and SO,.

Aspen Plus Process Analysis

The Florida Solar Energy Center (FSEC) supplied
a copy of their model of the SA plant in Aspen Plus.
Unfortunately, the data supplied was not sufficient to run the

810-87 Cell V, 80-150°C and 85 psi
Pt/Co on Felt, NR112 MEA Cathode (179ug Pt/cm?)
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FIGURE 4. Cell Performance as a Function of Current Density and Temperature
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FIGURE 5. TGA/Differential Thermal Analysis of:
(NH,) S0, + 2K,S0, + 8K,S,0, > 2NH, + H,0 + 9 S0, + 10K,SO,
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model with revised input values. UCSD supplied additional
specifications for recycle streams within the plant so that the
model could be run with new input values.

Using the FSEC model as a guide, UCSD is developing
its own Aspen Plus model of the plant. This is being
performed for several reasons. The first is to better
understand all the characteristics of the plant model.
Another reason is to include better thermodynamic data
for some of the less common materials in the plant such as
the molten sulfate/pyrosulfate mix in the oxygen section of
the plant. To date, all units have been incorporated into
the UCSD model and the material balance has been closed.
Current work involves performing a process heat integration
analysis, or pinch analysis, of the plant in order to place heat
exchangers and optimize the thermal energy efficiency of the
plant. UCSD is also developing rate/kinetic models of the
individual unit operations in the plant.

Solar Field Optimization

The solar field configuration has continued to be
updated as the thermo-chemical system evolves.

Evaluations were performed to determine the optimum
way that the system could operate continuously on a 24/7
basis. The all-liquid K,SO,/K,S,0, system provides the
opportunity to absorb and store heat directly in the reactants
of the system. The molten salt solubility curves are such
that a large excess of K,S,0, is needed to keep the mixture
liquid, so much more heat capacity is present than is needed
to operate the reactions. The sensible energy contained in
the salts in the medium-temperature reactor is therefore also
sufficient to provide the heat needed for the low-temperature
reactor, and the excess energy is used to produce electricity
that runs the electrolysis process. The highest-temperature
oxygen evolution process can be operated in a solar-
only mode using a separate high-temperature receiver, or
electricity produced from the excess heat of the molten salt
mixture can be used to operate that reaction 24/7 as well.

Economic Analysis

The H2A economic model for the electrolytic SA process
was updated. Discrepancies between the inputs for the SA
model and those of other groups were removed by using scaled
values from the Sandia heliostat field analysis to update the
solar field model. Updated results for the electrolytic process
efficiency were also included in the calculation. The resulting
estimated production costs for hydrogen were found to be
$7.74/kg in 2015, and $4.65 in 2025.

The H2A cost analysis program was also used to
examine the optimization of the electrolytic portion of the
system. The electrolytic system design is a balance between
capital costs for electrolytic cells and operating costs for
electricity. Recent test data for the polarization curve of
the electrolytic cell (i.e., voltage vs. current density) were
combined with estimated costs from H2A for the electrolysis
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FIGURE 6. Economic Optimization Study Results

cells ($/m?) and for electricity. The capital costs were
annualized using the capital recovery factor from H2A

and combined with the annual electricity costs to obtain

a levelized annual cost for the electrolytic system, and the
calculation was repeated over a range of current densities
from 25 mA/cm? to 300 mA/cm®. The results are shown in
Figure 6. At low current densities, the cost is high because
of the large area of electrolysis cells needed to pass the
required electrolysis current. At very high current density,
the increase in cell overpotential leads to high electricity
so the cost again increases. The lowest cost point is at

75 mA/cm? This is a much lower value than had been
expected. For comparison, the target value of 0.8 V at

300 mA/cm?® is plotted on the figure as the separate point to
the far right - note that the minimum cost point predicted
using our current data is actually lower than the cost for
that set of conditions.

The conclusion from this study is that it is more
important to focus our efforts on reducing cell voltage to
reduce electrical costs rather than focusing on increasing
current density to reduce capital costs. Sensitivity studies
of the results confirm this conclusion. Increasing electricity
costs drive the minimum cost to lower current densities,
but not strongly. Doubling the cost of electricity reduces
the minimum cost point from 75 to about 50 mA/cm?.
Likewise, doubling the capital cost of the electrolysis system
components only moves the minimum cost point to about
100 mA/cm>.

Conclusions and Future Directions

In summary:

+  Anindependent thermodynamic and chemical plant
analyses reaffirmed that the cycle can be closed and
indicated cycle viability.

+  Significant progress was made in reducing the cell
voltage and increasing the current density of the
electrolytic cell by operating at higher temperatures and
with improved cell design. Improvements made over
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the last year have enabled us to increase the current
density by a factor of 2.5 times to 160 mA/cm? at a total
cell voltage of 0.8 V.

Additional evaluations of the all-liquid/gas high-
temperature oxygen generation cycle steps continued to
prove the subcycle feasibility.

A new Aspen Plus chemical plant model has been
developed that is more robust and more accurately
models the thermodynamic characteristics of the model.

Evaluations were performed that show the SA system
with solar energy storage can operate continuously on a
24/7 basis.

The H2A economic model for the electrolytic SA
process was updated and aligned with the assumptions
for other hydrogen production cycles. H2A analyses
show that the lowest total annualized cost of hydrogen
achieved to date at 0.6 V and 75 mA/cm? is actually
lower than our target performance of 0.8 V and

300 mA/cm>

Activities planned for the upcoming year include:

Further optimization of the electrolytic process and

cell. This will include identification of catalysts that

will reduce the over-potential at the anode and allow
operation at high current densities. The best catalyst
will be evaluated in longer term operation by performing
a 500 hour durability test.

Complete evaluation of the K,SO, oxygen subcycle
reactions. A large reactor system will be constructed
to use ~10 g of reactants to study the reaction kinetics
and evolution of gases products under more realistic
operating conditions.

Using Aspen Plus, optimize the thermal energy
efficiency of the plant.

Development of the thermal reactor/receiver designs
including materials specification and testing.
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«  Development of the solar field configuration and design
to match the final chemical plant requirements.

+  Continue to update H2A economic analyses to
document the potential cost of hydrogen from the SA
cycle.

After completion of phase 1, the next phase of the
project will involve laboratory validation of the closed-
loop SA cycle leading to on-sun hydrogen production
demonstration.
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Fiscal Year (FY) 2011 Objectives

The strategic objective is to develop a robust process for
producing hydrogen that meets DOE’s targets for cost and
energy usage; the tactical objectives are the following:

«  Identify methods that prevent copper deposition at the
cathode of the electrolyzer while meeting targets for cell
potential (0.7 V) and current density (500 mA/cm?® to be
met in three years).

— Identify membranes with low copper permeability
and sufficient proton conductivity.

—  Optimize operating conditions and electrolyzer
design to further minimize copper crossover.

+  Continue collaborative work on the themal reactions
with Canada.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(U) High-temperature Thermochemical Technology
(V) High-Temperature Robust Materials
(W) Concentrated Solar Energy Capital Cost

Technical Targets

The technical targets are the cost of hydrogen
production and the process energy efficiency.

«  For 2017, these are $3.00 per gasoline gallon equivalent
(gge) H, and >35% (lower heating value, LHV),
respectively.

DOE Hydrogen and Fuel Cells Program

FY 2011 Accomplishments

+  Identified several membranes with low copper
permeability at 80°C.

*  Conducted electrolysis tests that showed no visible
copper crossover with two membranes—double layer
Nafion® and CG2, a porous separator. The hydrogen
production efficiency exceeded >80-90% when the
cell potential was 0.7 V and the current density was
100-150 mA/cm?.

+  Scaled up the electrolyzer from 5 to 31 cm* and
obtained a stable current for almost 800 hours with
CG2 and a cell potential of 0.7 V and a current density
exceeding 100 mA/cm?.

«  Developed a speciation model of the electrolyzer’s
anolyte to calculate any thermodynamic property such
as decomposition potential, solubility of CuCl(s) in
HCl(aq) anolyte, concentration of HCl(aq) to dissolve
Cu(s) in catholyte, etc. over a wide temperature range
from 25 to 100°C.

«  Continued collaborations with Atomic Energy of
Canada Limited and a group of Canadian universities.

R S

Introduction

The U.S. Department of Energy’s Office of Energy
Efficiency and Renewable Energy (DOE-EERE) is
supporting the development of H, production technologies
that use solar heat. One approach involves thermochemical
cycles whose heat source is the solar power tower, which is
near commercialization and provides heat near 550°C now
and up to 650°C in the future. The CuCl cycle is unique
because its maximum temperature is 550°C.

The three major reactions in the Cu-Cl cycle are
shown in Table 1. All reactions have been verified at the
temperatures shown. Note that the maximum temperature is
less than 550°C.

TABLE 1. Three Major Reactions in the Cu-CL Cycle

CuCl, + H,0 < Cu,0Cl, + 2HCl(g)
Cu,0Cl, < 2CuCl + %0,
2CuCl + 2HCl < CuCl, + H,

Hydrolysis, ~375°C
Decomposition, 450-525°C
Electrolysis, ~80 -100°C

No separations or phase changes are specified in this
high level representation. There is a significant challenge in
the electrolysis reaction because of copper crossover, which
has been observed at the Atomic Energy of Canada Limited
and at laboratories in the U.S. Copper crossover can lead
to catastrophic failure of the cell. Work in the past year has
therefore been focused on reducing copper crossover.
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Approach

A collaboration involving several laboratories with
expertise in different types of membranes was established.
Pennsylvania State University investigated s-Radel
(polysulfone-type) membranes, some of which were
crosslinked, as well as double layered Nafion®. Argonne
National Laboratory modified Nafion™ by copolymerizing it
with intertwining various aliphatic and aromatic polymers
to reduce the pore size and also developed a cross-linked
polybenzimidazole. Seven commercial separator-type
membranes, which were available to Gas Technology Institute
(GTI) for use in another study and were characterized by
their manufacturers as having low metal ion transport and
good chemical and thermal stability, were also examined.
Screening evaluations were conducted with permeability and
conductivity measurements. Electrolysis tests were conducted
with the most promising membranes at 80°C.

Results

Permeability Measurements: The various membranes
were screened by measuring copper permeability at 80°C
and through-plane conductivity at room temperature. An
initial target permeability of 10% of Nafion™s was used.

The permeability was measured in a diffusion cell, which
consisted of two compartments, clamped together but
separated by a membrane. The solute side contained a
solution of CuCl, in10.2 M HCI. The solvent side contained
10.2 M HCI. The permeability was calculated from the

equation,
;( _ "’V.mnrp.f{' l]'l C]
A, | \C -C,

where [ is the thickness of the wet membrane (cm), V, .,
is the volume of the sample solution in our cell (cm?),

A is the surface area of membrane (cm?), t,,, is the time
of the exposure (sec), C, is initial concentration of Cu®* in
the first compartment (1 M), and C, is concentration of

Cu®" measured in the sample in the second compartment

TABLE 2. Properties of Membranes for Possible Use in the Cu-Cl Electrolyzer

att =t . Ideally k values should not be dependent on
time as long as the properties of the membrane are stable
and osmotic pressure does not result in significant solvent
diffusion. The test period was 24 hours in most cases.
However, large volume changes in the solute side due to
osmotic pressure caused some permeability tests to be
terminated after only several hours.

