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1.0 Introduction

The Department of Energy’s Hydrogen and Fuel Cells Program (the Program) conducts comprehensive
efforts across a range of technical and non-technical areas 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), incorporating activities in the offices of Energy Efficiency
and Renewable Energy (EERE), Science (SC), Nuclear Energy, and Fossil Energy (FE), and it is aligned
with DOE’s strategic vision and goals. The Program’s efforts will help boost the competitiveness of U.S.
manufacturing, reduce our dependence on foreign oil, and create jobs for American workers.

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 hydrogen and fuel cell 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 the technologies by integrating basic and
applied research, technology development and demonstration, and other supporting activities.

In Fiscal Year (FY) 2012, Congress appropriated approximately $136 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 the Hydrogen and Fuel Cells Program Plan, as well as in the plans of the
program offices—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/roadmaps_vision.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.

PROGRESS AND ACCOMPLISHMENTS, BY SUB-PROGRAM

Fuel Cells

The Fuel Cells sub-program continued to reduce the projected high-volume manufacturing cost of
automotive fuel cells, which in 2012 was estimated to be $47/kW. This represents a reduction of 36% since
2008 and more than 80% since 2002. The 36% reduction since 2008 stems in part from a reduction in platinum
group metal (PGM) loading and an increase in cell power density, allowing the design of smaller and less
expensive stacks. Newly developed de-alloyed PtNi and PtCo catalysts exceeded the 2017 mass activity
target of 0.44 A/mg, ., with 0.46 A/mg, . for PtCo and 0.52 A/mg,,, for PtNi. The PtCo catalyst also meets
durability targets and the PtNi catalyst has demonstrated high-performance operation in MEAs.

Modified catalysts with highly active and durable oxygen evolution met all performance milestones in
2012. By enhancing oxygen evolution capability, these catalysts suppress excursions to high voltage, and thus
mitigate corrosion that would occur during startup, shutdown, and fuel starvation conditions. Additionally, a
humidifier containing a novel composite membrane and including an integrated module design is projected
to meet the cost target of $100 (for a humidifier in an automotive fuel cell system) when manufactured at
high volumes.

" This includes $101 million for the Fuel Cell Technologies Program within the Office of Energy Efficiency and Renewable Energy and
$35 million for hydrogen and fuel cell-related research in the Basic Energy Sciences program within the Office of Science.
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FIGURE 1. Current modeled cost of an 80-kW automotive fuel cell system, based on projections to
high-volume manufacturing (500,000 units/year).?

Hydrogen Production

In FY 2012, the Hydrogen Production sub-program continued to focus on developing technologies to
enable the long-term viability of hydrogen as an energy carrier for a range of applications, including stationary
power, backup power, specialty vehicles, transportation, and portable power. Progress continued in several
key areas, including biomass gasification, reforming of bio-derived liquids, electrolysis, solar-thermochemical
hydrogen production, photoelectrochemical (PEC) hydrogen production, and biological hydrogen production.
Key examples of progress include:

* Developed an electrolyzer system that incorporates low-cost stack components into a high-efficiency
hydrogen production system; this system completed over 100 hours of field testing at the National
Renewable Energy Laboratory (NREL) test facility for renewable integration, verifying improvements
brought about through sub-program investments. (Giner Inc. and NREL)

*  Demonstrated extended durability in high-efficiency III-V crystalline systems for PEC hydrogen
production from a baseline of about 20 hours up to more than 100 hours, achieved through innovative
theory-inspired surface ion nitride treatments of the crystalline surfaces for passivation against corrosion;
the enhanced stability was demonstrated under operating conditions consistent with solar-to-hydrogen
conversion efficiencies exceeding 10%. (NREL)

* Achieved improved hydrogen fermentation rates by optimizing reactor design and operating conditions,

resulting in a two-fold increase in hydrogen production through higher cellulose feedstock loading. This
will serve as the foundation for future efforts to scale-up hydrogen fermentation systems. (NREL)

*DOE Hydrogen and Fuel Cells Program Record #12020, http://hydrogen.energy.gov/pdfs/12020_fuel cell_system cost_2012.pdf.
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Notes: [1] Cost ranges for each pathway are shown in 2007$ based on high-volume projections from H2A analyses, reflecting variability in
major feedstock pricing and a bounded range for capital cost estimates. [2] Costs include total cost of production and delivery (dispensed,
untaxed). Forecourt compression, storage and dispensing added an additional $1.82 for distributed technologies, $2.61 was added as the price
of delivery for central-production technologies. All delivery costs were based on the Hydrogen Pathways Technical Report (NREL, 2009).
[3] Analysis of projected costs for natural gas reforming indicated that the threshold cost can be achieved with current technologies or with
incremental improvements made by industry. FCT Program funding of natural gas reforming projects was completed in 2008. [4] High-temp
electrolysis activities are ongoing under the Next Generation Nuclear Plant Program.

FIGURE 2. Hydrogen Production 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.

Hydrogen Delivery

In FY 2012, 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. Key examples of progress include:

e Design and construction of a custom-built trailer (shown in Figure 3) capable of holding four 40-foot
pressure vessels and an additional 30-foot pressure vessel. This new design has the potential to increase
overall capacity by roughly 18%, from about 615 kg in the current U.S. Department of Transportation
(DOT)—approved design, to more than 725 kg. (Lincoln Composites)

e Analysis of the cost and power requirements of refueling station compression and pumping technologies,
and of the various configurations of high-pressure tube-trailers within DOT-specified weight and size
constraints. Two compression options to reduce station capital cost by at least 15% were identified:

(1) a high-pressure (900-bar) liquid pump combined with an evaporator to gasify the hydrogen before
dispensing (the combined pump/vaporizer cost is less than half the cost of the corresponding gas
compressor); and (2) a high-pressure tube trailer that can reduce compression needs at the station,
especially in early markets where the utilization of the station compressor would be low. This has the

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
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FIGURE 3. Carbon fiber composite tube trailer pressure vessel and International Organization for
Standardization container (source: Lincoln Composites).

potential to reduce the impact of station capital cost on overall hydrogen cost by up to 20%, assuming 50%
utilization. (Argonne National Laboratory [ANL])

Hydrogen Storage

In FY 2012, the Hydrogen Storage sub-program continued to pursue hydrogen storage materials discovery,
including metal hydrides, chemical hydrogen storage, and sorbents, in addition to advanced tank development
and total systems engineering to meet DOE onboard hydrogen-storage targets. The sub-program is also
initiating efforts for early market fuel cell applications and has developed targets for material handling
and portable power applications, which can be found in the Fuel Cell Technologies Program Multi-Year
Research, Development, and Demonstration Plan (MYRD&D Plan).

Accomplishments in novel hydrogen storage materials development included:

* Validating hydrogen excess uptake in a metal organic framework material synthesized by Northwestern
University (NU-100)—the validated excess capacity of ~8 wt% at 50 bar and 77 K for the NU-100 metal
organic framework is among the highest confirmed to date. (NREL)

*  Achieving a 30% improvement in hydrogen wt% uptake when normalized to surface area through boron
incorporation into porous carbon. (University of Missouri)

The Hydrogen Storage Engineering Center of Excellence partners continued to make progress toward
successful completion of Phase 11, in preparation for Phase 111, including:

*  Terminating work on metal hydride systems due to low probability of these materials meeting the required
properties in the 2017 timeframe and identification of required onboard reversible metal hydride material
properties, through use of the integrated Hydrogen Storage SIMulator vehicle model.

*  Conducting failure modes and effects analysis for both adsorbent and chemical hydrogen material systems,
identifying potential failure modes requiring further consideration.

* Developing an advanced composite pressure vessel for cryo-sorbents with 11% lower weight, 4% greater
internal volume, and 10% lower cost (compared with the baseline established during phase I of the
Hydrogen Storage Center of Excellence in 2011).

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report



Sunita Satyapal I. Introduction

Accomplishments in developing lower-cost compressed hydrogen tanks include:

*  Demonstrating carbonized fiber from low-cost textile-grade polyacrylonitrile blended with methyl acrylate
comonomer, which meets the 2012 milestone of at least 300 KSI strength and 30 MSI modulus. (Oak Ridge
National Laboratory)

»  Developing a pressure vessel design to achieve a 20% reduction in carbon fiber requirement. (ANL)

The sub-program also launched the Hydrogen Storage Materials Database
(http:/hydrogenmaterialssearch.govtools.us/), a comprehensive database to collect and disseminate
materials data and accelerate advanced hydrogen storage materials R&D. To date, researchers from more
than 60 countries have accessed the database, and the tool was presented as part of the President’s Materials
Genome Initiative.

Manufacturing R&D

In FY 2012, Manufacturing R&D projects continued in the following areas: novel electrode deposition
processes for membrane electrode assembly (MEA) fabrication, reduction in the number of assembly steps
to produce low-cost MEAs, flow field plate manufacturing variability and its impact on performance, and
fabrication technologies for high-pressure composite hydrogen-storage tanks. Key accomplishments include
the following:

* In the area of MEA manufacturing, scaling up the microporous layer ink for full-length and full-width
roll coating was found to cause severe bubble formation, leading to variable viscosities in the ink. By
modifying additives and processes, the problem was solved and the cost of the microporous layer was
reduced by 37% compared with the benchmark. This also resulted in a 3x increase in capacity. (BASF)

* Imaged polymer electrolyte membrane thickness and discrete defects (bubbles, scratches, divots) using
optical diagnostics on a full scale webline—detecting defects on the order of ~10—-100 p in membranes at
standard web speeds of 30 feet per minute. (NREL)

Basic Research

The Basic Energy Sciences program in the DOE Office of Science supports fundamental scientific research
addressing critical challenges related to hydrogen storage, hydrogen production, and fuel cells. These basic
research efforts complement 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 bi-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.

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
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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 sub-program has
been focused on conducting demonstrations that emphasize co-development and integration of hydrogen
infrastructure with fuel cell electric vehicles (FCEVs) to permit industry to assess progress toward technology
readiness.

In 2012, NREL completed the data collection and analysis portion of the National Fuel Cell Electric
Vehicle Learning Demonstration—a government-industry cost-shared project initiated in 2004 with four
automobile and energy company teams. A comprehensive final report was published in July 2012. In the
course of the project, data were collected on a total of 183 FCEVs and 25 hydrogen fueling stations. FCEVs
in the project traveled 3.6 million miles, and 151,000 kg of hydrogen was either produced or dispensed (with
some of this hydrogen being used in vehicles outside the Learning Demonstration). Over 500,000 individual
vehicle trips were analyzed, and 99 different CDPs were produced to validate the current status of FCEV
technology (see Figure 4 for the status of specific performance metrics). FCEVs met or exceeded the 250-
mile driving-range goal; fuel cell system efficiencies were demonstrated in the range of 53—59% (at 25% net
power), which is close to the DOE target of 60%; and results indicated fuel cell durability in excess of 2,500
hours (>75,000 miles). The final report represents the last of a number of significant and groundbreaking
accomplishments by NREL during the project, including the establishment of the HSDC, the methodology of
securely aggregating business sensitive performance data into useful public data, and the development of many
unique and innovative data products for FCEVs and hydrogen fueling stations.

Vehicle Performance Metrics Gen 1 Vehicle Gen 2 Vehicle 2009 Target 20;2;112311
Fuel Cell Stack Durability 2,000 hours
Maximum Team Projected Hours to
10% Voltage Degradation 1,807 hours 2,521 hours -
Average Fuel Cell Durability Projection 821 hours 1,062 hours 1,748 hours
Maximum Hours of Operation
by a Single FC Stackto Date 2,375 hours 1,261 hours 1,582 hours
Driving Range 250 miles
Adjusted Dynamometer = =
(Window Sticker) Bange 103-190 miles 196-254 miles
Medi i -
edian On-Road Distance Bet\n{een 56 miles 81 miles 98 miles
Fuelings
Fuel Economy (Window Sticker) 42 — 57 mi/kg 43 - 58 mi/kg no target --
Fuel Cell Efficiency at 4 Power 51-58% 53-59% 60% --
Fuel Cell Efficiency at Full Power 30-54% 42 -53% 50% --

FIGURE 4. Summary of key performance metrics for the Learning Demonstration. Outside of this project, DOE independent panels
estimated that producing hydrogen from distributed reforming of natural gas would cost approximately $2.75-$3.50/kg H, (2006 study)

and producing hydrogen from distributed electrolysis would cost approximately $4.90-85.70/kg H, (2009 study)—both analyses assume
a build-out rate of 500 stations/year, with stations producing 1,500 kg of HZ/day.3

* Distributed Hydrogen Production from Natural Gas: Independent Review, NREL, October 2006,
http://hydrogen.energy.gov/pdfs/40382.pdf; and Current (2009) State-of-the-Art Hydrogen Production Cost Estimate Using Water
Electrolysis: Independent Review, NREL, 2009, http://hydrogen.energy.gov/pdfs/46676.pdf.
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In addition to its light-duty vehicle demonstrations, since 2010, the sub-program has been collecting and
analyzing data from 17 second-generation fuel cell buses. As of August 2012, one of these buses had exceeded
12,000 hours of operation, and efficiencies up to twice as high as those of diesel buses have been demonstrated.

The Fountain Valley Renewable Energy Tri-Generation Station—the world’s first facility capable of
co-producing hydrogen, heat, and power—has operated for more than 1,000 hours in power and power-and-
hydrogen modes, and over 5 million standard cubic feet of digester gas has been processed to produce more
than 5,000 kg of hydrogen and over 1 million kWh of electricity. The system has achieved an overall efficiency
of 54% when co-producing hydrogen and power.

NREL is demonstrating commercially available low-temperature electrolyzer technologies (proton
exchange membrane and alkaline electrolyzers) to evaluate their response to commands to increase and
decrease stack power (which enable them to shorten frequency disturbances on an alternating current
microgrid). The quick response and precise control offered by variable electrolyzer stack operation have been
shown to be superior to the control capabilities of many conventional generators. NREL is demonstrating that
electrolyzers can perform repeated high cyclic power variations (20—-100% of rated stack power) to model
performance with wind and solar power. To date, NREL has completed 7,000 hours of operation to help
quantify performance differences between constant and variable stack power operation.

Safety, Codes and Standards

In FY 2012, the Safety, Codes and Standards sub-program continued to support R&D to provide the
technical basis for codes and standards development, with projects in a wide range of areas, including fuel
specification, separation distances, materials and components compatibility, and hydrogen sensor technologies.
The sub-program also continued to promote collaboration among diverse stakeholders in order to harmonize
regulations, codes, and standards, and it continued to create and enhance safety knowledge tools for emergency
responders and authorities having jurisdiction. Key FY 2012 accomplishments include:

*  Publishing the compressed hydrogen materials compatibility (CHMC) testing and data application
standard, Canadian Standards Association CHMC 1 Part 1.

* Developing accelerated test methods for measurement of hydrogen-assisted fatigue crack growth; this
accelerated test greatly reduces the cost barriers that prevent qualification of new materials for hydrogen
service.

*  Conducted two fire training classes at the Los Angeles City and County Fire Department, with
approximately 300 first responders in attendance; to date, more than 23,000 code officials and first
responders have been reached through the sub-program’s efforts.

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. Funding from FY 2010 appropriations
supported the sub-program’s activities during FY 2012. Key accomplishments in FY 2012 included:

» Initiating a northeast cluster group for collaboration between states and developing roadmaps for seven
states in the cluster.

* Organizing an event to “match” suppliers with manufacturers.

» Launching a monthly newsletter that reaches over 7,500 subscribers.

e Continuing to train middle school and high school teachers through “H2 Educate!”, reaching a cumulative
total of 9,700 teachers, in 35 states; 90% of participants felt that the training resources increased the
effectiveness of their lesson plans.

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
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Market Transformation

To ensure that the benefits of the Program’s efforts are realized in the marketplace, in FY 2012 the Market
Transformation sub-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; these early deployments also help
to overcome 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 2012 activities primarily involved continuation of
projects initiated with FY 2010 appropriations. The Market Transformation sub-program is currently focused
on building upon past successes in material handling equipment (e.g., lift trucks) and emergency backup power
applications, which received support from Recovery Act funding. The sub-program is seeking to expand on
these successes by exploring other potential and emerging applications for market viability. These Recovery
Act projects are highly leveraged, with more than half of project funding 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, see the “American Recovery
and Reinvestment Act Projects” section, below). Specific accomplishments by the Market Transformation sub-
program in FY 2012 include:

* Demonstrating and validating a fuel cell mobile lighting system that combines high-pressure (5,000-psi)
hydrogen storage, efficient lighting, and a 5-kW PEM fuel cell; the mobile lighting system was field tested
at industry and government installations and demonstrated at various entertainment industry award events,
including the Oscars, the Golden Globe Awards, and the Screen Actors Guild Awards.

» Developing and publishing guidelines for federal facilities managers to procure energy from stationary
fuel cell power systems, including the use of innovative financing mechanisms that require little or no
capital investment.

*  Conducting modeling and simulation for evaluating onboard fuel cell rechargers for battery-electric road
vehicles.

Systems Analysis and Integration

The Systems Analysis sub-program supports decision-making by providing a greater understanding of
technology gaps, options and risks, and examining the interaction of individual technologies and components
and their contributions to the performance of larger systems—e.g., the entire hydrogen fuel system, from
production to utilization. The sub-program also analyzes cross-cutting issues, such as the integration of
hydrogen and fuel cell systems with the electrical sector and the use of renewable fuels. Particular emphasis is
given to assessing stationary fuel cell applications and the implications of various approaches to establishing
hydrogen infrastructure. The Systems Analysis sub-program made several significant contributions in FY
2012, including:

* Analyzing infrastructure costs for hydrogen fueling and electric vehicle charging, which showed that the
capital intensities of the two infrastructure systems are roughly comparable, on a cents-per-mile basis.
(NREL)

» Evaluating potential cost reductions for early market hydrogen fueling stations, utilizing diverse
stakeholder input to NREL’s cost calculator; results will be published at the end of 2012. (NREL)

*  Developing and releasing the JOBS FC model, which enables analysis of the impacts of fuel cell market
deployments on employment and revenue generation; the model was used to estimate the impact
of American Recovery and Reinvestment Act (ARRA) deployments of fuel cells (this analysis was
supplemented with calculations that capture economic impacts from expenditures unique to the ARRA
program that are not modeled in JOBS FC)—preliminary results indicate that nearly 700 net jobs were
created in 2011 as a result of ARRA funding for fuel cell deployments (Figure 5). (ANL and RCF
Economic and Financial Consulting)

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
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Employment Impacts of ARRA Fuel Cell Deployments
Including Backup Power Fuel Cells and Fuel Cell-Powered Forklifts
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FIGURE 5. Preliminary analysis of employment impacts from ARRA fuel cell deployments, using the
JOBS FC model (supplemented with calculations that capture economic impacts from expenditures
unique to the ARRA program that are not modeled in JOBS FC) (source: ANL).

*  Modifying the GREET model to enable greenhouse gas emissions to be evaluated on a well-to-wheels
basis for hydrogen produced from natural gas extracted by hydraulic fracturing. (ANL)

*  Conducting a natural gas workshop, involving multiple stakeholders, to gain valuable insight for
potential synergies with hydrogen (a summary report and proceedings are available online at
www.hydrogenandfuelcells.energy.gov/wkshp _nat gas h2 infrastructure.html)

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 marketplace.
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—these efforts have deployed more than 1,100 fuel cells,
primarily in backup power and forklift applications, exceeding the original ARRA target of 1,000 units. As of
the end of October 2012, over 90% of Recovery Act funds had been spent, and more than 1 million hours of
operation had been achieved.

Successful DOE deployments of fuel cells (including deployments from ARRA funding as well as
Market Transformation projects) have led to industry orders of more than 3,600 fuel cell forklifts and more
than 1,400 fuel cell backup power systems, with no additional DOE funding. For example, as a result of
deployments of fuel cell lift trucks at the Sysco food distribution center in West Houston, Texas, Sysco is
planning to deploy 900 or more fuel cells at seven sites over the next 24 months. Success in these early markets
is helping to pave the way for longer term success of fuel cells in larger markets, such as transportation.
Additional information about the Program’s Recovery Act projects can be found in a newly published fact sheet

(www.hydrogenandfuelcells.energy.gov/pdfs/fct recovery act highlights.pdf).
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FIGURE 6. Early market deployments of approximately 1,400 fuel cells have led to more
than 5,000 additional purchases by major companies (including Coca-Cola, Sprint,
Sysco, FedEx, and others) with no additional DOE funding.

OTHER PROGRAM ACTIVITIES AND HIGHLIGHTS FROM FY 2012

Tracking Commercialization

One indicator of the robustness and innovative vitality of an RD&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 (FCT Program). R&D efforts funded by the FCT
Program have resulted in 363 patents and 36 hydrogen and fuel cell technologies entering the market.* (See
Figures 7 and 8.)

Awards & Distinctions

*  Dr. Thomas Jaramillo from Stanford University was honored with a Presidential Early Career Award for
Scientists and Engineers (PECASE) for his innovations in solar hydrogen production and for excellence
in mentoring at the university level. Dr. Jaramillo was one of only 96 researchers across the nation honored
with this award, which is the highest honor bestowed by the U.S. Government on science and engineering
professionals in the early stages of their careers. To date, this was the first and only PECASE award
presented to a researcher funded by DOE’s Office of Energy Efficiency and Renewable Energy.

» Researchers at Brookhaven National Laboratory won an R&D 100 Award for work funded by the FCT
Program on platinum monolayer electrocatalysts for fuel cell cathodes. The award was one of only
100 given out this year by R&D Magazine for the most outstanding technology developments with
promising commercial potential.