The membranes with the lowest copper(II)
permeabilities are shown in Figure 1. Only one of the
seven separator-type membranes examined, CG2, had very
low copper permeability and further work, e.g., supports
and pretreatments, was justified on this basis. The CG2
membrane is significantly thinner than Nafion® as shown
in Table 2. Mechanical supports are therefore being
developed to facilitate fabrication of membrane electrode
assemblies (MEAs). CG2’s proton conductivity is also
relatively small (see Table 2) and various pretreatments are
being investigated to increase this property. In addition,
this membrane has the highest osmotic pressure and the
diffusion tests can be run for very limited time periods.
The membrane consisting of a double layer of Nafion®
exceeded the permeability target by almost a factor of 6
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FIGURE 1. Permeability measurements at 80°C vs. time. HCI concentrations
are 10.2 M in both compartments of the diffusion cell.

Membrane Pretreatment Thickness, / (mm) Conductivity, Permeability Selectivity

o (S/cm) k * 10° (cm?/s) o/kx10°
Nafion® 117 20 hin 2 M HCI, 25°C 0.180 0.086 0.18 48
Double-layer Nafion 20 hiin 2 M HCI, 25°C 0.350 0.083 5.80 143

Mit-1 (from GTI) None 0.003 Inconclusive

CG2 (from GTI) None 0.030 0.0054 94 57
s-Radel, IEC 2.0 None 0.054 0.038 3.68 102
s-Radel, IEC 2.0, crosslinked None 0.107 0.053 4.77 m
s-Radel, IEC 2.5, crosslinked None 0.100 0.045 83.5 535
s-Radel, IEC 2.5, crosslinked | 66 hin 3.3 M HCI + 1 M CuCl, 25°C 0.109 0.045 1.48 300
s-Radel, IEC 2.5, crosslinked 2hin 10 M HCI, 80°C 0.107 0.072 0.112 64
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but this membrane had the highest proton conductivity
and therefore the highest selectivity see Table 2. Two

of the s-Radel membranes were very close to the target.
After cross-linking, their permeabilities were below the
target. Co-polymerized Nafion®-type membranes had low
permeability at room temperature but exceeded the target
at 80°C and further effort on this type of membrane was
terminated. Studies are still ongoing with the crosslinked
polybenzimidazole.

Conductivity Measurements: Conductivity was
measured using the two-electrode through -plane method
in 2 mol/L HCl(aq) solution at ambient temperature
and pressure. Conductivity values were calculated using
measured membrane resistance (R), thickness of wet
membrane (3), and exposed membrane surface area
(A=0.74 cm?), as follows: k = & /(RxA). The equipment
and method are described in detail elsewhere [1]. No
target was set for proton conductivity except that it had to
be measurable. Those membranes which met the targets
were tested in electrolyzers at GTI and Pennsylvania State
University for a more realistic evaluation.

The results of the through-plane conductivity
measurements are given in Table 2. Nafion® 117 membrane
was used as a bench mark. Table 2 also summarizes
permeability and selectivity data. The latter are calculated
by dividing the conductivity by the permeability. Some of
the samples were pretreated. The data in Table 2 for the
cross-linked s-Radel membranes show that pretreatment
affects selectivity. Pretreatment processes are still under
development for CG2.

Electrolyzer Results: Electrolyzers were built at both
Pennsylvania State University and GTI. Details of the
electrolyzer at Pennsylvania State University are published
elsewhere [1]. The performance of the electrolysis process
was monitored by taking polarization data and comparing
experimental and theoretical hydrogen production. Targets
for the cell potential and the current density in the model
are 0.7 V and 500 mA/cm?, respectively. However, short
term targets specify lower current densities for cell potentials
of 0.7 V.

Several MEAs were tested in the electrolyzers. The
MEA fabricated from the double-layer Nafion® gave
promising results in a 24-hour test at 80°C with 10.2 M HCI
as the catholyte and 1 M CuCl in 10.2 M HCI as the anolyte.
Hydrogen production followed Faraday’s Law, as shown in
Figure 2. There was, however, some degradation with time
as shown by the polarization curve in Figure 3, which may
be due to the consumption of CuCl. At the conclusion of
the test, no copper deposition was observed on the cathode,
membrane or gas diffusion layers. Photographs of the latter
are shown in Figure 4. Similar results were obtained with
CG2 using the same conditions but with deionized water as
the catholyte. Lifetime tests at GTI were run intermittently
for almost 800 hours with the intermittent addition of CuCl..
The cell voltage was 0.7 V and the current density was stable
near 150 mA/cm® Hydrogen production followed Faraday’s
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FIGURE 2. Hydrogen production as a function of cell voltage over 24 hours
with the double layer Nafion® membrane.
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FIGURE 4. Photographs of the MEA diffusion layers facing the cathode (left)
and anode (right) of the electrolysis cell used in the 24-hour electrolysis test
with double layer Nafion® that show no visible copper deposits.
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Law. No copper deposition was visible on the components
of the cell after the test was terminated. Comparison of
peak hydrogen production in the two electrolyzers showed
essentially identical results. Electrolyzer tests with the cross-
linked s-Radel membranes are planned.

Collaborations: Collaborations between the U.S. team
members and their Canadian colleagues are focused on
the study of the hydrolysis and oxychloride decomposition
reactions using X-ray absorption near edge structure
at the Advanced Photon Source. It is hoped that these
measurements will result in kinetic measurements and
mechanistic understanding of these two thermal reactions.
Information is exchanged periodically, e.g., Ontario
Workshop Foundation workshops (see presentation #2)
and in discussions between the researchers, especially in
modeling activities.

Conclusions

« Identified two membranes that had low copper
diffusion in permeability tests and had sufficient proton
conductivity.

«  Conducted electrolyzer tests that showed no visible
copper deposition in/on the cell components.

Future Directions

+  Develop methods to improve the mechanical stability of
CG2.

+  Optimize the electrolyzer’s performance by investigating
other compositions for the anolyte and catholyte, flow
rates, flow field design, electrode surface, mass transport
media, etc. to obtain higher current densities at 0.7 V.

« Investigate the degradation mechanisms in the
electrolyzer and develop methods to mitigate these.

«  Continue collaboration with staff at Atomic Energy of
Canada Limited and six Canadian universities.
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FY 2011 Publications/Presentations

Presentations

1. CuCl Electrolyzer for Hydrogen Production via Cu-

Cl Thermochemical Cycle, Oral presentations (R. Sharna,
M. Fedkin, and S. Lvov, Penn State University) 219" ECS
Meeting, Montreal, Canada May 1-6, 2011.

2. Current R&D Status for the Cu-Cl Thermochemical Cycle
(2-2011), M. Lewis, C. Fan, R. Sharna, M. Fedkin, S. Lvov,

M. Ferrandon, S. Ahmed and S. Niyogi, Ontario Research
Foundation Workshop, Oshawa, Ontario, Canada, February 23,
2011.

Publications

1. Balashov, V.N,, Schatz, R.S., Chalkova, E., Akinfiev,
N.N,, Fedkin, M.V, and Lvov, S.N., CuCl Electrolysis for
Hydrogen Production in the Cu-Cl Thermochemical Cycle,
J. Electrochemical Soc., 2011, 158, B266-B275.

2. Naterer, G.F. et al., Canada’s Nuclear Hydrogen Program
on the Thermochemical Copper-Chlorine Cycle, submitted to
International Journal of Hydrogen Energy.

References

1. Balashov, V.N,, Schatz, R.S., Chalkova, E., Akinfiev, N.N.,
Fedkin, M.V,, and Lvov, S.N., CuCl Electrolysis for
Hydrogen Production in the Cu-Cl Thermochemical Cycle,
J. Electrochemical Soc., 2011, 158, B266-B275.
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Il.F.3 Solar Hydrogen Production with a Metal Oxide-Based Thermochemical Cycle

Nathan Siegel (Primary Contact), Ivan Ermanoski,
Tony McDaniel

Sandia National Laboratories (SNL)
PO Box 5800

Albuquerque, NM 87185-1127
Phone: (505) 284-2033

E-mail: npsiege@sandia.gov

DOE Manager

HQ: Sara Dillich
Phone: (202) 586-7925
E-mail: Sara.Dillich@ee.doe.gov

Subcontractors:

+ Jenike and Johanson, San Luis Obispo, CA
+ University of Colorado, Boulder, CO

Project Start Date: June 2004
Project End Date: Project continuation and
direction determined annually by DOE

Fiscal Year (FY) 2011 Objectives

+  Characterize reactive materials suitable for
thermochemical hydrogen production under realistic
operating conditions (e.g. temperature, atmosphere,
heating rate).

«  Develop a particle-based thermochemical reactor
suitable for deployment on a central receiver platform
and embodying several key design features.

+  Evaluate the likely system level performance of
the reactor concept and identify energy losses and
opportunities for performance improvement.

Technical Barriers

This project addresses the following technical barriers
from the production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(U) High-Temperature Thermochemical Technology
(V) High-Temperature Robust Materials

(X) Coupling Concentrated Solar Energy and
Thermochemical Cycles

Progress toward the technical targets is shown in
Table 1. Hydrogen cost from the particle reactor system has
not yet been evaluated because the system level design is not
complete and this is needed as the basis for an economic
analysis. Heliostat cost reduction is not actively funded by
this project, but is an element of the DOE Solar Program.
The thermochemical efficiency for the particle reactor has
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been estimated to be 37% using commercially available
cerium oxide reactant powder. This material is not the
ideal from a thermodynamic perspective and will likely be
improved upon as the project progresses. The reactor itself
can be configured for any particulate reactant.

TABLE 1. Progress towards Meeting Technical Targets for Solar Drive High
Temperature Thermochemical Hydrogen Production

Characteristic Units 2012 2017 | SNL 2011
Target | Target Status
Hydrogen Cost $/gasoline gallon 6 3 N/A
equivalent H,
Heliostat Cost $/m? 140 80 N/A
Process Efficiency % 30 >35 30%
estimated’

" This number is the product of receiver efficiency (solar in to heat available, ~82%)
and thermochemical efficiency (heat available to lower heating value H, ~37%).
N/A - not available

Additional project targets outside of those listed in
Table 1 are given as follows:

«  Thermochemical Cycle (reactive materials): Oxidation
and reduction reactions must reach 90% completion
within two minutes.

+  Reactor: Demonstrated conversion efficiency for the
prototype reactor (5 kW, ) must be in excess of 20% at a
pressure greater than 10 Pa.

«  System: Estimated system level efficiency including
collection and conversion losses must be in excess of
19% annual average for a dish system and 14% for a
tower system.

Accomplishments

* Reactor

— A detailed reactor performance model was
developed and indicates that heat to hydrogen
conversion efficiency in excess of 37% is possible
using a cerium oxide-based thermochemical cycle.

—  Evaluated the compatibility of cerium oxide
reactant with reactor construction materials
including Al O, SiC, and Haynes 214 at
nearoperational temperatures. SiC and Haynes 214
showed minimal or no interaction to 1,400°C, AlL,O,
showed no interaction to 1,450°C.

- Designed a particle conveyor system (subcontract
with Jenike and Johanson) suitable for moving
a powder reactant vertically in a packed bed
arrangement. This configuration is required to
achieve the best-case efficiency in the particle
reactor. Prototype construction of the conveyor is
currently in progress.
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- Materials

—  Alaser-based heating method was incorporated
into our stagnation flow reactor that enables rapid
thermal processing of sample materials. Heating
rates in excess of 100°C/s are achievable at
500 W/cm? (5,000 suns).