* Pathways to Commercial Success: Technologies and Products Supported by The Fuel Cell Technologies Program, Pacific Northwest
National Laboratory, September 2012, www.hydrogenandfuelcells.energy.gov/pdfs/pathways_2012.pdf.
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FIGURE 7. Cumulative number of commercial products on the market as a result of funding by the
DOE Fuel Cell Technologies Program (source: Pacific Northwest National Laboratory).
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FIGURE 8. Cumulative number of patents awarded as a result of funding by the DOE Fuel Cell
Technologies Program (source: Pacific Northwest National Laboratory).

e Dr. Vijay Ramani, a principal investigator for the FCT Program with the Illinois Institute of Technology,
and Dr. Adam Weber, the program manager for Lawrence Berkeley National Laboratory’s hydrogen and
fuel cell activities, were among the recipients of the 2012 Supramaniam Srinivasan Young Investigator
Award from the Electrochemical Society. Dr. Ramani and his team are currently researching the synthesis
of multi-functional electrolyte and electrode materials for polymer based electrochemical systems; Dr.
Weber has conducted research for the FCT Program in the areas of fuel cells, electrochemistry, energy
storage, and the manufacturing of hydrogen and fuel cell technologies.

e Dr. Fernando Garzon, a long time principal investigator supported by the FCT Program (most recently
working on ultra-low platinum group metal catalysts), was elected President of the Electrochemical
Society (ECS).
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» Lawrence Livermore National Laboratory received a Pollution Prevention Award from the National
Nuclear Security Administration for their demonstration of hydrogen-powered vehicles, which was
supported by the FCT Program.

« Sandia National Laboratories received the Federal Laboratory Consortium’s Excellence in Technical
Transfer Award for their fuel cell mobile lighting project, which demonstrated the ability to meet the
needs for portable, indoor lighting that can be operated safely and continuously without ventilation.

* Dr. Radoslav Adzic, an inventor of an innovative nanocatalyst for fuel cell electric vehicles, was named
the 2012 Inventor of the Year by the New York Intellectual Property Law Association for work he and his
team did that will effectively reduce the cost required to produce hydrogen fuel cells.

Key Reports/Publications

Every year, the Hydrogen and Fuel Cells Program commissions a number of key reports, providing vital
information to industry and the research community. Some of these are released on an annual basis—such as
the Market Report, the commercialization report (Pathways to Commercial Success), and the State of the
States report—while others are published when studies are complete, projects have ended, or key milestones
have been reached.

*  The 2011 Fuel Cell Technologies Market Report indicates that commercial markets
for fuel cell technologies expanded significantly over the previous year and forecasts
continued growth through 2012, especially in the material-handling industry,
www.hydrogenandfuelcells.energy.gov/pdfs/2011_market report.pdf. (Breakthrough Technologies
Institute, Inc.)

e Pathways to Commercial Success, the Program’s annual commercialization report, indicates that FCT
Program funding has resulted in 363 patents and 35 hydrogen and fuel cell technologies entering the
market, www.hydrogenandfuelcells.energy.gov/pdfs/pathways 2012.pdf. (Pacific Northwest National
Laboratory)

o State of the States: Fuel Cells in America 2012, the third annual report on state activities,
details fuel cell and hydrogen activities and policies in the 50 states and the District of Columbia,
www.hydrogenandfuelcells.energy.gov/pdfs/state_of the states 2012.pdf. (Fuel Cells 2000)

*  Business Case for Fuel Cells 2011 illustrates how top American companies are using fuel cells
in their business operations to advance their sustainability goals, save millions of dollars in
electricity costs, and reduce carbon emissions by hundreds of thousands of metric tons per year,
www.hydrogenandfuelcells.energy.gov/pdfs/business case fuel cells 2011.pdf. (Fuel Cells 2000)

*  The National Fuel Cell Electric Vehicle Learning Demonstration Final Report documents the results
of a technology validation project that collected data from more than 180 fuel cell electric vehicle, which
made more than 500,000 trips, traveled 3.6 million miles, and completed more than 33,000 fill-ups at
hydrogen fueling stations across the country, www.nrel.gov/hydrogen/pdfs/54860.pdf. (NREL)

*  Fuel Quality Issues in Stationary Fuel Cell Systems assesses impurities encountered in stationary
fuel cell systems, the effects of those impurities on fuel cells, and the effectiveness and cost of impurity
removal strategies, www.hydrogenandfuelcells.energy.gov/pdfs/fuel quality_stationary fuel cells.pdf.
(ANL)

*  Procuring Fuel Cells for Stationary Power: A Guide for Federal Facility Decision
Makers offers step-by-step guidance on implementing a fuel cell stationary power project,
www.hydrogenandfuelcells.energy.gov/pdfs/fed facility guide fc_chp.pdf. (Oak Ridge National
Laboratory)

e Executive Summaries for the Hydrogen Storage Materials Centers of Excellence, sammarizes activities
performed, accomplishments, and recommendations from each of the centers, which operated from
2005-2010 to develop advanced hydrogen storage materials in the areas of chemical hydrogen storage
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materials, hydrogen sorbents, and reversible metal hydrides, www.hydrogenandfuelcells.energy.gov/pdfs/
executive summaries h2 storage coes.pdf. (Specific final reports for each Center of Excellence are also

available, at www.hydrogenandfuelcells.energy.gov/hydrogen_publications.html#h2_storage.)
Recommended Best Practices for the Characterization of Storage Properties of Hydrogen
Storage Materials provides an introduction to and an overview of the recommended

best practices for making measurements of the hydrogen storage properties of materials,
www.hydrogenandfuelcells.energy.gov/pdfs/best practices hydrogen_storage.pdf. (H2 Technology
Consulting)

2011 Hydrogen and Fuel Cell Manufacturing R&D Workshop Report summarizes the results
of a workshop that brought together key industry, university, and government representatives to
discuss the critical issues facing aspects of manufacturing of hydrogen and fuel cell products,
www.hydrogenandfuelcells.energy.gov/pdfs/mfg2011_wkshp _report.pdf. (NREL)

Flow Cells for Energy Storage: Workshop Summary Report documents the results of a workshop held
to understand the applied R&D needs and the grand challenges for the use of flow cells as energy storage
devices, www.hydrogenandfuelcells.energy.gov/pdfs/flow cells 2012 workshop _report.pdf. (Lawrence
Berkeley National Laboratory)

Summary Report: Natural Gas and Hydrogen Infrastructure Opportunities Workshop documents the
results of a workshop that convened industry and other stakeholders to discuss current status and state-
of-the-art technologies for natural gas and hydrogen infrastructure; identify key challenges preventing or
delaying widespread deployment of natural gas and hydrogen infrastructure; identify synergies between
natural gas and hydrogen fuels; and determine roles and opportunities for both government and industry
stakeholders, www.transportation.anl.gov/pdfs/AF/812.PDF. (ANL)

Proceedings from the Biogas and Fuel Cells Workshop include the agenda and all presentations
from workshop, which focused on discussions of biogas and waste-to-energy technologies

for fuel cell applications. The overall objective was to identify opportunities for coupling
renewable biomethane with highly efficient fuel cells to produce electricity; heat; combined

heat and power; or combined heat, hydrogen and power for stationary or motive applications,
www.hydrogenandfuelcells.energy.gov/wkshp biogas fuel cells.html.

New Financial Assistance Awards and Funding Opportunities

$5 Million awarded to two projects to reduce the cost of advanced fuel cells. These three-year projects
will lower the cost of advanced fuel cell systems by developing and engineering cost-effective, durable,
and highly efficient fuel cell components.

$2.4 million (not yet awarded) for five projects to collect and analyze performance data for hydrogen
fueling stations and advanced refueling components. Projects located in California, Illinois, and
Connecticut will track the performance and technical progress of innovative refueling systems at planned
or existing hydrogen fueling stations to find ways to lower costs and improve operation.

$6 Million funding opportunity announced for FCEV data collection. This funding opportunity
announcement (FOA) closed in June, and award negotiations are underway. The projects selected for
funding will collect data from next-generation FCEVs as they are operated in real-world conditions, to
identify ways to lower costs and improve fuel cell durability and overall vehicle performance.

$2.5 million funding opportunity announced to deploy fuel cell-powered baggage vehicles at U.S.
airports. This FOA closed in July, and award negotiations are underway. These efforts will focus on
demonstrating first-generation fuel cell-powered baggage towing tractors operating under real-world
conditions, and collect and analyze data to test their performance and cost-effectiveness.

FOA for Small-Business Innovation Research (SBIR) includes opportunities for research in fuel cell
catalysts. Topic 10 C of the SBIR FOA is “Innovative Approaches Toward Discovery and/or Development
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of Ultra-Low- and Non-PGM Catalysts for PEMFCs and Non-PGM Catalysts for AFCs.” The deadline for
receipt of Phase I “letters of intent” was in September 2012.

* Request for proposals (RFP) issued for deployment of fuel cell-based auxiliary power units for
refrigerated trucks. DOE’s Pacific Northwest National Laboratory issued an RFP for the analysis and
demonstration of fuel cell-based auxiliary power units, or APUs, for refrigerated trucks. The project
aims to accelerate market deployment of fuel cell-based APUs. The RFP closed in November 2012. This
work will be supported by prior-year FCT Program funds made available through down-selections or
no-go decisions.

Requests for Information (RFI)

e Hydrogen Storage for Material Handling and Portable Power Applications gathered feedback from
stakeholders regarding the proposed performance, durability, and cost targets for hydrogen storage sub-
systems designed for material handling and portable power fuel cell applications. This RFI closed in June
2012.

e Fuel Cells for Material Handling and Backup Power Applications collected feedback from
stakeholders regarding the proposed performance, durability, and cost targets for fuel cells designed for
backup power and material handling applications. This RFI closed in June 2012.

¢ Commercial Readiness of Hydrogen and Fuel Cell Technologies collected information from
stakeholders regarding transportation electrification using fuel cells, specifically onboard refrigeration
auxiliary power for heavy duty road vehicles, fuel cell rechargers for battery electric vehicles used for
transporting cargo or passengers, and technology deployment opportunities for other on- or off-road
transportation markets. This RFI closed in March 2012.

* High-Accuracy Meters for Hydrogen Fueling Equipment gathered feedback from stakeholders
regarding the current and near-term status and availability of high-accuracy meters that can perform
under hydrogen fueling conditions and meet measurement accuracy requirements. This RFI closed in
September 2012.

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 2012, the 17" Steering Committee Meeting was held in South Africa on May 3 and
4. An IPHE Workshop titled “Hydrogen—A Competitive Energy Storage Medium to enable the large scale
integration of renewable energies” was held November 15 and 16 in Seville, Spain, following the 18th Steering
Committee Meeting, also in Seville, on November 14.