—  The thermal reduction of various CeO, reactive
structures, comprised of powders, felts, and fully
dense forms, was characterized at operating
pressures and heating rates relevant to solar
thermochemical applications. It was determined
that for CeO, reactive structures with characteristic
dimensions less than 1 mm, oxygen evolution
kinetics would likely not limit use of this material in
the proposed reactor configurations.

—  Experiments to characterize the thermal reduction
and water splitting kinetics for the following
material structures and chemistries have been
conducted: CeO, felt, CeO, and Mn-doped CeO,
powder, atomic layer deposition (ALD) thin film
Fe,0,/Ce0,, ALD thin film Fe,O,/m-ZrO,, ALD
thin film Fe,0,/ALO; (hercynite). We are in the
process of analyzing the complete data set.

+  System
— A general system level model was developed to
estimate the annual average hydrogen production
efficiency of the particle reactor system. Results
show that an annual average solar-to-hydrogen
conversion efficiency of 24% is possible in a dish
based system with a cerium oxide reactant.

- A separate system model that includes a more
detailed description of the reactor (temperature
dependent properties, rigorous treatment of
chemical reactions) was developed in ASPEN.

S T

Introduction

Solar-powered thermochemical water splitting
produces hydrogen using only water, heat from the sun,
and chemicals that are completely re-cycled so that only
hydrogen and oxygen are produced and only water and
solar thermal energy are consumed in the cycle. All known
thermochemical cycles face obstacles that could include
extremely high temperature, highly corrosive chemicals,
difficult separations of chemicals during sequential cycle
steps, multiple reaction steps necessary to close the cycle, or
side reactions with stable products that poison the process
upon recycling, Many of these barriers can be overcome, but
generally at the expense of energy efficiency, consumption
of feedstocks other than water, and possibly much higher
temperature to drive reactions to completion. All of
these measures add cost to the product, inhibit acceptable
production rates, or prevent the realization of plant designs
with acceptable lifetimes. Overcoming these barriers is
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made even more difficult by turning to solar radiation for
the driving energy source, primarily because of its transient
nature and relatively low power density. The low power
density characteristic of solar power requires large collector
areas and efficient concentrators to drive energy-intensive
processes like water splitting.

The ultimate success of solar thermochemical hydrogen
production is contingent on developing suitable reactive
materials and on incorporating these materials into an
efficient solar thermochemical reactor. Currently, SNL and
the University of Colorado are working together to identify
and characterize prospective thermochemical cycles and
associated reactive materials. Recent efforts have focused on
ferrites, cerium oxide, and hercynite as potential candidate
material “families”. Additional research and development
efforts are directed at reactor and system level challenges
related to collecting and applying solar thermal energy to the
water splitting function within each of these cycles. Solar
thermochemical reactors for ultra-high temperature processes
(T >1,300°C) are being developed and tested by SNL.

Approach

Metal oxide-based materials, such as those containing
cerium oxide or iron oxide (ferrites), have demonstrated the
capability of splitting water in a two-step cycle consisting
of a high temperature, oxygen-liberating thermal reduction
reaction (up to 1,500°C) and a lower temperature, hydrogen-
producing water oxidation reaction (<1,000°C). In order to
achieve large hydrogen production volumes in a practical
device these two reactions should be run in a continuous
manner. In addition, in order to achieve high efficiency it is
desirable to maximize the extent of reaction and essential to
recover sensible heat between the high and low temperature
reactions (recuperation). Also, any practical solar-driven
reactor will operate continuously for thousands of hours
without requiring service. Any reactive materials used in
such a reactor must demonstrate an acceptable level of
chemical and mechanical durability.

We are developing a particle-based reactor concept
suitable for continuous hydrogen production on-sun in
either a central receiver or parabolic dish configuration.
Our technical efforts are organized into three tasks:

+  Reactor Development: This task focuses on the reactor
design, performance estimation and eventual validation
at the prototype level (5-10 kW, ). Specific areas of
effort include the design of high temperature solar
reactor components along with material compatibility
studies to evaluate interactions between the
thermochemical reactant and products and materials
used in reactor construction.

+  Materials Characterization: Although materials are
available today that can achieve performance levels
near the DOE targets, there is considerable room for
improvement. In this task we use a unique experimental
capability to evaluate the performance of prospective
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materials under controlled conditions similar to what
might be found during on-sun operation. This system,
based on a laser heated reaction chamber, allows for the
evaluation of reaction thermodynamics and kinetics of
prospective thermochemical cycles.

«  System Level Analysis: The ultimate goal of this
project is to produce hydrogen efficiently from solar
energy. In this task we estimate the performance
of thermochemical technologies at the system level,
identifying energy losses and calculating annual average
hydrogen production efficiency based on the collection
platform and facility location.

Results

The results from FY 2011 show that the combination
of our particle reactor concept and cerium oxide-based
reactive materials has the potential to achieve performance
near the 2012 and 2017 DOE targets. Meeting these targets
with actual hardware during on-sun operation will require
additional effort in FY 2012 and beyond.

Reactor Development - The particle reactor being
developed in this project uses cerium oxide powder in a
two-step redox cycle to continuously produce hydrogen
from solar energy and water. A schematic of the reactor
concept is shown in Figure 1. Key attributes of the reactor
are recuperation of sensible heat between the reaction steps,
continuous flow, direct absorption of solar energy by the
reactant, and the spatial separation of pressure, temperature,
and reaction products within the device.

Our preliminary work in FY 2011 focused on estimating
the likely level of reactor performance achievable in a
mature technology. For this study we assumed that the

Solar Input

10

12!H20_:( i U:-

[ I
HO {

FIGURE 1. A schematic of the particle reactor concept. Particles must be
conveyed vertically as a packed bed within the reactor. Concentrated solar
energy enters from the top.
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reactant would be CeO,, which has been shown to be
suitable for two-step thermochemical hydrogen production,
but is not considered to be ideal due to the relatively small
amount of oxygen exchanged per mole of reactant. Even so,
with recuperation the performance of the reactor in terms of
the conversion of thermal energy to chemical energy in the
form of a hydrogen product can exceed 40% at a thermal
reduction pressure in excess of 100 Pa (Figure 2). With
improved materials this level of performance can be even
higher.

Efforts to design a reactor prototype at the 5-10 kW,
level have focused on identifying a suitable means of
conveying a packed powder vertically within the reactor.
To this end a contract was placed with Jenike and
Johanson, specialists in the field of powder conveyance.
They identified a conveyor based on the “Old’s Elevator”
approach in which particles are moved by friction up
a stationary central screw by contact with a rotating
cylindrical housing. A conceptual design of the conveyor
system, included rotary airlocks and cyclone separators, is
shown in Figure 3. This system will be modified during the
final solar prototype design stage.

Our reactor design efforts also included a study of the
compatibility of various construction materials with cerium
oxide powder. We have shown that several materials
including Haynes 214 and AL O, are compatible with cerium
oxide up to 1,400°C. Our hope is that it will eventually
be possible to use a metal like Haynes 214 for the main
components of the screw conveyor as this would minimize
difficulties with fabrication. This may not be possible at
a temperature much in excess of 1,200°C due to material
strength issues. We are therefore continuing to investigate
options for fabricating the conveyor components from
suitable ceramic materials.

Materials Characterization - A number of experiments
were conducted that focused on the characterization of
pure cerium oxide reactive materials. In this work, a
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FIGURE 2. Predicted performance of the particle reactor using pure Ce0,
reactant. Reactor efficiency is analogous to the DOE “process efficiency”
number.

FY 2011 Annual Progress Report



Siegel — Sandia National Laboratories

II.LF Hydrogen Production / Hi-Temp Thermochemical

Cepriora - Fahaor-Kingienan
WAL Or Barvier. 318 33

380 316 B P
L

FIGURE 3. Conveyor system preliminary design.

laser-based heating method was used in conjunction with a
stagnation flow reactor equipped with a mass spectrometer
to investigate both the thermal reduction and oxidation
reactions for cerium oxide powders, dense pellets, and felts.
The rate of oxygen evolution during thermal reduction

was measured for: (1) a powder having a ~5 pm particle
diameter, (2) a 1,000 pm thick fully dense pellet, and (3) a
felt with ~10 pm fiber diameter. Tests were conducted at

a peak temperature slightly above 1,500°C and a heating
rate in excess of 100°C/s. The results are illustrated in
Figure 4 and show that the reaction rate and ultimate
extent of thermal reduction was independent of the length
scale over the range evaluated. The rate of the hydrogen-
producing water splitting reaction using cerium oxide felt
was measured over a range of temperatures in an attempt
to characterize the optimal operating point for this type

of reactive structure. These tests showed that the peak
hydrogen production reaction rate varies with temperature,
reaching a maximum near 1,000°C, but the overall amount
of hydrogen production per unit mass of reactant was
independent of reaction temperature (Figure 5). In the case
of reaction at 1,000°C, the amount of time required for 90%
completion is less than 90 seconds, which is consistent with
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FIGURE 4. Thermal reduction behavior observed for various forms of CeO,.

H, rate (umole/s/g)

temperature | total H, peak H,
(*Q) (umole/g) | (umole/s/g)
1200 274 3.27
1100 273 4.76
1000 249 6.51
900 229 475
800 235 3.60
700 285 2.64

FIGURE 5. Rate of H, production for thermally reduced CeO, felt.
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the operational requirements of a solar thermochemical
reactor. Thirty cycles were run over which the production
characteristics remained constant, which indicates that
there was no degradation of the reactive material or its
physical structure. A number of other chemistries for solar
thermochemical water splitting were also evaluated this FY,
including modified cerium oxide and ALD-ferrite-coated
reactive structures. Analysis of the data is ongoing and will
be completed before the end of FY 2011.

System Level Analysis - The focus of the system
level analysis was to identify all energy losses within the
solar collection and reactor sub-systems and then estimate
the annual average conversion efficiency of sunlight to
hydrogen. The analysis was based on hourly meteorological
data for a design location in Daggett, CA. System
performance was calculated for each hour of an entire
year and the energy inputs and hydrogen outputs summed
over the year to determine the efficiency. Figure 6 is a
summarized output showing principal energy losses within
the system. It is important to note that 42% of the solar
energy available to the parabolic dish collector is lost during
collection and not available to power the thermochemical
reaction. Although this may be improved slightly, the
parabolic dish is a very efficient optical platform and large
gains in collection efficiency are not likely. This fact is a
compelling argument in support of dedicating significant
effort to reactor design in order to maximize its efficiency.

The current system model, which was constructed in
Excel, was provided to researchers at Pacific Northwest
National Laboratory for inclusion in their ASPEN-based
studies. We have also begun developing our own reactor
models in ASPEN with the intent of eventually simulating
the entire system (annual performance) with this code.

Trg=15009C, Toy = 1000°C
Prr= 100 Pa

Conclusions and Future Directions

The progress made in FY 2011 will provide a strong
foundation for continued work in FY 2012 that will
hopefully culminate in the on-sun demonstration of a
particle reactor prototype. Specific conclusions and future
directions for each of the three main project elements are
given as follows:

Reactor Development - In FY 2011 we have shown
that the particle reactor concept can meet the DOE
performance targets and are well on our way to completing
the design of a 5-10 kW,, prototype system. In FY 2012
and beyond we will focus our efforts on completing the
design and performing on-sun testing of the reactor.

Past experience has shown that when dealing with
thermochemical fuel production hardware it is essential to
test systems under realistic condition to identify technical
challenges that are not apparent when performing more
idealized preliminary analysis and simulation activities.

Materials Characterization - In FY 2011 we
experimentally characterized several promising reactive
materials under operating conditions similar to what would
be expected in a solar thermochemical reactor. In FY
2012 and beyond we will define a standard performance
evaluation process and metrics that can be used to more
easily compare various candidate materials. We will also
continue to characterize promising new redox chemistries
for non-volatile metal oxide cycles using the laser-based
heating method incorporated into the stagnation flow
reactor, subject to the material characterization protocols
developed in FY 2012.

System Level Analysis - In FY 2011 we developed
an annual system performance model that shows all major
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FIGURE 6. System level energy flow and annual average efficiency calculation.
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energy losses in the system and enables the calculation of

an annual average hydrogen production efficiency, a much
more valuable number than a design point efficiency. In

FY 2012 and beyond we will extend this model to a central
receiver-based system configuration that will show the
potential, and challenges, associated with scaling the particle
reactor concept to larger sizes.

Definition of Terms

«  Thermochemical Efficiency: This is the efficiency of the
conversion of heat within the reactor to chemical fuel
based on the lower heating value (LHV) of hydrogen.

It does not include solar losses or energy losses from the
receiver that are accounted for separately.

«  Receiver Efficiency: The fraction of solar energy
entering the reactor that is converted into useable heat
available to the reactor. This term essentially accounts
for radiation and convection losses from the receiver.

«  Process Efficiency: The fraction of solar energy entering
the reactor that is converted into chemical energy in
the form of hydrogen on an LHV basis. This number is
the product of receiver efficiency and thermochemical
efficiency.

«  Annual Average Efficiency: The total energy contained
in hydrogen (LHV basis) produced over an entire year
divided by the solar energy striking the collection system
(mirrors) over the same period of time.

«  Resource Efficiency: This quantity is the total solar
energy that could be collected divided by the amount
available over a year. Accounts for periods when the
system is not operated by design.
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*  Operational Efficiency: The fraction of the total energy
actually collected divided by the amount that could
be collected over a year. This accounts for “wasted”
energy when the collectors are not operating during the
daytime due to weather outages or system maintenance.

«  Optical Efficiency: The fraction of energy reaching
the aperture of the reactor divided by the amount
actually collected by the concentrator. Accounts for all
reflection and transmission losses.

FY 2011 Publications/Presentations

1. Two abstracts submitted and accepted for presentation at
SolarPaces 2011. Full papers are to be completed by July 31*,
2011.

2. A project summary was presented at the Annual Merit
Review in Washington, D.C.

3. An invited talk entitled “High temperature splitting of water
and carbon dioxide using complex oxides as a route to solar
fuels” will be presented at the 242" ACS National Meeting,
Division of Fuel Chemistry, in August of 2011.

4. An abstract has been accepted for presentation at the 5"
International Conference on Energy Sustainability hosted by the
ASME in August of 2011.

5. “Hydrogen Production via Chemical Looping Redox Cycles
Using Atomic Layer Deposition-Synthesized Iron Oxide and
Cobalt Ferrites”, Jonathan R. Scheffe, Mark D. Allendorf,

Eric N. Coker, Benjamin W. Jacobs, Anthony H. McDaniel,
Alan W. Weimer in Chemistry of Materials 2011 23 (8), 2030-
2038.
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Il.F.4 Solar-Thermal ALD Ferrite-Based Water Splitting Cycle

A recent report on H2A cost analyses for solar-driven
Alan W. Weimer (Primary Contact) and thermochemical conversion [1] included an analysis of the
Melinda M. Channel developed ferrite cycle. The key figures of merit used for
University of Colorado this study are summarized in Table 1. The projected thermal
Department of Chemical & Biological Engineering efficiency for the developed process is 55.5% LHYV, thus
424 UCB exceeding the >35% figure of merit for the 2025 case. For
Boulder, CO 80309 a solar-to-receiver annual average efficiency of 40.2%, the
Phone: (303) 492-3759 overall solar to H, efficiency is estimated at 22.3% (LHV).
E-mail: alan.weimer@colorado.edu Furthermore, the $6/kg H, plant gate cost for the central
100,000 kg H,/day facility 2015 case should be easily

DOE Manager ; 2
HQ: Sara Dillz?ch achieved for the $126.50/m? installed heliostat cost. The
Phone: (202) 586-7925 $3/kg H, plant gate cost for 2025 for a $90/m” installed
E-mail: Sarah.Dillich@ee.doe.gov heliostat field may be achievable.
Project Start Date: March 31, 2005 TABLE 1. Key Figures of Merit Used for Cost Analyses for 2015 and 2025 for
Project End Date: This R&D is performed under Solar-Driven High-Temperature Thermochemical Hydrogen Production [1]
subcontract to Sandia National Laboratories.
Project continuation and direction determined Characteristics Units 2015 2025
annually by DOE. Plant Gate H, Cost Projections $/kg H, $6 $3

Installed Heliostat Capital Cost $/m? $126.50 $90

Process Energy Efficiency % 30 >35

(thermal)

Fiscal Year (FY) 2011 Objectives

+  Finalize the ferrite process flow diagram and H2A

economic analysis. FY 2011 Accomplishments

«  Determine the most cost effect design and construction
materials for the FY 2010 conceptualized scalable
central solar reactor/receiver per H2A guidance on
economics.

*  Previously demonstrated that <5 nm thin ferrite films
can be synthesized by atomic layer deposition (ALD)
and provide for significant opportunities to reduce
diffusional resistances and promote radiation-driven
heat transfer; both potentially providing for rapid
redox cycling. Since this material is not currently
commercially available, determine the most reasonable

»  Demonstrate suitable materials for robust redox/
thermochemical cycling.

Technical Barriers market value (i.e. suggested retail price per kilogram of
material) in order to finalize the H2A process economic
This project addresses the following technical barriers analysis.

from page 3.1-26 of the Hydrogen Production section of
the Fuel Cell Technologies Program Multi-Year Research,
Development and Demonstration Plan:

+  Improved the design and materials of construction of a
multi-tube absorbing fixed-bed cavity reactor/receiver
that provides for efficient internal heat recuperation and

(U) High-Temperature Thermochemical Technology the potential for rapid cycling; mitigates erosion and
(V) High-Temperature Robust Materials complications associated with transporting solids.

(W) Concentrated Solar Energy Capital Cost +  Finalized the process design/H2A economic evaluation
(X) Coupling Concentrated Solar Energy and indicating that ALD of ferrite materials on 100 m*/g

supports cycling every 5 to 1 minutes will have H2A
projected costs of less than $6/kg and $3/kg in 2015
and 2025, respectively [1].

Thermochemical Cycles

Technical Targets +  Cycling studies in a themogravimetric analyzer as well
as on-sun cycling studies are currently in progress to
demonstrate the thin film’s robustness and lack of
deactivation over time.

The technical targets are the cost of hydrogen and the
process energy efficiency.

«  For 2017, these are $3.00 per gasoline gallon equivalent
(gge) H, and >35% (lower heating value, LHV), & <+ <+ & <&
respectively.
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Introduction

The direct thermolysis to split water by reaction 1
requires materials operating at T >3,500°C as well as
methods to separate the H, and O, gases at high temperature
[2]. This seemingly impossible task can be overcome by
implementing a two-step thermochemical water splitting
cycle in which a ferrite spinel material (MFe,O,; M=Co,

Ni) can be thermally reduced using concentrated sunlight

to release O, as shown in reaction 2. The reduced ferrite

is then subsequently oxidized (reaction 3) with steam
producing H, [3-5] recovering the original spinel structure in
the process. Reactions 2 and 3 combine to form a complete
redox cycle with reactants and products equal to reaction 1.

1. HO->H,+%O0,
2. MFe,0, > MeO (Fe*" + Fe* + M*") + 12 O,
3. MeO (Fe** + Fe** + M*) + H,0 - MFe,O, + H,

The reduction step of this cycle occurs at 1,450°C while
the oxidation step occurs at 1,000°C; with significantly lower
operating temperatures this cycle is much more efficient and
desirable than direct thermolysis.

Approach

The primary scientific barrier to successful
implementation of a solar-thermal water splitting process

Ultra-thin Fi

is access to a robust active material for efficiently and
rapidly carrying out redox cycles producing H,. Further,

the key engineering barrier to successful implementation

is demonstration of a large scale solar reactor concept that
allows for rapid redox cycling taking advantage of highly
active thin film materials while providing for highly efficient
usage of delivered solar energy. The key scientific challenges
to successfully overcoming the primary scientific barrier are:

Identify/synthesize high surface area active materials
with favorable transport properties.
Identify/demonstrate suitable interfacial substrate
materials to facilitate rapid redox cycling.

Combine the active/substrate materials into a
characteristic volume sample and demonstrate robust
cycling to split water, particularly if able to operate the
reduction in air.

High surface area active ferrite materials (M Fe; O,;
M=Co, Ni) were synthesized using ALD to deposit
nanometer thick films onto nanosized particles [6-9].
Nanoparticle substrates were placed in fluidized bed
reactors and coated (Figure 1) with Fe,O,, CoO, and
NiO thin films using self-limiting surface chemistry via
metallocene [(C,H,),M; M =Fe, Co, Ni] and O, precursors.
The approach recommended is to design the nanometer
thick ferrite films and to deposit them on high surface area
support materials.
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FIGURE 1. Thin Film Deposition of Ferrite Materials
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Results

For this study, a 5-nm thick nickel ferrite film coated
onto a 100 m*/g high surface area ZrO, support was
considered; resulting in 0.67 moles ZrO, for every mole
of NiFe,O,. Using the FACTSage™ thermodynamic
database, it was determined that the amount of solar heat
input required for this process is minimized when the solar
reduction reaction occurs at 1,450°C and the oxidation
reaction occurs at 1,000°C.

The conceptualized thermochemical redox receiver/
solar reactor is shown in Figure 2. The reactor consists of
a cavity-receiver, i.e. a well-insulated enclosure with a small
opening — the aperture - for the access of concentrated
solar radiation. The receiver will contain an even number
of closed-end SiC tubes. Each tube will contain a 2™ open
end SiC tube with a porous SiC plug at the base. Active
high surface area and porous nickel ferrite material will be
packed in the annular region between the two tubes allowing
for efficient heat and mass transfer and, consequently, fast
overall kinetics. The inner tube will be packed with media
providing surface area for improved heat transfer to drive
the vaporization of water to steam. At a given instant, half
of the tubes will be operated in the reduction mode at T
while the remaining half will be operated in the oxidation
mode at T,. When the reactions reach completion, the
operational modes will be switched.