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

® http://www.iphe.net/
¢ www.ieafuelcell.com
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(HIA).” These agreements provide a mechanism for member countries to share the results of research,
development, and analysis activities. The AFCIA currently includes seven annexes: Molten Carbonate Fuel
Cells, Polymer Electrolyte Fuel Cells, Solid Oxide Fuel Cells, Fuel Cells for Stationary Applications, Fuel
Cells for Transportation, Fuel Cells for Portable Power, and Systems Analysis. The participating countries

are Australia, Austria, Belgium, Denmark, Finland, France, Germany, Italy, Japan, Korea, Mexico, Sweden,
Switzerland, 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 include: Australia, Denmark, the European
Commission, Finland, France, Germany, Greece, Iceland, Italy, Japan, Korea, Lithuania, New Zealand,
Norway, Spain, Sweden, Switzerland, Turkey, Taiwan, 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 2012—twice in person and once via webinar. In March 2012, HTAC
released its fourth annual report, which summarizes hydrogen and fuel cell technology domestic and
international progress in RD&D projects, commercialization activities, and policy initiatives. A major
HTAC activity in FY 2012 was the Hydrogen Production Expert Panel Workshop, which was conducted
by a new HTAC subcommittee. The workshop was held in May 2012, with opening remarks provided
by Secretary of Energy Steven Chu. The panel was charged with providing recommendations to DOE
regarding both policy and investments in R&D to enable the widespread production of affordable, low-carbon
hydrogen—taking into consideration relevant market and business forces, technology barriers, and policy
barriers, as well as the impact of safety codes and standards. A report from the workshop is expected to be
published in early 2013. More information about HTAC, including the latest annual report, is available at:
http://www.hydrogen.energy.gov/advisory htac.html.

Federal Inter-Agency Coordination

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 have focused on facilitating federal deployment of
hydrogen and fuel cells in emerging technology applications such as stationary power and specialty vehicles.
The Hydrogen and Fuel Cell Interagency Working Group, 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. In January 2012, the Task Force and the Working Group

7 www.ieahia.org
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released their Interagency Action Plan, www.hydrogen.gov/interagency _action_plan.html. Examples of
successful inter-agency coordination include:

* Announcement in January that 16 GM Equinox FCEVs would be deployed in Hawaii, as a result of
collaboration between DOE, the Department of Defense (DOD), NREL, the University of Hawaii, and the
University of California at Irvine. Data collected from the FCEVs will be used for early market evaluation.

+  DOD-DOE collaboration to deploy fuel cells for emergency backup power. DOE and DOD are
collaborating on a project to install and operate 18 fuel cell backup power systems at eight defense
installations across the country. The departments are testing how the fuel cells perform in real-world
conditions, identifying improvements manufacturers can make to enhance the value proposition, and
highlighting the benefits of fuel cells for emergency backup power applications.

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.” Formerly
known as the FreedomCAR and Fuel Partnership, the U.S. DRIVE (Driving Research and Innovation for
Vehicle efficiency and Energy sustainability) partnership works 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. In FY 2012, a new review
of U.S. DRIVE was initiated and FCT Program representatives presented recent activities to the NRC.

FY 2012 Annual Merit Review and Peer Evaluation

The Program’s Annual Merit Review (AMR) took place May 14-18, 2012, providing an opportunity
for the Program to obtain expert peer reviews of the projects it supports and to report its accomplishments
and progress. For the fourth 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 1,800 participants attended, and the Hydrogen
and Fuel Cells Program had 163 oral presentations and 65 poster presentations. More than 200 experts peer-
reviewed 145 of the Program’s projects—conducting a total of over 900 individual project reviews, with an
average of more than six reviewers per project. The report summarizing the results and comments from these
reviews is available at www.hydrogen.energy.gov/annual reviewl2 report.html. In 2013, the AMR will be held
May 13—17 in Arlington, Virginia.

Funds Saved through Active Project Management

The AMR is a key part of the Program’s comprehensive approach toward active management of its
projects. Termination of underperforming projects—identified through the AMR as well as through other go/
no-go decisions (with criteria defined in the project scope of work)—helped the Program redirect $6.8 million
in funding in FY 2012, $13.8 million in FY 2011, and nearly $30 million over the past four years.

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

° 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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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
supply base that will be needed for fuel cell electric 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 2012, including DOE press releases, progress alerts, success stories,
and blogs.

Finally, in 2012 several individual sub-program chapters of the updated Fuel Cell Technologies Program
Multi-Year Research, Development, and Demonstration Plan (MYRD&D Plan) were published, and they are
currently available online (www.hydrogenandfuelcells.energy.gov/mypp/index.html). These updated chapters
include a number of revised technical targets. Final updates of the remaining chapters are expected to be
complete early in 2013. The MYRD&D Plan describes the planned research, development, and demonstration
activities for hydrogen and fuel cell technologies. It was first published in 2005, and elements of it have been
revised periodically to reflect progress in the technologies and revisions to developmental timelines and targets.

e Ml

Sunita Satyapal

Director
Hydrogen and Fuel Cells Program
U.S. Department of Energy

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
I-19



DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
1-20



ll. HYDROGEN PRODUCTION

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program



DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
-2



1.0 Hydrogen Production Sub-Program Overview

INTRODUCTION

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 portfolio of hydrogen production technology
pathways utilizing a variety of renewable energy sources and renewable feedstocks is being developed under
this sub-program.

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

e The Fuel Cell Technologies (FCT) 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.

e The Office of Nuclear Energy (NE) has been 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 on a cents-per-mile basis with competing vehicle technologies (based on
current analysis, this translates to a hydrogen threshold cost of $2—4 per gallon gasoline equivalent [gge] by

'Note: Targets and milestones were recently revised; therefore, individual project progress reports may reference prior targets. Some
targets are still currently under revision, with updates to be published in FY 2013.
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2020%). 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 2010).” 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. The objectives of
NE’s efforts in hydrogen production are documented in the Technology Roadmap for Generation IV Nuclear
Energy Systems (December 2002).* They include the development of high-temperature thermochemical process
for hydrogen production compatible with NGNP.

FY 2012 TECHNOLOGY STATUS AND PROGRESS

In FY 2012, significant progress was made by the EERE Hydrogen Production sub-program on several
important fronts. For example:

* A Hydrogen Production Expert Panel workshop was held to assess technology status of production
technologies and formulate recommendations for enabling pathways forward for the widespread production
of affordable low-carbon hydrogen.

* A new version of the Hydrogen Analysis (H2A v3) Model was published with updated economic data and
assumptions, and with all costs converted to 2007 dollars to be consistent with the cost basis for the DOE
FCT Program’s cost threshold for hydrogen production and delivery.

*  Updated economic and cost-sensitivity analyses using H2A v3 were performed incorporating the most
up-to-date information on pathway technologies and technology-readiness projections; the resulting case
studies were used to revise the pathway-dependent cost status and targets for the Hydrogen Production sub-
program’s chapter of the Multi-Year Research, Development and Demonstration Plan (MYRD&D Plan),
currently in final review.

* Important technical advances were made by the principle investigators in all the hydrogen production
projects in the sub-program portfolio.

More details of the technology status and progress are provided in following sections.
Hydrogen Production Expert Panel

A Hydrogen Production Expert Panel-—composed of world leaders in hydrogen production technologies
from industry, academia and the national laboratories—was established as a subcommittee of the Hydrogen &
Fuel Cell Technical Advisory Committee (HTAC). In May 2012, Secretary of Energy Steven Chu kicked off a
workshop held by the panel to formulate recommendations to HTAC on enabling pathways for the widespread
production of affordable low-carbon hydrogen, both for near- and long-term markets. The objectives of the
workshop were to: (1) evaluate current status of hydrogen production technologies; (2) identify remaining
technological and economic challenges; (3) prioritize R&D needs; and (4) strategize how to best leverage R&D
among U.S. Department of Energy Offices and with other agencies. A summary report resulting from the
workshop is under final review by the Hydrogen Production Expert Panel for submission to HTAC.

*Hydrogen Threshold Cost Calculation, Hydrogen and Fuel Cells Program Record #11007, U.S. Department of Energy, 2012,
http://www.hydrogen.energy.gov/pdfs/11007_h2_threshold costs.pdf.

*Hydrogen from Coal Program Research Development and Demonstration Plan ,Office of Fossil Energy, U.S. Department of Energy,
September 2010, http://fossil.energy.gov/programs/fuels/hydrogen/2010_Draft H2fromCoal RDD final.pdf.

* A Technology Roadmap for Generation IV Nuclear Energy Systems, Office of Nuclear Energy, U.S. Department of Energy, December
2002, http://www.ne.doe.gov/genlV/documents/gen_iv_roadmap.pdf.
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Production Cost Status and Targets

The status and targets for the projected cost of hydrogen production based on the pathway-specific H2A
v3 case studies completed in FY 2012 are shown in Table 1. The technoeconomic assumptions used in these
case studies can be found online for each pathway at http://www.hydrogen.energy.gov/h2a_production; and
these cases are also fully documented in the FCT Program’s new MYRD&D Plan (currently in final review).
As a note, 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 already meet the cost target
at high-volume production; targets for this pathway are not included in Table 1. Also, targets for hydrogen
production efforts in FE and NE (also not included in Table 1), along with information on the status of the
technologies, are described separately in the previously cited RD&D and roadmap documents for these
programs.

TABLE 1. Cost Status and Targets for Hydrogen Production*

$/gge 2011 2015 2020 Ultimate
(production costs only) Status Target Target Production Target

B | Electrolysis $4.20 $3.90 $2.30 $1-82
E from grid electricity
% Bio-derived Liquids (based on $6.60 $5.90 $2.30
O | ethanol reforming case)

Electrolysis $4.10 $3.00 $2.00

From renewable electricity
'® | Biomass Gasification $2.20 $2.10 $2.00
§ Solar Thermochemical NA $14.80 $3.70

Photoelectrochemical NA $17.30 $5.70

Biological NA NA $9.20

*H2A v3 technoeconomic assumptions used in the projected cost status and targets for hydrogen production are
consistent with the FCT Program’s new MYRD&D Plan — currently in final review; apportionment of threshold cost:
$1-2/gge for production, $1-2/gge for delivery is consistent with a Hydrogen and Fuel Cells Program record currently in
final review; new H2A v3 case studies are published at http://www.hydrogen.energy.gov/h2a_production.

Reductions in the projection costs for hydrogen production in several of the nearer term pathways have
been realized through continued technical progress in these technologies, as illustrated in Figure 1. Specific
technical progress achieved in FY 2012 in both the nearer and longer term hydrogen production pathways is
addressed in the following sections.