The process flow diagram is shown in Figure 3; 32°C
water is pumped into the reduction tubes of the solar reactor
at 12 psig. The water pumps are centrifugal cast iron and
require a total of 135 kWhr/day electricity. The reduction
tubes operate at a reduced pressure of 380 torr reached via
vacuum pumps. The vacuum pumps remove oxygen being
produced to prevent recombination with reduced ferrites.
The flowrate of oxygen through each of three single-stage
large cast iron pumps is 52,160 ft*/min requiring a total

Multi-tube Cavity Receiver/Reactor
5-minute Redox Cycles
(20,000 kg H,/da
20 72 tubes
14"/16” SiC tubes x 20 long;
assuming 1” gap;

33 mt NiFe,0,
film

support

A 5 nm MFe,0,
4 (on 100 m?/g support)

0, (~200 kg H,/cycle/receiver)
H H

Media

Representative Forons

Tube

FIGURE 2. Schematic of Solar Reactor/Receiver
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of 55,310 kWhr/yr electricity. The oxidation tubes of the
solar reactor operate near atmospheric pressure producing
hydrogen that must be compressed to 300 psig before
entering the plant gate. The three stage compression system
with intercoolers has a compression factor of 2.85 and the
intercoolers have a 2 psig pressure drop. This system requires
a total of 52,848 kWhr/yr electricity and is designed for four
compressors with only three operating at any time. Six 223
meter tall towers are required to produce 100,000 kg H,/day.
With one solar reactor per tower the total solar input is

2,332 GWhr/yr. Each receiver has three heliostat fields with
65 acres of land per field and 2.09E6 m? of heliostats. The
heliostat field requires 1.22 GWhr/yr of parasitic electricity.
This field and process design results in a thermal efficiency of
55.5% and a solar to thermal efficiency of 22.3%.

An H2A analysis was completed using varying redox
cycle times of 1, 5, and 15 minutes [1]. Reducing cycle
times reduces the amount of ferrite required to produce
100,000 kg H,/day, which also reduces the number of SiC
reaction tubes required thus decreasing the size and cost
of each solar reactor. Ferrites can be produced for the cost
of materials plus a reasonable retail markup. The cost of
NiFe,O, precursors are approximately $225/kg of ferrite
produced. Three retail markups were considered in this
study: 20, 35, and 50%. The capital cost breakdown can
be seen in Figure 4 and the resulting H, selling prices in
Figure 5. With projected costs of $6/kg in 2015 and $3/kg
in 2025, Figure 5 shows that with 10 minute cycles or less
in 2015 the projection is achievable. However, in 2025 the
projection is only achievable with cycles times of 1 minute or
less. To date we have achieved cycles less than 15 minutes
experimentally. With process improvements to not only the
ferrite materials, but also the reactor and solar field 1 minute
cycles can be reached by 2025. Lastly, Figure 5 shows that
the resulting H, selling price is not sensitive to the purchase
price of nickel ferrites.

Process Flow Diagram

14.7 psi
(=g} '

Vacuum Pump
380 torr

= . \ !/

Insulated
Absorbing
Cavity

FIGURE 3. Process Flow Diagram
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Capital Cost Breakdown

2015 5 Minutes/Cycle H, $4.06/kg 2025 1 Minutes/CycleH, $2.42/kg
Ferrite Purchase Price of $270/kg  Ferrite Purchase Price of $270/kg
for T, of 5_5‘_§_§M_,_._Vacuum Pumps for T of $339M _vacuum Pumps

29% 4%
K&lmpression T Ferrite
System olz

Solar 4%
6% e 5 2

FIGURE 4. Capital Cost Breakdown

H, Selling Price for 20, 35, & 50% Ferrite Purchase Price
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===2025: $304/kg Ferrite
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FIGURE 5. H2A Results of H, Selling Prices
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Conclusions and Future Directions

*  ALD materials remain active for up to 30 water
spitting cycles with no sign of deactivation after initial
aggregation.

«  ALD thin films are ~100X more active than
conventionally produced bulk ferrites; the challenge is
holding them together.

«  Ferrite process is anticipated to meet H2A cost
projections of less than 6/kg and $3/kg for 2015 and
2025, respectively, if performance metrics are met [1].

«  Future work will focus exclusively on the “hercynite”
cycle which has been shown to be more stable than
conventional ferrites and to operate over a lower
temperature range (upper temperature limit ~1,300°C).

Special Recognitions & Awards

1. 2010 AIChE Excellence in Process Development Research
Award.

2. 2010 Dean’s Award for Outstanding Research (College of
Engineering and Applied Science).
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Fiscal Year (FY) 2011 Objectives

«  Develop a high surface area, transparent conducting
(TC) scaffold as a broadly applicable substrate for
photoelectrochemical (PEC) devices, as well as a
scalable route to fabricate them.

«  Plan, develop, and perform synthesis and
characterization, both physical and PEC, of nanoscale
transition metal dichalcogenides.

«  Correlate atomic scale characterization of
dichalcogenides with performance to iteratively optimize
materials for water splitting efficiency and stability.

«  Merge TC and dichalcogenide materials to yield
enhanced performance high surface area catalyst
systems and demonstrate their efficacy under standard
operating conditions.

«  Correlate physical characterization results of complete
device with its PEC performance to tune subsequent
syntheses in an effort to optimize water splitting
efficiency and photoelectrode stability.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(Y) Materials Efficiency

FY 2011 Annual Progress Report

(Z) Materials Durability
(AA) PEC Device and System Auxiliary Materials
(AB) Bulk Materials Synthesis

Technical Targets

The focus of this project is the development of a PEC
device that incorporates a 3 generation nanostructured
absorber with a high aspect architecture support that enables
efficient solar absorption and charge transport. If successful,
this project will address the following DOE technical targets
as outlined in the Multi-Year RD&D Plan.

TABLE 1. Progress towards Meeting Technical Targets for PEC Hydrogen
Production

Characteristics Units 2013 2018 2011
Target Target Status
Usable semiconductor eV 2.3 2.0 1.8
bandgap
Chemical conversion % 10 12 TBD

process efficiency

Plant solar-to-hydrogen % 8 10 TBD
efficiency
Plant durability hr 1,000 5,000 TBD

TBD — to be determined

FY 2011 Accomplishments

«  Developed a facile, scalable synthetic route to fabricate
high surface area electrodes (HSEs) of transparent
conducting oxide (TCO) materials.

«  Electrochemically quantified relative enhancement of
HSE surface area. Synthetic control garners 20-600
times surface area increase.

«  Patent application pending for novel HSE fabrication
method.

«  Developed a facile, scalable, room temperature synthesis
of quantum confined MoS, nanoparticles with bandgaps
of 1.8 eV.

+  Demonstrated accelerated stability of MoS, catalysts
over 10,000 voltage cycles to simulate diurnal
conditions.

R

Introduction

PEC water splitting is a promising route to produce
high purity hydrogen (H,) from a renewable resource [1].

DOE Hydrogen and Fuel Cells Program
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Hydrogen produced in this manner represents a means of
chemical storage of solar energy; the H, can potentially

be used as a fuel. Current costs of H, production by
photoelectrochemistry are not competitive with H, produced
by the reformation of fossil fuels. However, a recent techno-
economic analysis has shown that if high performance,
stable, low-cost materials can be developed, the DOE target
of $2-$4/gasoline gallon equivalent for dispensed hydrogen
could be reached using solar photoelectrochemistry [2].

Development of high purity electrochemical H,
generation systems requiring lower capital costs with
sunlight as the sole energy input is the end goal of PEC
water splitting research. Steps toward this goal include
discovery and optimization of efficient, inexpensive, stable
electrocatalysts, (photo)electrode materials, and high
surface area electrode substrates on which to coat them.
Integration of these components could result in a complete
system capable of efficient, cost-effective, and sustainable
production of solar-derived hydrogen.

Approach

Development of transparent HSEs to act as supports
for both electrocatalyst and photoelectrode materials
is an enabling technology at both the fundamental and
applied research levels. In electrocatalysis, HSEs allow
more electrocatalyst to be packed into a given area which
increases the rate per projected area at which product
is generated. For photoelectrochemistry, HSEs coated
with ultra-thin layers of light absorbing material allow for
more complete absorption of incoming light as compared

TCO particles

to flat electrodes - a major challenge in thin-film solar
technologies (see Figure 1) [3]. Enabling ultra-thin layers to
completely absorb solar photons is particularly advantageous
as only a short distance needs to be traversed by photo-
excited charges in order for them to reach the solid-liquid
interface (for minority carriers) or the back contact (for
majority carriers). This should yield much improved charge
collection efficiency, translating to improved external
quantum efficiency (QE). The end result is an enhanced
overall performance due to greatly increased interfacial area.

Such HSE structures require integration of materials
that effectively absorb light to produce electronic charges
that can efficiently drive the catalytic turnover of hydrogen
and oxygen via water splitting. While high efficiency devices
have been developed in this field [4], the costly processes
and rare materials used in their production limit large scale
deployment. Thus, it is imperative that new materials are
discovered based on earth-abundant elements and produced
using low cost methods. The approach used herein focuses
on the development of MoS,, a material which decades ago
was studied and not considered a promising candidate for
solar PEC water splitting as it is limited by an inadequate
electronic band structure as well as poor hydrogen
evolution kinetics at its surface [5]. The approach herein
is to use nanostructuring to improve the relevant bulk and
surface properties of MoS, for (photo)electrochemical
applications [6]. By synthesizing nanoparticles of MoS,,
one can engineer the electronic band structure and light
absorption properties through a quantum confinement
effect [7], and expose edge sites for the improved catalytic
turnover of hydrogen [8].

Ultra-thin

—\\/’\ D\(

~Densc 1GQ layer

S e

/ Light Absorber

Dense TCO layer

FIGURE 1. Quantum efficiency for photon-to-product conversion in PEC devices made from semiconductor absorber materials with poor electronic charge
transport is maximized with ultra-thin semiconductor layers (a). However, the overall photon absorption (optical density) of these electrodes is typically very
low (a), which limits the overall solar conversion efficiency. By conformally coating HSEs with ultra-thin absorber layers (b), the optical density is maximized

while simultaneously maintaining high QE.
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Results

One of the primary results of this project has been
the development of an extremely high surface area
TCO substrate that can be used with a wide variety of
devices—namely those employed for PEC water splitting. In
demonstrating this new development for the very first time,
we have concurrently developed a synthetic route applicable
to large-scale fabrication of HSE TCO electrodes. These
TCOs include indium tin oxide (ITO), fluorine doped tin
oxide (FTO), aluminum zinc oxide and many other well
utilized electrode materials in the PEC, photovoltaic and
electrochemical fields. The synthetic route involves spray
deposition of a two part mixture containing solid TCO
powder (~1-100 pum diameter particles) and TCO sol-gel
precursors in an acidified ethanolic solvent, followed by heat
treatment. Figure 2a exhibits a schematic representation
of the resulting film morphology. The amount of mixture
sprayed onto the appropriate conductive substrate controls
the final surface area of the HSE. These TCO HSEs are
capable of enabling PEC materials to simultaneously
address three of the DOE technical barriers for Production

(Y, AA, AB). Compared to more classical HSE fabrication
techniques such as lithographic patterning, spray deposition
offers significant cost savings and scalability — absolute
necessities for an emerging solar energy technology seeking
to generate copious domestic fuel.

The key performance criteria for TCO HSEs are
three fold: surface area, electrical conductivity and
transparency to visible light. Our proof-of-principle HSEs
spray fabricated from ITO have demonstrated excellent
performance in all three categories. Figure 2b reveals
their optical transparency and Figures 2c and 2d show
the general morphology as viewed by a scanning electron
microscope (SEM). The faceted geometric shapes seen by
SEM indicate good crystallinity of the ITO which translates
into superior electrical conductivity while the porous, open
network results in high surface area. This surface area
is quantified by performing electrochemical capacitance
(EC) measurements in 1.0 M NaOH (Figure 3). Here we
see the EC of a planar, commercial ITO film compared to
spray deposited HSEs of controllably higher surface area.
The capacitance current, which is proportional to surface
area, is read as the oxidative current at 0.3 V vs. saturated

SEM

ITO particles ITO adhesion layer |

5

nse ITO film

FIGURE 2. A schematic cross section (a) and optical photograph showing transparency (b) of the ITO HSE.
SEM images show the textured particulate HSE surface (c) and the crystallinity of the ITO adhesion layer (d).
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calomel electrode (SCE) (linear region) on Figure 3a. The
relative ratio of capacitances or surface areas (roughened
vs. planar) is termed roughness factor (RF) and is plotted
against square root of scan rate for several typical spray films
in Figure 3b. For the HSEs, capacitance charging is limited
by solute diffusion at higher scan rates and the RF appears
smaller. Therefore, extrapolation of the data to zero scan
rate yields the true RF values. The EC data presented here
shows HSEs that have RFs ranging from 250 to 800 relative
to the planar ITO film. We have succeeded in fabricating
films with RFs from ~20-800 via spray deposition, the right
order of magnitude for roughness needed to maximize
performance according to our calculations.

Electronic resistance measurements of these spray films
indicate that resistance in the transverse direction, R, (see
Figure 2a) is ~1 Q/10 pm, or only about 10 Q for the average
film thickness. This resistance is superb given the low cost,
low quality fabrication method employed.

We have just begun to coat these HSEs with ultra-thin
layers of semiconductor material including manganese
oxide and iron oxide, two excellent absorbers of visible
light. The challenge here is that these absorber materials
are performance limited by electronic charge transport.
Therefore, ultra-thin layers will help facilitate extraction
of photogenerated charge carriers to the back contact (the
TCO) with a high QE. By conformally coating the HSEs
with that same ultra-thin layer of absorber material we can
combine the high QE carrier extraction of an ultra-thin layer
with full absorption of incoming light because of the many
layers coated across the high surface area. This device design
has an optical density equivalent to an absorber layer X times
thicker where X is proportional to the RF of the HSE.
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Using an entirely room temperature synthetic procedure,
we have produced nanoparticles of MoS, only several
nanometers in size that exhibit a visible shift in light
absorption towards lower wavelengths (Figure 4a) with an
estimated bandgap of ~1.8 eV for the smallest nanoparticles
as a result of quantum confinement. Transmission electron
microscopy (TEM) reveals a range in nanoparticle size
from 2.4 to 8.3 nm. In addition, PEC measurements of
these nanoparticles have shown that they possess proper
conduction and valence band alignments relative to the
hydrogen and oxygen evolution potentials to enable
unassisted water splitting.

We have also studied the long-term performance
of highly nanostructured MoS, as an electrocatalyst for
hydrogen evolution at current densities relevant to efficient
solar conversion (~10 mA/cm?). By carefully controlling the
extent of thermal sulfidization treatments, we can optimize
the growth of ultra-thin MoS, shell structures that are only
a few nm thick at temperatures as low as 200°C on a high
aspect ratio MoO, nanowire core support. These catalysts
remain stable over ten thousand voltage cycles that simulate
the diurnal conditions of solar irradiation (Figure 4b).
Furthermore, they exhibit this stability in strongly acidic
environments, a feature not possessed by other Earth-
abundant hydrogen evolution catalysts such as nickel.

Conclusions and Future Directions

In order to reach our goal of developing a fully
operational PEC water splitting device, we have been
developing a 3™ generation light absorber material (MosS,)
while also producing a TC scaffold onto which it can be
incorporated. We have achieved the following:

- = High Spray HSE
700 4 = Medium-High Spray HSE
i = Medium Spray HSE
600 = Medium-Low Spray HSE
- 7 - = Low Spray HSE
© 4
c
K]
—2a 500 Linear Fit, R?=0.953
o 1 . = Linear Fit, R’=0.968
>, 4004
[2]
—I 1
= 300+
¥ 2004
100
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0 5 10 15 20 25

Sqrt of scan rate / (mV/s)"?

FIGURE 3. Advanced cyclic voltammograms (a) swept from -0.1 to 0.4 V vs. SCE where the scan is held at each vertex potential for 30 seconds. The third in a
series of scans for each electrode is shown. Roughness factor as a function of square root of scan rate (b). Linear fits of two sample data sets are shown.
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Nanostructured MoS,
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FIGURE 4. Spectroscopy, microscopy, and electrochemical performance of nanostructured MoS,. Ultra-violet visual absorbance (a) of quantum confined

MoS, nanoparticles with an inset photograph of solutions containing nanoparticles of increasing size towards the right, and an example TEM image of the
nanoparticles. Electrochemical stability (b) of ultra-thin MoS, shell structures surrounding a MoO, core, assessed as a function of overpotential required to drive
10 mA/cm? of current density over the course of 10,000 potential cycles from -0.3 to 0.2 V vs. the reference hydrogen electrode. The inset shows a TEM image
of the core-shell structures along with a cyclic voltammogram detailing their electrochemical performance for the hydrogen evolution reaction.

«  Alow-cost, scalable, facile route to fabrication of high
surface area transparent conducting electrodes has been
developed and a patent application is pending.

+  Physical and electronic characterization of these
electrodes indicates roughness factors of ~20-800 and
electrical conductivity commensurate with requirements
for PEC and many other electronic applications.

+  Developed bandgap engineered nanoparticles of MoS,
which possess the correct energetic for water splitting.

«  Demonstrated long-term stability of highly
nanostructured MoS, hydrogen evolution catalysts.

The next step in our work is the incorporation of
nanostructured materials and thin films into our HSE
platforms. We will accomplish this task through various
objectives:

+  Incorporate MoS, nanoparticles into the HSE and
characterize their water splitting properties with respect
to light absorption, charge transport, and stability.

«  Demonstrate the broad applicability of the HSE
platform for various other PEC materials.

Special Recognitions & Awards

1. DOE Hydrogen and Fuel Cells Program R&D Award to Prof.

Thomas F. Jaramillo (PI).
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Patents Issued

1. Arnold J. Forman, Zhebo Chen, and Thomas F. Jaramillo,
“Synthesis of High Roughness Factor Transparent Conducting
Oxide Thin Films” (patent application pending).

FY 2011 Publications/Presentations

1. J. Forman, Zhebo Chen, and Thomas F. Jaramillo, “Synthesis
of High Roughness Factor Transparent Conducting Oxide Thin
Films” (manuscript in preparation).

2. Zhebo Chen, Dustin Cummins, Benjamin N. Reinecke, Ezra
Clark, Mahendra K. Sunkara, and Thomas F. Jaramillo, “MoS,
Coated MoO, Nanowires: Active, Stable, and Earth-abundant
Catalysts for Hydrogen Evolution in Acid” (submitted March
2011).

3. Zhebo Chen, Jakob Kibsgaard, and Thomas F. Jaramillo,
“Nanostructuring MoS, for Photoelectrochemical Water
Splitting,” Proc. SPIE, Vol. 7770, 77700K-6 (2010).

4. Zhebo Chen, Shin-Jung Choi, Jakob Kibsgaard, and Thomas
F. Jaramillo, “Nanostructured MoS, for Solar Hydrogen
Production,” Proc. American Chemical Society, San Francisco,
CA. March 24, 2010.

5. Thomas F. Jaramillo, Zhebo Chen, Shin-Jung Choi, Jesse
Benck, and Jakob Kibsgaard, Nano-architectures for 3rd
generation PEC devices: A study of MoS2, fundamental
investigations and applied research, DOE EERE Annual Merit
Review, Crystal City, VA. May 12, 2011.
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6. Zhebo Chen, Jakob Kibsgaard, Jesse Benck and

Thomas F. Jaramillo, “Nanostructured MoS, for Solar Hydrogen
Production,” 2011 Spring Meeting of the Materials Research
Society, San Francisco, CA. April 29, 2011.

1. Zhebo Chen, Jakob Kibsgaard, and Thomas F. Jaramillo,
“Nanostructured MoS, for Solar Hydrogen Production,”
2010 Annual Meeting of the American Institute of Chemical
Engineers, Salt Lake City, UT. November 9, 2010.

8. T.F. Jaramillo, “Nano-structured materials for the synthesis of
fuels from sunlight” Technical University of Denmark, Dept. of
Physics, Lyngby, Denmark, August 2010.

9. Zhebo Chen, Jakob Kibsgaard, and Thomas F. Jaramillo,
Nanostructuring MoS, for Photoelectrochemical Water
Splitting, SPIE, San Diego, CA. August 4, 2010

10. Zhebo Chen, Jakob Kibsgaard, and Thomas F. Jaramillo,
Nanostructured MoS, for Solar Hydrogen Production, 217"
meeting of The Electrochemical Society, Vancouver, BC,
Canada. April 25-30 (2010).

11. Zhebo Chen, Shin-Jung Choi, Jakob Kibsgaard, and
Thomas F. Jaramillo, Nanostructured MoS, for Solar Hydrogen
Production, National Meeting of the American Chemical
Society, San Francisco, CA. March 24, 2010.
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Fiscal Year (FY) 2011 Objectives

Identify, synthesize, and characterize new
semiconductor materials that have the capability of meeting
the criteria for a viable photoelectrochemical (PEC)
hydrogen-producing device, either as a single absorber or as
part of a high-efficiency multi-junction device.

Technical Barriers

This project addresses the following technical barriers
from the Production section of the Fuel Cells Technologies
Program Multi-Year Research, Development and
Demonstration Plan (MYP):

(Y) Materials Efficiency

(Z) Materials Durability
(AB) Bulk Materials Synthesis
(AC) Device Configuration

Technical Targets

This project is a materials discovery investigation to
identify a single semiconductor material that meets the
technical targets for efficiency and stability. The 2013
technical targets from the MYP PEC hydrogen production
goals are as follows:

+ Bandgap of 2.3 eV
+  10% conversion efficiency
«  1,000-hour lifetime
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FY 2011 Accomplishments

+  Improved the world-record water splitting efficiency of
GalnP,/GaAs tandem cells by using a more active RuO,
counter electrode. Confirmed a maximum solar-to-
hydrogen efficiency of 16.3% under real solar (outdoor)
conditions, a significant improvement over the 12.4%
previous record and greatly exceeding the MYP 2013
10% technical target.

+  Identified potential surface nitride passivation of GalnP,
by nitrogen ion bombardment and electrochemical
routes. Nitrided surfaces exhibited less corrosion than
untreated samples.

+  Validated stability of low-cost amorphous Si/SiC
hybrid photoelectrodes synthesized by our corporate
partner MVSystems, Inc. The electrode was still able
to generate photocurrent after 500 hours of testing at
an applied current density of -1 mA/cm?, and is half
way to the MYP 2013 technical target of 1,000 hours of
durability.

+  Synthesized CuO, Cu,O, and Ti alloyed Cu-Ti oxides
with various structures and band gaps by reactive
radio frequency (RF) magnetron sputtering. PEC
characterizations of the Ti-Cu mixed oxide revealed
improved performance and greater stability than Cu
oxides alone.

+  Characterized corrosion resistant p-In Ga, N alloys
synthesized by our collaborator at Los Alamos National
Laboratory.