Separation Processes and Biomass Gasification

Projects in the separations area focused on the development of hydrogen separation membranes for use in
a water-gas shift membrane reactor, and on the development and demonstration of a biogas cleanup system.
Biomass gasification efforts focused on the development of a one-step biomass gas reforming-shift separation
membrane reactor. Technical progress included:

*  Demonstrated palladium-copper alloy thin film (~5 pm) membranes with a hydrogen (H,) permeance
of 10-15 m*/m*/hr/bar at 350°C (i.e., 50-75 scfh, at 20 psig) and a selectivity of H,/N, of 200 to >1,000,
meeting the DOE 2015 cost vs. performance target of 0.6 scfh, at 20 psi per unit dollar cost. (Media &
Process Technology, Inc.)

* Distributed Hydrogen Production from Natural Gas, National Renewable Energy Laboratory, October 2006, http://www.hydrogen.
energy.gov/pdfs/40382.pdf
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Projected High-Volume Cost of Hydrogen Production—Reductions and Status
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FIGURE 1. Hydrogen Production 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 do not include taxes. Costs
of forecourt compression, storage, and dispensing are not included for distributed technologies, and plant-gate production costs (not
including transportation, compression, storage, and dispensing) are shown for centralized technologies. Projections of distributed costs
assume station capacities of 1,500 kg/ day. Projections of centralized production costs assume capacities of 250,000 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.

*  Fabricated a 12 cubic foot/minute, skid-mounted, field-deployable prototype biogas clean-up system
for removal of H,S and siloxane contaminants to less than ppmv levels using an optimized sorbent
formulation. (TDA Research Inc.)

* Demonstrated through H2A modeling the potential for an up to 35% increase in H, recovery (compared to
conventional pressure swing adsorption separation technology) in a one-step membrane reactor for biomass
gas reforming, with a projected high volume cost of $1.82/kg H, compared to $2.00/kg H, with a pressure
swing adsorption unit. (Gas Technology Institute)

Bio-Derived Liquid Pathways

Projects in this area addressed hydrogen production through catalytic steam reforming of pyrolysis oil, and
aqueous phase reforming of pyrolysis oil at moderate temperatures. Technical progress included:

* Constructed an integrated bench-scale system for the production of 100 L/h hydrogen from pyrolysis bio-
oil, including all the basic unit operations as the design for a 1,500 kg/day hydrogen plant, and on-going
demonstration of 100 hours of commercial catalyst performance for catalytic autothermal reforming.
(National Renewable Energy Laboratory, NREL)

* Identified Pt-Co/ZrO, catalysts having potential to improve H, yields from water soluble components of
bio-oil up to 2-3x the yields with other Pt-based catalysts for aqueous phase reforming. (Pacific Northwest
National Laboratory)

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
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Electrolysis Hydrogen Production

The major emphases of the electrolysis projects were on cost reduction and efficiency improvement

through cell and stack optimization, higher-pressure operations, and validation of integration with renewable
resources. Technical progress included:

Completed 5,000-hour life-test with dimensionally stable membranes (DSM™) operating at 80°C and

300 psid, for use in advanced electrolyzer stacks with an order of magnitude cost reduction in membrane
supports, compared with legacy designs without DSM™. (Giner Inc.)

Manufactured an electrolyzer system incorporating low-cost stack components into a high-efficiency
hydrogen production system, and completed >100 hours of field testing at the NREL test facility for
renewable integration, verifying improvements brought about through sub-program investments. (Giner
Inc. and NREL)

Fabricated over 3,000 cells utilizing new flow field design resulting in >20% part cost savings
(corresponding to a 12% stack cost reduction over a three year period), and assembled these improved cells
into production stacks. (Proton Onsite)

Photoelectrochemical (PEC) Hydrogen Production

The broad focus of projects in this area was on developing viable PEC material systems and prototypes

with improved efficiency and durability. Technical progress included:

Demonstrated extended durability in high-efficiency III-V crystalline systems for PEC hydrogen
production from a baseline of ~20 hours up to >100 hours, achieved through innovative theory-inspired
surface ion nitride treatments of the crystalline surfaces for passivation against corrosion; the enhanced
stability was demonstrated under operating conditions consistent with solar-to-hydrogen (STH) conversion
efficiencies exceeding 10%. (NREL)

Verified 420 hours durability in low cost thin-film copper-gallium-diselenide PEC photoelectrodes

under simulated sunlight, operating at a current density equivalent to 5% STH conversion, exceeding the
300 hours target for 2012, and up from the baseline of 200 hours in 2011. This result indicates the viability
of lower-cost thin-film material systems for efficient PEC water splitting. (M VSystems/University of
Hawaii)

Demonstrated highly stable H, evolution by core-shell MoO,-MoS, nanowires, with no degradation
observed in acidic electrolyte through 10,000 cycles of testing at 10 mA/cm” (i.e., conditions consistent
with STH conversion efficiencies >12%). This result indicates the long-term viability of theory-inspired
nano-structured devices for PEC water spitting. (Stanford U.)

Biological Hydrogen Production

Projects in this area encompassed a portfolio of photobiological and fermentative production methods that

use various algal, cyanobacterial, and bacterial microorganisms that produce hydrogen through splitting water
or using biomass resources. Technical progress included:

Achieved improved hydrogen fermentation rates through optimizing reactor design and operating
conditions, resulting in a 2-fold increase in hydrogen production through higher cellulose feedstock
loading. This will serve as the foundation for future efforts to scale up hydrogen fermentation systems.
(NREL)

Identified and characterized the gene mutation that enabled light utilization efficiency of 25% in the #/a3
mutant strain of algae. These findings will be applied to reducing chlorophyll antenna size to increase the
utilization efficiency of incident solar light energy. (UC Berkeley)

Increased hydrogen evolution activity from ~50 nmol H, /mg lysate/hour to ~200 nmol H /mg lysate/
hour thorough the genetic modification of an environmentally-isolated hydrogenase enzyme. This is

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
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a significant step in improving the mechanisms of hydrogen production in microbes. (J. Craig Venter
Institute, in collaboration with NREL)

* Demonstrated light-induced hydrogen production by a cyanobacterial hydrogenase expressed in algae. This
is a critical step in engineering algae to produce high levels of hydrogen using the more oxygen-tolerant
hydrogenases of other species. (NREL)

Solar-Thermochemical Hydrogen Production

Efforts in these projects were directed toward improving reactor designs, improving voltage and overall
efficiency, and addressing membrane crossover issues. Technical progress included:

* Experimentally verified by Raman spectroscopy that hercynite reaction materials follow a redox
mechanism through stable aluminates; and demonstrated hydrogen production at reduced temperatures as
low as 1,360°C for up to 23 thermal reduction cycles using this novel material. (U. of Colorado, Boulder)

* Developed a phase-change thermal energy storage approach using NaCl for the sulfur-ammonia
thermochemical hydrogen production reaction cycle to allow 24/7 operation of the cycle. The molten NaCl
approach will provide a large amount of thermal capacity (481 kJ/kg) at temperatures up to 800°C. (SAIC)

» Designed a particle bed reactor featuring particle cycling, high solar utilization, and theoretical solar
efficiency >30% over a broad range of direct normal insolation levels from 1,000 W/m? (corresponding to
full midday sun) down to 400 W/m®. (Sandia National Laboratories)

* Demonstrated of a Faradaic efficiency >95% in the electrolysis step for the CuCl reaction cycle, with a
stable cell potential at 0.7 V and the current density of 0.5 A/cm’ using a Nafion®-based membrane. No
copper deposits on any of the cell components were observed after a 36 hour test, indicating a significant
mitigation of copper-crossover as a primary technological barrier. (Argonne National Laboratory)

BUDGET

The FY 2012 appropriation for the Hydrogen Production and Delivery sub-program of the FCT Program
was $17.4 million. Funding was distributed approximately 67% to 33% between Production and Delivery,
respectively (the same distribution used in FY 2011). Production funding has increasingly focused on
early development, long-term, renewable pathways such as photoelectrochemical, biological, and solar-
thermochemical hydrogen production. This trend, as shown in the budget breakdown chart in Figure 2, is
expected to continue in FY 2013 as projects focused on separations, biomass gasification, and electrolysis
transition from the R&D portfolio to Small Business Innovation Research and Technology Validation funding
venues. $9.6 million in funding is planned for Hydrogen Production from the FY 2013 request.

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
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Hydrogen Production Funding
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FY 2013 PLANS

General Hydrogen Production sub-program plans for FY 2013 include:

Continue the 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 to develop and update case studies for hydrogen production pathways using H2A v3 to identify
and address cost barriers and technical challenges.

Continue to develop and refine materials characterization protocols and performance metrics for early
development technologies.

Use recommendations from the HTAC Hydrogen Production Expert Panel to inform portfolio planning
(including coordination with other agencies and DOE Offices to leverage R&D investments in hydrogen
production technologies).

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

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
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understanding of issues related to hydrogen production (particularly in the longer-term R&D areas of
photoelectrochemical and biological processes) can help address the challenges of hydrogen production.
Coordination of the solar-hydrogen-related fundamental research activities in the Office of Science’s
Solar Fuels Innovation Hub with the hydrogen production systems-oriented R&D in EERE will be a high
priority.

Initiate new starts in Production Analysis and R&D through competitive funding opportunity
announcements.

Some important pathway-specific milestones planned for FY 2012 in the Hydrogen Production sub-

program projects include:

Extend lifetime measurements of GalnP,/GaAs devices for photoelectrochemical production of hydrogen
and determine the durability benchmarked against the target of a 500-hour operational lifetime under
conditions equivalent to 10% STH efficiency.

Verify bipolar plate designs for electrolyzer stacks with sufficient performance and durability to enables
cost projections based on early prototypes meeting production target of $3.70/kg.

Advance the studies of integrated systems for biological hydrogen production, first improving hydrogen
production by fermentation of biomass-based substrates by at least 20%, then demonstrating that a
prototype microbial reverse-electrodialysis electrolysis cell reactor can produce hydrogen using the
fermentation effluent without grid electricity inputs.