R R R

Introduction

Photoelectrochemistry combines a light harvesting
system and a water splitting system into a single monolithic
device. A semiconductor immersed in aqueous solution
comprises the light-harvesting system. The catalyzed surface
of the semiconductor is one part of the water splitting
system, and the other part is another electrode in a separate
compartment. The key is to find a semiconductor system
that can efficiently and sustainably collect solar energy and
direct it towards the water splitting reaction.

The goal of this work is to develop a semiconductor
material set or device configuration that (i) splits water into
hydrogen and oxygen spontaneously upon illumination,

(ii) has a solar-to-hydrogen efficiency of at least 5% with a
clear pathway to a 10% water splitting system, (iii) exhibits
the possibility of 10 years stability under solar conditions,
and (iv) can be adapted to volume-manufacturing
techniques.

DOE Hydrogen and Fuel Cells Program
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Approach

Our approach has two thrusts, i) the study of current
material sets used in commercial solar cells as well as related
materials, and ii) the discovery of new semiconducting
materials using advanced theoretical calculations to identify
promising candidates, closely coupled with synthesis and
state-of-the art characterization. A major component of
(i) focuses on III-V semiconductor materials that meet the
efficiency target and engineering the surface to meet the
durability target. Area (ii) has focused on chalcogenide and
Cu-, W-, Ti-, and Bi-based multinary oxides.

Results

The GalnP,/GaAs tandem cell has held the world-
record efficiency (12.4%) for unbiased PEC water splitting
for several years [1]. This benchmark for efficiency was
established using platinum as a counter electrode anode
material. We were able to improve upon this efficiency
by using a counter electrode that is more active for
oxygen evolution. Ruthenium dioxide (RuO,) has a lower
overpotential than platinum for the water oxidation reaction
at the current densities relevant to PEC water splitting. The
reduction in overpotential results in enhanced efficiencies.
We electrodeposited RuO, from RuCl; solution on to a
platinum electrode and gathered solar-to-hydrogen efficiency
data under real-solar conditions at NREL's Solar Radiation
Research Laboratory. Using a portable potentiostat in a two-
terminal configuration we measured the current and applied
circuit bias between the GalnP,/GaAs working electrode
and RuO, counter electrode. The current was due to water
reduction (to hydrogen) at the photocathode and oxidation
(to oxygen) at the counter electrode. The efficiency was
calculated from the photocurrent density, circuit bias, and
corresponding real-time measurement of solar irradiance.
Two wafers were synthesized by metal organic chemical
vapor deposition at different growth temperatures and each
was subdivided into about twelve electrodes. The averaged
two-electrode photocurrent-voltage measurements were used
to calculate ensemble efficiencies for each wafer (Figure 1).
The champion electrode, from the wafer that was grown at a
lower temperature, had a peak solar-to-hydrogen efficiency
of 16.3%. This efficiency greatly exceeds the MYP 2013
technical target of 10% and demonstrates very high solar-to-
hydrogen efficiencies are possible through PEC conversion.

Although the GalnP, system is capable of high-
efficiency conversion, it is prone to corrosion under
operating conditions and does not meet the MYP
technical target for durability (1,000 hours). We have
previously observed that incorporating nitride into I11-V
semiconductor epilayers can provide enhanced stability
[2] to water splitting photocathodes. However, this nitride
incorporation through the bulk of the light absorber causes
a reduction in conversion efficiency [3]. We hypothesize
that surface nitridation might protect the interface with
the electrolyte while not compromising the material’s
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FIGURE 1. Two-electrode outdoor photocurrent-voltage testing of
p-GalnP,/GaAs tandem cells coupled with a Ru0, counter electrode. Dashed
lines are calculated efficiencies as a function of circuit bias. Data presented
are the average of twelve electrodes from each wafer and the champion
electrode plotted independently. The champion electrode was from the
wafer grown at a lower temperature. The electrolyte used for testing was
3M H,S0, with the fluorosurfactant Zonyl FSN-100.

high-efficiency bulk absorption properties. We achieved
promising preliminary results from surface nitridation of
GalnP, by two distinct routes; electrochemical and ion
bombardment. The semiconductor surface appeared to be
protected when (NH,),SO, was used as the electrolyte for a
24-hour durability analysis. Afterwards, X-ray photoelectron
spectroscopy (XPS) detected ammonia (NH,) on the
surface. Depth profiles, made by alternating sputtering with
XPS analysis, found the control (unprotected) sample was
gallium deficient and indium rich while the sample tested

in (NH,),SO, had a composition identical to as-grown
material. Bombarding GalnP, surfaces with low-energy

N," ions also appeared to provide some protection from
corrosion. We performed ion surface treatments for 20, 45,
and 60 seconds and all prevented a decline in photocurrent
after operation for 24-hours in pH 0 sulfuric acid where
untreated samples had a notable loss in performance. We
also analyzed the durability solutions for trace levels of
semiconductor components by inductively coupled plasma
mass spectrometry (ICP-MS). In two of the three electrodes
tested, the 45-second treatment was effective in reducing the
amount of corrosion detected by ICP-MS (Figure 2). We are
continuing to investigate surface nitridation as a potential
route to achieve both the efficiency and durability targets in
the MYP.

We continued to work with our private industry
collaborator, MVSystems, Inc. to develop a potentially low-
cost, high-volume water splitting material system with good
durability. These amorphous (a-Si/SiC) semiconductors are
synthesized by plasma enhanced chemical vapor deposition
on transparent conductive substrates. The p-SiC is the
capping layer and forms a PEC contact with the electrolyte.
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FIGURE 2. ICP-MS detected gallium and indium from control and ion
bombardment nitrided p-GalnP, electrode corrosion solutions. The durability
testing consisted of galvanostatic testing at -10 mA/cm?in 0.5M H,S0,
under AM1.5G illumination for 24 hours (except in the two noted durations of
67 hours). The analytes were detected in parts per million (mass) units and
converted to atoms/Coulomb to normalize for variation in electrode surface
area, charge passed, and solution volume.

It has a wider band gap and better stability than amorphous
Si. There are two amorphous p-i-n buried photovoltaic (PV)
junctions that provide the necessary potential difference
needed for water electrolysis. The PV/PEC layers, known
together as a hybrid photoelectrode, are stacked vertically in
an integrated monolithic device. This device configuration
is able to split water at 1.6% efficiency without an external
bias. Recently, we were able to demonstrate this system is
capable of extended durability. In one test we applied -1
mA/cm? in pH 2 buffer under AM1.5G (from a tungsten
lamp) for 310 hours and the surface appeared almost
completely unaltered by the testing, except for some
streaking likely caused by hydrogen bubble evolution
(Figure 3). The electrode did suffer a moderate (~30%)
reduction in photocurrent magnitude after 310 hours of
testing, but there was no dark current under high reverse
bias, a common feature of damaged electrodes. We also
performed a 500-hour test on a different electrode under
the same conditions described above. After 500-hours of
durability analysis, three-electrode current-potential curves
exhibited both a decreased magnitude of photocurrent

and dark current onset at a low potential. The electrode
surface also appeared degraded afterwards. Even though
the durability electrodes suffered a performance loss, the
results demonstrate that the 2013 MYP technical target

of 1,000-hours of operation could be achieved with this
material. However, the testing conditions are relatively mild,
compared to what a real-world electrode might see under
operation. The goal for this material is 5% solar-to-hydrogen
efficiency, which correlates to -4 mA/cm?, a current density
four times higher than these electrodes were subjected to.

We also synthesized and characterized several oxide and
chalcopyrite semiconductors that theoretical calculations
had identified as good candidates for photoelectrolysis. We
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FIGURE 3. Photographs of an a-Si/a-SiC hybrid photoelectrode before (left)
and after (right) 310 hours of durability testing showing a relatively unaltered
surface. The semiconductor is about 4 cm? and encased in insulating epoxy.

synthesized CuO, Cu,O, and Ti alloyed Cu-Ti and found
that the band gaps of CuO and Cu,O could be engineered
by incorporating Ti. We found that Ti incorporation
improved the film quality and as a result, Ti incorporated
CuO films exhibited much lower dark current than the pure
CuO, indicating enhanced stability. Despite band gaps in
the visible portion of the electromagnetic spectrum, the
overall magnitude of photocurrent for these films is well
below what is necessary to be considered viable for solar
photoconversion.

We also synthesized BiVO, thin films by co-evaporation
of Bi,O, and V,0, and evaluated their PEC performance.
We observed that a Bi:V ratio of roughly 1:1 leads to n-type
conductivity behavior and very low dark current. When
the Bi:V ratio was increased to 1.1:1 the result was a
compensated film. A compensated semiconductor exhibits
both n-type and p-type behavior, depending on the bias. It
is known that cation vacancies can form easily in BiVO, and
the act as acceptors. It is possible that under certain vapor
pressures, Bi or V vacancies may form and lead to p-type
conductivity. This effect might be exploited for developing a
solid-state, oxide p/n homojunction photovoltaic cell.

Ternary I-111-VI, chalcopyrite materials have drawn
great interest in recent years due to their potential
application for solar cells. In general, I-I1I-VI, chalcopyrite
materials have a variety of direct band gaps and have
excellent optical absorption coefficients, good carrier
transport properties, and stability. We synthesized and
characterized chalcopyrite CuAlTe, thin films by both co-
evaporation and sequential deposition methods. Several
films were synthesized that had ideal band gaps for
photoelectrolysis, in the range of 1.64 - 2.25 eV. Energy
dispersive X-ray spectroscopy detected oxygen in all CuAlTe,
samples. The oxygen contamination during the evaporation
seems to deteriorate the film quality and lead to serious
carrier recombination resulting in poor photoconversion
efficiencies. In addition to low photocurrents, the CuAlTe,
films were unstable during PEC characterizations and
are, therefore, not viable for photoelectrolysis using these
synthesis conditions.
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Pure nitride semiconductors (instead of mixed
group V) are also an area of interest as they have high
stability and potentially high efficiency. We characterized
p-doped In Ga, N synthesized by our collaborator at Los
Alamos National Laboratory. The p-doping allows the
semiconductor to operate as a photocathode, a generally
more stable operating configuration that pushes highly
corrosive, oxidizing holes towards the bulk of the material
and away from the interface. The photocurrents achieved by
these materials were very low due to growth on an insulating
sapphire substrate. We are currently characterizing a set
of In Ga, N that was synthesized on conductive substrates
and are evaluating the stability under current densities in
the 10 mA/cm? range, a magnitude equivalent to what a
deployed device would see.

Conclusions

+  p-GalnP,/GaAs is capable of over 16% solar-to-
hydrogen conversion efficiency and could meet the
MYP efficiency and durability technical targets with an
appropriate corrosion mitigation treatment, even if the
treatment results in a loss of efficiency.

+  Surface nitridation of GalnP, has demonstrated the
ability to offer protection to the semiconductor surface
after 24-hours of simulated operational conditions.

«  Thin film a-Si-based carbides have the potential to
be inexpensive water splitting electrodes and have
demonstrated good durability over several hundred
hours of low current density water splitting.

+  The Cu-Ti alloyed oxides that we synthesized have
variable band gaps, but have poor photoconversion
properties and inadequate stability.

Future Direction

«  We plan to continue to investigate stabilization of
the GalnP, interface through nitridation. We will
work in collaboration with theory and advanced
characterization groups to identify the corrosion
mechanism and develop a passivation strategy.