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

Email: Sara.Dillich@ee.doe.gov
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David King (Primary Contact), Yong Wang,
Ayman Karim, Christopher Howard, Sarah Widder
Pacific Northwest National Laboratory (PNNL)

P. O. Box 999

Richland, WA 99352

Phone: (509) 375-3908

Email: david.king@pnl.gov

DOE Manager

HQ: Sara Dillich
Phone: (202) 586-7925
Email: Sara.Dillich@ee.doe.gov

Project Start Date: October 1, 2004
Project End Date: Project continuation and direction
determined annually by DOE

Fiscal Year (FY) 2012 Objectives

Develop aqueous phase reforming (APR) catalysts and
technology to convert bio-derived liquids to hydrogen
that meets the DOE 2012 cost target of $3.80/gge,
verified by H2A analysis

Identify primary compounds in bio-oil that are
extractable into an aqueous phase

Determine the effectiveness of aqueous phase reforming
in producing hydrogen from these water-soluble
compounds

Estimate cost of hydrogen production using best catalytic
results, given a defined feedstock cost

Technical Barriers

This project addresses the following technical barriers
from the Production section (3.1.2) of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(A) Reformer Capital Cost
(D) Feedstock Issues
(E) Greenhouse Gas Emissions

FY 2012 Annual Progress Report
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Technical Targets

TABLE 1. Progress towards Meeting Technical Targets for Distributed
Production of Hydrogen from Bio-Derived Renewable Liquids

Characteristics | Units | 2012 Status | 2017 Target

Capital Cost $/gge 1.77 0.40
Storage, compression, dispensing | $/gge 2.00 0.35
Fixed operation and maintenance | $/gge 0.44 0.40
Feedstock Cost $/gge 27.08 1.55
Variable operation and $/gge 0.29 0.30
maintenance

Total hydrogen cost $/gge 31.84 3.00

gge — gasoline gallon equivalent

FY 2012 Accomplishments

Aqueous fraction of bio-oil has been examined as low-
cost bio-liquid feedstock for APR

New catalyst leads, especially 5% Pt-1.5% Co/ZrO,, have
been identified and have potential to improve H, yield
and economics

Demonstrated that meeting the 2017 target <$3.00/kg

H, (produced and dispensed) will be very challenging,
and a much lower feedstock cost than 2012 H2A value of
$1.12/gal is required to meet the target

D R R S

Introduction

This project focuses on the APR of biomass-derived
liquids for the production of hydrogen. We target the
development of catalysts and catalytic processes to meet
the 2017 DOE target of <$3.00/gge (dispensed). Our H2A
analysis has indicated that the primary driver for the cost
of H, produced from bio-derived liquids is feedstock cost,
assuming good catalytic APR performance. As a result,
in FY 2011 we switched from relatively purified (and
more expensive) bio-liquids, such as glycerol and sorbitol,
to pyrolysis oil. Pyrolysis oil (bio-oil) is lower cost and
potentially has much higher availability than other bio-
derived liquids. Our specific plan is to carry out APR on
the water soluble fraction of bio-oil. This fraction is most
conveniently generated by addition of water to the initial bio-
oil product. It contains lower molecular weight species and a
higher fraction of oxygen-containing functional groups than
the water-insoluble fraction. As a result, the water soluble
fraction is expected to have a greater potential for successful
APR to produce hydrogen. In FY 2012 we proposed to

DOE Hydrogen and Fuel Cells Program
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continue the work initiated in FY 2011, with a greater focus
on examining alternative catalysts for H, production.

Approach

We started by obtaining a source of non-stabilized
bio-oil, and mixed it with water in order to generate a water-
soluble fraction. We then proceeded to identify the major

compounds, and classes of compounds present in this fraction

by high performance liquid chromatography (HPLC). From
that, we identified one representative compound from each
of the classes of compounds identified: 1-propanol (alcohols,
mono-oxygenates); glycerol (polyols); acetic acid (carboxylic
acids).

We carried out a preliminary evaluation of catalyst
performance in a high throughput combinatorial reactor with
each of the three compounds identified above. We used our
standard testing conditions of relatively low temperatures
(225-265°C) and sufficient pressure (about 30 bar) to
maintain liquid phase operation. In one set of experiments
we examined performance at 300°C. The purpose of the
combinatorial testing was to examine possible alternate
catalysts to our Pt-Re/C catalyst, which was deemed
inadequate to meet the H, cost target. The work examined
several catalysts based on bimetallic combinations of metals.
We also compared performance with ZrO, support in place
of carbon. Subsequent studies with single unit reactor
testing are scheduled for completion prior to the end of FY
2012, examining performance with the surrogate mixture of
aqueous soluble bio-oil and then an actual feedstock sample.
Finally, the results will be included in the H2A analysis.

Results

Bio-oil generated from pyrolysis of pine saw dust
(480°C, 1.6 sec residence time) was mixed with water at
aratio 4 parts H,O:1 part bio-oil by weight. The sample
was shaken vigorously to form a single phase, and then
centrifuged to generate the aqueous and non-aqueous phases.
Figure 1 shows that a large fraction of the total carbon in the
bio-oil was soluble in the water fraction. Table 2 provides
the distribution of identified products comprising the bio-oil
(accounting for ~70% of the carbon available), as identified
by HPLC. The majority of the products are oxygenated
hydrocarbon, primarily having four or fewer carbon atoms in
the molecule.

Table 2 shows that it is possible to categorize the
products according to oxygen content and type: poly-
oxygenates (polyols, sugars); mono-oxygenates (alcohols,
aldehydes and ketones); and carboxylic acids. We selected
one molecule from each group to carry out further tests to
screen improved catalyst formulations: glycerol, 1-propanol,
and acetic acid.

DOE Hydrogen and Fuel Cells Program

Segregation of bio-oil carbon, by
phase (Wt% C in raw bio-oil)
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non-Aqueous

FIGURE 1. Segregation of bio-oil carbon between water and oil fractions; water/
oil = 4/1 (wt)/(wt)

TABLE 2. Major Species Identified in the Aqueous Fraction of Bio-Oil by
HPLC Analysis

Poly-Oxygenates Mono-Oxygenates Carboxylic Acids

glycerol 1-butanal acetic acid
glycolic acid isobutanol propionic acid
ethylene glycol 1-butanol
glycolaldehyde ethanol
levoglucosan 1-propanol
sorbitol
glucose
xylose

Based on our work in FY 2011, we found that several
molecules in the bio-oil were not reactive toward hydrogen
formation, and that acetic acid was difficult to reform and
moreover tended to deactivate the 5% Pt-3% Re/C catalyst,
reversibly. The primary effort in FY 2012 was to make
progress was to develop catalysts that were more active and
selective toward H,. For this reason, we carried out a high
throughput screening effort to identify better catalysts. Our
first effort was to screen catalysts using glycerol as feedstock,
representing the poly-oxygenate class of molecules. Figure 2
shows the possible reaction pathways available to even a
seemingly simple three-carbon molecule. The cause of these
divergent pathways is a competition between the desired C-C
bond cleavage which leads to production of H, and CO (and
with subsequent water gas shift, the CO shifts to CO, and a
second molecule of H, is generated); and a pathway based on
loss of water from the molecule (dehydration), which does
not produce hydrogen but rather leads to more saturated

FY 2012 Annual Progress Report
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FIGURE 2. Facilitating C-C bond breaking is the key to hydrogen production from glycerol
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FIGURE 3. Catalyst combinatorial screening for maximum activity and C-C/C-O cleavage: glycerol APR for

selected mono- and bi-metallic catalysts supported on

hydrocarbons. Our screening tests were aimed at identifying
catalysts that produce the maximum amount of hydrogen.
The results of the high throughput test are shown in Figure 3.
One thing to notice is that although there were many catalysts
screened, fewer provide data in the figure, indicating that
many catalysts, including (notably) the single, non-precious
metal catalysts, show poor APR activity. A figure of merit
was generated (not shown) based on the product of the values
for CO, yield, CO, selectivity, H, yield, and H, selectivity.
The figure of merit was found to be highest for 5% Pt-1.5%
Co/Zr0,, 5% Pt-3% Re/ZrO,, and 5% Pt/ZrO,. The new
bimetallic combination was the addition of the Pt-Co catalyst.

FY 2012 Annual Progress Report
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Studies for 1-propanol APR showed similar behavior

and catalyst ranking, although at best 1-propanol generated

1 mole of H,. This is determined by the fact that ethane was
a common product, (rather than ethylene), indicating that one
of the two potential molecules of H, formed reacted with the
C, fragment to form ethane. Operation at higher temperature
(300°C) did not have any effect on improving selectivity or
generating methane, the latter which could be subsequently
reformed. Examination of acetic acid performance showed
that only the Pt-Re/C catalyst showed the ability to recover
activity after being exposed to acetic acid. The remainder of
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FIGURE 4. H2Av3 sensitivity analysis

the catalysts showed irreversible deterioration of the catalyst
following exposure to acetic acid.

The APR performance with the aqueous fraction of bio-
oil is summarized in the H2Av3 analysis (Figure 4). Part of
this summary is based on FY 2011 performance, as FY 2012
studies have not yet been completed. A number of scenarios
are considered to determine effects of various factors on H,
production cost. As expected, a big factor is high feedstock
cost. This is based mainly on poor H, yield from many of
the molecules in the feed, and poses an inherent problem in
meeting the delivery target. Improved catalysts are expected
to make at best a partial improvement to the H, cost, but not
to the extent that the $3.00/kg target can be met.

Conclusions and Future Directions

e Aqueous fraction of bio-oil has been examined as
low cost bio-liquid feedstock for APR, and shown to
comprise poly-oxygenates, mono-oxygenates, and
carboxylic acids, predominantly C, or lower. Of these,
only the poly-oxygenated components have potential
for significant hydrogen production. The theoretical
maximum yield of hydrogen with this aqueous bio-oil
feed is relatively low in comparison to glycerol, sorbitol,
or other predominantly polyol-based feedstocks.

DOE Hydrogen and Fuel Cells Program

*  New catalyst leads, especially Pt-Co/ZrO,, have been
identified and have significant potential to improve H,
yield and economics compared with FY 2011 results.

*  Meeting the target of $3.00/kg H, (produced and
dispensed) will be very challenging. The theoretical
best H, yield case will likely exceed this target, given
the feedstock composition and the low potential H, yield
from mono-oxygenates. A lower feedstock cost than
2012 H2Av3 value of $1.12/gal is required to meet the
target.

*  Concluding work in FY 2012 will be to complete testing
with best catalyst of aqueous phase bio-oil, and provide a
report and H2A analysis summarizing findings.

»  There are no plans to continue this work in FY 2013,
given the challenges to meet the H, cost target for 2017.

FY 2012 Publications/Presentations

1. Liang Zhang, Ayman M. Karim, Zhehao Wei, David L. King,
Yong Wang. Correlation of Pt—Re surface properties with reaction

pathways for the aqueous-phase reforming of glycerol. J. Catal. 287
(2012) 37-43.
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Fiscal Year (FY) 2012 Objectives

* By 2012, develop and demonstrate distributed reforming
technology for producing hydrogen from bio-oil at $4.10/
kilogram (kg) purified hydrogen.

*  Demonstrate integrated performance at bench scale
including bio-oil vaporization, partial-oxidation (POX)
reforming, water-gas shift (WGS), and hydrogen
separation.

*  Demonstrate production of hydrogen at a rate of 100
liters per hour (L/h) for 100 hours.

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

FY 2012 Annual Progress Report

Technical Targets

TABLE 1. Progress toward Meeting DOE Distributed Hydrogen Production
Targets

Distributed Production of Hydrogen from Bio-Derived Renewable
Liquids
_ Units 2012 DOE 2012 NREL
Process Characteristics
Targets Status

Production Energy Efficiency % 72 62
Total Hydrogen Production $/gge 3.80 4.80-6.60"
Costs

*Based on hydrogen production cost of $2.80—4.60/gasoline gallon equivalent (gge)
assuming bio-oil cost ranges from $100-$236/ton. Allowance for compression,
storage, and distribution is $2.00/gge.