+  Because of their stability, we plan to investigate other
III-V nitride semiconductor configurations and evaluate
efficiencies.

+  We plan to continue to work with MV Systems, Inc. on
improving efficiency and stability of a-Si/a-SiC hybrid
photoelectrodes through targeted surface modification
techniques.

«  We plan to synthesize and photoelectrochemically
characterize new oxide and chalcopyrite
semiconductors and evaluate their potential for water
splitting photoelectrodes.
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Publications

1. W.-J. Yin, H.-W. Tang, S.-H. Wei, J. Turner, M.M. Al-Jassim,
Yanfa Yan, “Band structure engineering of semiconductors for
enhanced PEC water splitting” Phys. Rev. B 82, 045106 (2010).

2. W.-J. Yin, S.-H. Wei, M.M. Al-Jassim, J. Turner, and Yanfa
Yan, “Doping properties of monoclinic BiVO, studied by the
first-principle density-functional theory” Phys. Rev. B 83,
155102 (2010).

3. L. Chen, S. Shet, H.W. Tang, H.L. Wang, T. Deutsch,

Yanfa Yan, J. Turner, M. Al-Jassim, “Electrochemical
deposition of copper oxide nanowires for photoelectrochemical
applications” J. Mater. Chem. 20, 6962 (2010).

4. L. Chen, S. Shet, H. Tang, K.-S. Ahn, H. Wang, Yanfa Yan,
J. Turner, and M. Al-Jassim, “Amorphous copper tungsten oxide
with tunable band gaps” J. Appl. Phys. 108, 043502 (2010).

5. S. Shet, K.-S. Ahn, H. Wang, R. Nuggehalli, Y. Yan, J. Turner,
and M. Al-Jassim, “Effect of substrate temperature on the
photoelectrochemical responses of Ga and N co-doped ZnO
films” J. Mater. Sci. 45, 5218-5222 (2010).

6. M. Huda, A. Walsh, Yanfa Yan, S.-H. Wei, and

M.M. Al-Jassim, “Electronic, structural, and magnetic effects
of 3d transition metals in hematite,” J. App. Phys. 107, 123712
(2010).

7. W.-].Yin, S. Chen, J.-H. Yang, X.-G. Gong, Yanfa Yan,

S.-H. Wei, “Effective band gap narrowing of anatase TiO, by
strain along a soft crystal direction” Appl. Phys. Lett. 96, 221901
(2010).

8. Heli Wang and John A. Turner, “Characterization of hematite
thin films for photoelectrochemical water splitting in a dual
photoelectrode device” J. Electrochem. Soc. 157, F173 (2010).

Presentations

1. “Photoelectrochemical Production of Hydrogen: Issues and
Possibilities”, SPIE — Solar Hydrogen and Nanotechnology V,
San Diego, CA, August 5, 2010. J. Turner, Invited.

2. “Material issues for photoelectrochemical water splitting”,
ORCAS 2010, International Conference on Energy Conversion,
University of Washington, Friday Harbor, WA, September 22,
2010. J. Turner, Invited.

3. “Material Issues for Photoelectrochemical Water Splitting”,
Lawrence Livermore National Lab Colloquium, Livermore, CA,
September 30, 2010. J. Turner, Invited.

4. “Semiconducting Materials for Photoelectrochemical Water
Splitting”, at the Solar Fuels: Catalysis and Photoconversion
meeting, University of North Carolina at Chapel Hill, January
13, 2011. J. Turner, Invited.

5. “Materials Issues for Photoelectrochemical Water Splitting”,
at the official opening of the Solar Fuels Laboratory, Nanyang
Technological University, Singapore, February 8, 2011. J. Turner,
Invited.
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6. “Semiconducting Materials for Photoelectrochemical Water
Splitting”, Third Annual Workshop on Electrochemistry at the
Center for Electrochemistry at the University of Texas at Austin,
February 20, 2011. J. Turner, Invited.

1. “Impact of oxygen evolution catalysts on the efficiency of
photoelectrochemical water splitting”, session: Chemical Carbon
Mitigation: A Physiochemical Approach, American Chemical
Society Meeting, March 30, 2011, Jeff Lou presenting, Invited.

8. “Semiconductor Photoelectrodes for Direct Water Splitting”
Pacifichem 2010 Congress, Honolulu, HI. December 15-20,
2010. T. Deutsch, Contributed.

9. “Bandgap engineering of metal oxides for PEC water
splitting“ SPIE’s Solar Hydrogen and Nanotechnology V,
San Diego, CA, August 1-5, 2010. Y. Yan, Invited.

10. “The durability of p-GaInP, for photoelectrochemical
water splitting” SPIE’s Solar Hydrogen and Nanotechnology V,
San Diego, CA, August 1-5, 2010. H. Wang, Invited.

11. “Durability of p-GalnP, for photoelectrochemical water
splitting” Pacifichem 2010 Congress, Honolulu, HI. December
15-20, 2010. H. Wang, Contributed.
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12. “Direct Water Splitting Using Visible Light” GE Global
Research Solar Fuels Symposium, Niskayuna, New York.
November 1, 2010. T. Deutsch, Invited.

13. “Passivation of I1I-V Photoelectrochemical Water

Splitting Electrodes via Surface Nitridation” Gordon Research
Conference, Renewable Energy: Solar Fuels, Ventura, California.
January 16-21, 2011. T. Deutsch, Poster.
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Fiscal Year (FY) 2011 Objectives

«  Develop theoretical tool chest for modeling
photoelectrochemical (PEC) systems, including
experimental validation using model III-V systems.

+  Compile publications database of research on relevant
photoelectrode materials.

«  Uncover key mechanisms of surface corrosion of
semiconductor photoelectrodes.

+  Understand dynamics of water dissociation and hydrogen
evolution at the water-photoelectrode interface.

«  Evaluate electronic properties of the surface and water-
electrode interface.

«  Elucidate relationship between corrosion and catalysis.

«  Provide simulated X-ray spectra to the University
of Nevada, Las Vegas (UNLV) for interpretation of
experimental results and validation of theoretical models.

«  Share research insights with the PEC Working Group
members

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section (3.1) of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(Z) Materials Durability
(Y) Materials Efficiency

Technical Targets

This project is conducting fundamental theoretical
studies of mechanisms of corrosion and catalysis in I1I-V

DOE Hydrogen and Fuel Cells Program

semiconductor-based photoelectrode materials for PEC
hydrogen production. Insights gained from these studies
will be applied toward the optimization and design of
semiconductor materials that meet the following DOE 2013
PEC hydrogen production targets:

+  Usable semiconductor bandgap: 1.8-2.3 eV

+  Chemical conversion process efficiency: 10%
«  Plant solar-to-hydrogen efficiency: 8%

+  Plant durability: 1,000 hrs.

FY 2011 Accomplishments

+  Compiled, reviewed, and shared available information
on III-V electrode materials (ongoing).

*  Performed quantum molecular dynamics of water-
electrode interfaces:

- Evaluated importance of surface oxygen in
determining reactivity. In FY 2010, we discovered
that bonding topology of oxygen at InP(001)
surface dictates the catalytic activity for water
splitting. In FY 2011, we expanded this study to
include different I1I-V (GaP), and on wider variety
of surface morphology. Quantitative reaction
energetics were provided.

—  Established validity of local topological model and
used it to extract model surfaces for further study
(FY 2011).

«  Group discussion of results led to formulation of three
possible corrosion mechanisms (FY 2011).

«  Recruited four external collaborators to develop theory/
computational tool chest for PEC hydrogen research.

«  Began joint theoretical/experimental study on I1I-V
electrode surface (continue through FY11).

R

Introduction

Development of efficient processes for the carbon-free
production of hydrogen is key to sustainable realization of
a future hydrogen economy. One particularly promising
approach is to use sunlight to catalyze direct evolution of
hydrogen from water in a PEC cell. Semiconductor-based
PEC devices are particularly attractive, thanks to a relatively
simple device design and a wealth of data available for
engineering efficient photon harvesting [1]. Results have
demonstrated that one can achieve solar-to-fuel conversion
efficiency in excess of the 2013 DOE targets (>12% using
a tandem GaAs/GalnP, cell); however, this has come at
the expense of short device lifetime due to fast degradation
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of the electrode [2]. Further progress has been hindered
by a poor understanding of the fundamental chemical
processes operating at the electrode-water interface. Our
research addresses this need from a theoretical perspective,
leveraging realistic ab-initio simulations to determine the
key mechanisms governing corrosion and catalysis at the
water-semiconductor interface.

Approach

Further progress in semiconductor-based PEC
photoelectrodes requires in-depth understanding of the
complex relationship between surface stability and catalytic
activity. This in turn relies on knowledge of the fundamental
nature of the electrode-water interface, and of the chemical
pathways explored during surface-active hydrogen evolution.
As such, we are carrying out finite-temperature ab-initio
molecular dynamics simulations and energetics calculations
based on density-functional theory to understand the
chemical, structural, and electronic properties of water/
electrode interfaces under equilibrium conditions, as well as
to understand the competing chemical reaction pathways
visited during photocatalysis. Our approach uses (001)
surfaces of InP, GaP and GalnP,, which have known water-
splitting activity, as model semiconductor electrodes. We are
investigating on effect of the foreign chemical species on the
stability and reactivity of the electrode surfaces, as suggested
by our collaborators in J. Turner’s group at the National
Renewable Energy Laboratory (NREL) [3] and reports in
the literature that surface oxygen may play a key role in
motivating both the surface photocorrosion and the catalytic
water splitting reaction [4,5]. Accordingly, we are evaluating
the stability, structure and reactivity of the I11-V(001)/water
interfaces in the presence of surface oxygen, hydroxyl, and
nitrogen, in order to correlate the results to experimentally
observed surface compositions and morphologies. We also
provide ab-initio derived X-ray spectroscopic data to enable
direct comparison with experimental results from Prof.
Heske’s group at UNLV. This information is intended to
suggest a strategy for device improvement.

Results

Over 700 papers related to PEC hydrogen research
have been collected, indexed, and stored. Those deemed
especially relevant to I1I-V semiconductor-based approaches
have been summarized and shared with members of the
II1-V Surface Validation Team (LLNL/NREL/UNLV) of the
DOE Photoelectrochemical Hydrogen Production Working
Group using a limited-access community web forum and
traditional email communication. Particularly detailed
reviews were completed on GalnP,, In,O;, and the growth
interface between the two. We have discovered literature
that points to competition between ordered and disordered
surface phases, which can rationalize inconsistencies in
device performance observed in NREL experiments. We
have also reviewed literature suggesting the relevance of
surface oxide growth for realizing both device performance
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and corrosion resistance. However, we also found reports
that thin native oxide formation on III-V semiconductors
can give rise to undesirable electrical properties if the oxide/
IT1-V interface is rough [6]. Based on this review, it was
suggested that careful, controlled growth of a high quality
oxide layer on III-V semiconductor might improve the
durability without compromising the hydrogen production
efficiency.

In FY 2010, we studied (meta)stable surface structures
of oxide and hydroxide on InP(001). We found that there
are two categories of oxygen bonding configurations, In-O-
In and In-O-P, consistent with experimental observations
[7]. We then studied the reactivity of a water molecule
on these surfaces and found that spontaneous dissociative
absorption is observed only at the In-