FY 2012 Accomplishments

*  Demonstrated hydrogen production by auto-thermal
reforming using an integrated bench-scale system
including WGS and electrochemical separation.

*  Produced hydrogen at 100 L/h on the integrated bench-
scale system and obtained a yield of 9.1 g H,/100 g
bio-oil.

*  Demonstrated >30 h of hydrogen production on the
integrated bench-scale system.

S e R

Introduction

Renewable biomass is an attractive near-term alternative
to fossil resources because it has near zero life-cycle carbon
dioxide (CO,) impact. The most recent assessment says that
more than 1 billion tons of biomass could be available in the
United States each year at less than $60/ton [1]. This cost
may increase to $72/ton when transportation, drying, and
grinding are included. 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 a targeted total dispensed 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
to be used in automated operation conversion systems [3,4].
“Bio-oil” can then be converted to hydrogen and CO, in a
distributed manner at fueling stations.

The thermally reactive compounds in bio-oil tend to
decompose thermally and may form carbonaceous deposits
and/or aromatic hydrocarbons, which are more difficult to
convert to hydrogen. Thus, conventional fixed-bed reformers

DOE Hydrogen and Fuel Cells Program
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have not been proven efficient for this highly reactive
feedstock. Reactors that fluidize or circulate the catalyst

are much more suited for this application [5] but are not the
optimal choice for small-scale and unattended operation.
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

This research project is focused on developing a
compact, low-capital-cost, low/no maintenance reforming
system that will 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.
Blending with alcohol is being used to control the
physical and chemical properties of the liquid, primarily
to achieve an acceptable viscosity.

Heterogeneous auto-thermal reforming of bio-oil
derived gas and vapor. Nickel and precious-metal
reforming catalysts have been tested. Platinum has
proven to be the most effective.

Earlier experiments were carried out using a micro-
scale continuous flow tubular reactor coupled with a
molecular-beam mass-spectrometer gas analyzer or a bench-
scale quartz-tubular reactor with full mass balances and
chromatographic gas analysis. This year, a series of tests was
conducted using an integrated bench-scale reactor system
that included evaporation, vapor filtration, partial-oxidation
reforming, WGS, and hydrogen separation to provide a more
complete and realistic assessment of the performance of the
process.

Results

Integrated bench-scale auto-thermal reforming tests
were carried out in the system shown in Figure 1. Poplar
pyrolysis bio-oil diluted with 10 wt% methanol was fed
at 60—120 g/h using a high-pressure syringe pump (Isco)
and 60 kHz ultrasonic nozzle (Sono-Tek) to the top of a 37
mm internal diameter (ID), 150 mm long tubular stainless
steel evaporation chamber where it was mixed with air and
nitrogen. This was placed on top of a 40 mm ID, 250 mm
long 2 pum stainless-steel mesh filter vessel. Both vessels
operated at 400°—600°C. The resulting vapors passed with
additional steam into an Incolloy 800 vessel containing
a 40 mm by 300 mm bed containing 0.5% platinum-on-
alumina reforming catalyst (200 g, BASF) operating at 800°—
900°C. The product gas was further processed in a 22-mm

DOE Hydrogen and Fuel Cells Program
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ID by 30-cm fixed bed of high-temperature (350°C) WGS
catalyst (190 g, iron/chrome, Sud Chemie), and then on to an
electrochemical separator (H2 Pump), which separated a pure
hydrogen stream from the wet, mixed product gas. Water was
removed from the remaining product gas in the condenser.
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 infra-red analyzer
(Model 300 from California Analytical Instruments); the
hydrogen concentration was tracked by a TCM4 thermal
conductivity monitor. In addition, the gas was analyzed every
four minutes by an on-line Varian (Model 4900) micro gas
chromatograph, 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.

Some integrated testing was achieved in which it was
found that the WGS reactor reduced the CO concentration in
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FIGURE 1. Schematic of integrated bio-oil to hydrogen system
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the product by about a factor of 4 for at least a short period $30-$72/ton, and eventual commercial plant sizes are still

of time. Also, the hydrogen separator did initially produce uncertain. To meet the DOE targets it would be necessary to
a pure hydrogen stream. However, after achieving initially have low-cost biomass, a very cost-efficient pyrolysis process
promising yields at the end of FY 2011, it was necessary to and continued progress in development of the POX reforming
start using a new batch of oil. This oil proved more difficult technology.

to vaporize, tending to form deposits in the top of the
evaporator, leaving more char cenospheres in the filter, and
giving more re-deposition of vapor on the filter. It eventually
proved possible to get more reliable performance from this
oil by raising the evaporator and filter temperatures to about
600°C, and carefully controlling the oil flow rate and the Hydrogen Production Cost, 5/gge
nozzle power and temperature. However, the char yield
from this oil was still high, so the best yield obtained from

In the near future, tests will continue to demonstrate
100 hours of operation on the integrated system. This will

this oil was 9.1 g H,/100 g oil versus 10.1 g H,/100 g oil for 5

the previous batch. Some data are shown in Figure 2. This

experiment was performed at 850°C with an O/C of 1.5 and ¢ .
an S/C of 3.0 at a gas hourly space velocity of 1,950 h™. These f:: 3

data show effective CO reduction by the WGS catalyst.
s-rf=-====== Current DOE Target ------------

Recent changes in estimated biomass costs have had a
large effect on the estimated cost of this process. Previous 1
economic assessments were based on a biomass cost of
$30/ton. Figure 3 shows recent cost estimates for this project;
the range of costs is based on different costs for biomass
pyrolysis oil ($100—$236/ton) from different costs of biomass
($30-$72/ton) and different-sized plants (500-2,000 dry F.IGUIRE 3. Hydrogen production cost estimates from 2009_.201.2 fo.r dist.ributed
tons per day). This shows that although the lower yield from bio-oil reforming. The hydrogen cost values correspond to bio-oil prices in a

. . . range of $100-$236/ton. Increase in cost from 2011 to 2012 is due to a lower
the lower-quality oil used in 2012 had some effect on cost, yield of hydrogen produced from a new batch of bio-oil (contains higher fraction

2009 2010 2011 2012

the largest effect on the cost is the cost of the bio-oil which of non-volatile compounds). For a 1,500 kg/day hydrogen plant with $236/ton oil,
is about 59% of the hydrogen production cost. In practice, the total production cost was estimated to be $4.60/gge. Compression, storage,
biomass will be available at a range of costs, from about and dispensing are assumed to add $2.00/gge to the total cost of hydrogen.
60
© % *

B
™ > & S "
40
2 30
R
20
10
= @
e " EE g EEn EmgE"E N gEEE ss " g na
o i r - : :
0 20 40 60 80 100 120 140
Time, min

¢H2 mCO @CO2

FIGURE 2. Product gas composition from auto-thermal reforming with WGS of poplar bio-oil using BASF 0.5% Pt/AlLQ, catalyst
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demonstrate the performance of the reforming and WGS
catalysts and the hydrogen separator over a longer time
period, revealing any effects of organic and inorganic poisons
on the components of the integrated system.

Since this work has shown the importance of bio-oil
properties to the hydrogen yield, any continuing funding
for FY 2013 will be used to explore the dependence of
system performance on bio-oil composition, measured
as the hydrogen yield and carbon-to-gas conversion. Two
different bio-oils and a lignin-free bio-oil will be analyzed
to determine elemental and proximate composition as well
as average molecular weight (related to volatility). These
three liquids will be processed in the bench-scale integrated
reforming system to determine process performance data
(mass balances, hydrogen yields). Based on those tests, the
relationship between the amount of non-volatile fraction and
the hydrogen yield will be established. If further additional
funding is available, a pressurized system will be constructed
to assess how much improvement in reforming kinetics
can be achieved at a pressure of about 200 psig (14 bar)—a
pressure that is typically used for methane steam reforming.
This could reduce reactor size and catalyst use, thus reducing
hydrogen production costs.

Conclusions and Future Directions

e Operation of the integrated bench-scale reactor
using 90 wt% bio-0il/10 wt% methanol mixtures
produced a hydrogen yield of 9.1 gH,/100 g bio-oil,
demonstrated hydrogen production at 100 L/h, and
demonstrated the initial effectiveness of water-gas
shift and electrochemical separation. Except for the
gas compression, this system includes all the same
basic unit operations as the design for the 1,500 kg/day
hydrogen plant.

*  For the new batch of bio-oil, the hydrogen yield achieved
so far was 9.1 g/100 g bio-oil and the bio-oil carbon-to-
gas conversion was >85%.

* It was demonstrated that the composition of the bio-oil
can have a substantial impact on the hydrogen yield.

DOE Hydrogen and Fuel Cells Program

*  Tests will continue to obtain 100 hours of operation at
100 L/h hydrogen production.

e If funded, integrated bench-scale tests of pyrolysis
oils with different compositions will be carried out in
order to determine the effect of bio-oil composition on
hydrogen yield.

» If funded, a pressurized bench-scale auto-thermal bio-oil
reformer will be constructed and the effect of pressure
on bio-oil reforming will be tested.

FY 2012 Publications/Presentations

1. Czernik, S., “Distributed Bio-Oil Reforming,” 2012 DOE Fuel
Cell Technologies Program Annual Merit Review, May 17, 2012,
Washington, D.C.
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Fiscal Year (FY) 2012 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, [1] (excluding
delivery).

e 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 Fuel Cell

FY 2012 Annual Progress Report

Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(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 2012 Accomplishments

*  Best candidate membrane was chosen: Pd, Cu,,
membrane of 5 pm in thickness.

*  Process development and economic analysis with best
candidate membrane shows process’s potential to be
economically feasible.

e Fabrication of demonstration membrane module is
initiated.

R R

Introduction

GTI has developed a novel concept of membrane reactor
for clean, efficient, and low-cost production of hydrogen
from biomass-derived syngas. GTI’s approach is presented in
Figure 1 and shows 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.

DOE Hydrogen and Fuel Cells Program
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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, GTT 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 have 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

Based on the timeline of the project, GTI and partners
from NETL and Schott researched new candidates for
hydrogen-selective membranes.

DOE Hydrogen and Fuel Cells Program

NETL continued to research hydrogen-selective Pd alloys
for high temperature use. Permeable 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. Therefore, 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.

This year, due to relocations, membrane testing facilities
at NETL continued to have a very limited availability.

A niobium-based alloy was 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 still not known. The alloy, a
Pd-Cr composition was tested up to 750°C to investigate
its potential application for this project. The test was
conducted using 100% H,. Over the range of 650 to 750°C,
its permeability was approximately 60% of the permeability
of Pd.

SCHOTT continued development of glass ceramic
membranes based on results of membranes synthesized
by them and tested by GTI. Five new glass melts were
completed. All compositions were melted in platinum
crucibles and were stable glasses. X-ray fluorescence
analyses revealed excellent correspondence between input
major oxide wt% and measurements on as-cast glass. Two
“alloy” melts were also produced to see what the effects
of introducing another metal in addition to the Pd into the
base glass had on the performance of the glass. These melts
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produced reasonably stable glasses, although one of them
revealed evidence of small crystals in the as-cast glass as
suggested by a somewhat matte-like appearance, instead of
a purely glassy surface. The crystals could be either un-
melted material or crystals that formed during the casting
and annealing process. In any event, all samples were then
ceramized under reducing conditions, ground and polished
and sent to GTI for analysis. Glass membranes obtained
from SCHOTT were tested for hydrogen permeation by
GTI. Unfortunately, these new samples did not yield high H
permeation at 800°C during testing.

GTI continued to test membranes fabricated by GTI and
other team members as they became available. Pd, Cu,, with
5 microns thickness was tested for hydrogen permeation.
Due to small thickness and frailty of metallic foil, there were
problems with sealing. The results obtained before the seal
failure showed high hydrogen fluxes but no stable state was
achieved. These results need to be repeated. Membranes
obtained from Schott were tested for hydrogen permeation:
low hydrogen permeation was observed (0.04 SCFH/FT?).

Based on all results obtained during this time period,
the best membrane candidate based on overall performance
is Pd, Cu,, chosen earlier as an initial candidate, but with
5 microns in thickness. Based on inverse dependence of
hydrogen permeation with thickness, we expect to increase

hydrogen flux several times. For Pd, ,Cu,, membrane with 120

pm in thickness hydrogen flux at conditions (850°C, pressure

difference 85 psi) is about 26 SCFH/FT?. The membrane with

5 um in thickness predicted by Sievert’s law will achieved
about 600 SCFH/FT? (26%¥120/5=624).

The fabrication of a membrane module that is compatible
with the biomass gasifier is in progress. The module must
be reliable, durable and cost effective. GTI fabricated the
membrane module in planar design for initial candidate
membrane (Pd, Cu, ). Sealing was developed to withstand
high temperatures and high pressures of operation. Figure 2
shows a section view schematic of the membrane module
inside the pressure vessel.

The preliminary process design for a plant to produce
hydrogen from a biomass feed using a hydrogen permeable
membrane that was previously completed was subjected
to a Pinch Analysis to optimize the heat integration and to
minimize external heating and cooling demands. A heat
exchange network (HEN) analysis then allowed individual
heat exchangers to be specified and sized so that the
exchanger capital cost estimation could be updated. The
pressures in the various pieces of equipment in the process
were then updated to make sure that pressure drop driving
forces were available for these heat exchangers and all other
equipment, and the sizes of the pumps and compressors
in the process were updated. The updated process design
was documented in a set of twelve drawings to show all the
required process equipment.

FY 2012 Annual Progress Report
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FIGURE 2. Membrane Module Unit in Pressure Vessel

Then, the focus was on engineering design and costing
of the process plant that fed 2,000 tons/day of biomass and
delivered high-pressure hydrogen product using a hydrogen
permeable membrane. Optimum values for gasification
temperature, reforming temperature and permeate pressure
were used, based on optimization studies previously
completed. 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. A Pinch Analysis and HEN analysis
was completed so that individual heat exchangers could be
sized. The sizes of pumps, vessels, conveyors, compressors,
reactors, etc. were based on the flow rates and heat balance
from the ASPEN model. This analysis resulted in a listing
of the sizes for all major pieces of equipment in the process
plant. This compares with a total of 121.5 MMS$ previously
estimated from a less complete process design basis, with
hydrogen delivered at 1,000 psi.

The more accurate costing increased the capital cost
somewhat. If hydrogen is produced at 300 psi, the new
capital cost is 129.2 MMS$, compared with the old estimate
of 118.0 MMS. The new capital and operating costs for the
membrane process were input into version 3 of the H2A
program [2]. This version updates the base year of the
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analysis from 2005 to 2007. A revised cost of hydrogen
production of $1.82/kg was obtained, as detailed in Table 1.

TABLE 1. Hydrogen Cost of Production Estimate

Conclusions and Future Directions

*  GTI and partners will continue to fabricate membrane
module for hydrogen separation.

o GTI will test feasibility of membrane module

closely-coupled with biomass gasifier.

FY 2012 Publications/Presentations

1. Oral presentation, PD070 Roberts, 2012 Annual Merit Review,

Washington, D.C., May 13-17, 2012.

References

Cost Component H2 Cost, $2007/kg
Capital Cost 0.68
Decommissioning 0.00
Fixed O& M 0.20
Feedstock Cost 0.51
Other Raw Material 0.11
By-Product Credits 0.00
Other Variable Costs 0.32
Total 1.82

1. Presentation on 2011 Annual Merit Review by DOE.

A tornado diagram was prepared to show the sensitivity
to several key process variables as shown in Figure 3.

The main conclusions for Task 2 “Process Development
and Techno-Economic Analysis™ are:

*  Economic optimization was conducted for the variables
of reforming (membrane) temperature, permeate
pressure, and hydrogen recovery level for membranes
5 microns in thickness. Optimum permeate pressure
is about 0.2 bar. Optimum membrane/water-gas shift
temperature is at 1,382°F (750°C) or less.

e 2012 Membrane Model Case has recovery of 115% of
original H,. Pressure swing adsorption (PSA) Future
Case [3] had about 80% recovery. Over 115% of the
hydrogen produced in the gasifier can be recovered due
to water-gas shift for membrane.

*  Projected using H2A version 3 Cost of hydrogen
production with membrane ($1.82/kg) is less than the
cost with PSA ($2.00/kg).

Sensitivity Analysis

Feedstock Cost [$63 / dry short ton £ _
50%]
Total Capital Investment _
[$181,000,000-35% / + 50%]
Operating Capacity Factor [80% 90%
pol 1R

Total Fixed Operating Cost
[$12,700,000-20% / +30%]

Specified Replacement Costs [0 to
25% of initial direct capital every 10
years|

$1.50 81.75 $2.00 5225
Hydrogen Levelized Cost ($/kg)

FIGURE 3. Sensitivity Analysis
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Paul KT Liu

Media and Process Technology Inc. (M&P)
1155 William Pitt Way

Pittsburgh, PA 15238

Phone: (412) 826-3711

Email: pliu@mediaandprocess.com

DOE Managers

HQ: Sara Dillich
Phone: (202) 586-7925
Email: Sara.Dillich@ee.doe.gov

GO: Katie Randolph
Phone: (720) 356-1759
Email: Katie.Randolph@go.doe.gov

Contract Number: DE-FG36-05G015092

Subcontractor:
University of Southern California

Project Start Date: July 1, 2005
Projected End Date: December 31, 2012

Fiscal Year (FY) 2012 Objectives

The water-gas shift (WGS) reaction becomes less
efficient when high CO conversion is required, such as for
distributed hydrogen production applications. Our project
objective include:

*  Develop a highly efficient and low temperature
membrane-based WGS reaction process in a bench scale
first, test it at a pilot scale, and finally demonstrate it in a
field test unit.

e Screen our existing membranes and then tailor them
specifically for the proposed process and reactor.

e Determine hydrogen production cost and define the
system integration requirements for commercialization.

*  Reduce the capital and operating costs for distributed
hydrogen production applications.

Technical Barriers

Although various hydrogen selective membranes have
been developed and reported in the literature, their use as
a membrane reactor for hydrogen production has not been

demonstrated commercially. Major technical barriers include:

»  Testing/Analysis: few commercial scale membrane- and
membrane reactor-based processes in operation

FY 2012 Annual Progress Report

»  Permeate Flux/Selectivity: cost vs. performance target
to meet our end user requirements; in particular for cost
sensitive applications

»  Stability: lack of long-term membrane and membrane
reactor performance data under our target field
conditions

Technical Targets

Technical targets for dense metallic membranes for 2010
are listed below:

*  Flux Rate — 250 scfh/sq foot at 20 psig pressure

*  Membrane Material and All Module Costs — $1,000/sq.
foot of membrane

e Durability — 2,680 hours of testing have been completed
*  Operating Capability — 400 psi

*  Hydrogen Recovery — >80% (of total gas)

*  Hydrogen Quality — 99.99%

FY 2012 Accomplishments

*  Completed the foil evaluation to choose a promising
palladium alloy for asymmetric membrane development.
Commercially available palladium-copper (Pd-Cu),
palladium-silver (Pd-Ag) and palladium-gold (Pd-Au)
foils along with the Pd foil (as control) were evaluated
for their stability of cooling in hydrogen. The Pd-Cu foil
shows structural stability through multiple cooling cycles
in H, (i.e., >60 cycles), not Pd —~Ag and Pd-Au.

*  Developed palladium-copper alloy membranes that
meet the cost vs. performance target set by DOE. Pd-Cu
thin film (~5 um) was successfully deposited on our
commercial ceramic substrate with a H, permeance of
10-15 m*/m*/hr/bar at 350°C (i.e., 50-75 scfh @ 20 psig)
and the selectivity of H,/N, of 200 to >1,000, meeting the
DOE 2015 cost vs. performance target.

*  Verified the cooling stability in the presence of hydrogen.
More than 10 PdCu membranes are currently undergoing
cooling stability testing, i.e., cooling from 350°C to room
temperature in the presence of H,. Several of them have
experienced >85 cycles with no signs of performance
degradation.

*  Designed and constructed membrane bundles which
can accommodate (i) heat transfer requirement and
(i1) flexibility in catalyst volume to membrane surface
area ratio. Our unique membrane bundling configuration
permits a membrane reactor that can be integrated with
internal cooling coils without significant modifications

DOE Hydrogen and Fuel Cells Program
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to the membrane housing and module for the exothermic
WGS reaction. In addition, the bundling configuration
allows flexibility in catalyst volume to surface area ratio.

*  Assembling a test system for the field test. We currently
are assembling the test unit/system around the membrane
reactor to perform the field test in the 3 and 4™ quarter
of 2012. The reformer and the membrane subunit have
been fully tested to meet syngas productivity and
separation and purification requirements (i.e., 16 liter/
min syngas and <10 ppm CO).

e Continuing the long term thermal stability test of the
Pd and Pd-Cu membranes. Thermal stability testing of
our Pd membrane bundle is continuing as part of the
test requirement to verify that the DOE performance
specification is met. Stability for >9,000-10,000 hours
at 350°C has been demonstrated for Pd and >600 hrs for
PdCu membranes.

S R R

Introduction

Membrane separation has been traditionally considered
to be a simple, low cost and compact process. Thus, the
membrane process has been considered under this project
as a WGS reactor/separator for enhancing the hydrogen
production efficiency for distributed hydrogen production.
In this project, we have focused on the development of the
technology components required for integrating a membrane
reactor process for distributed hydrogen production. During
2010-2011, we completed the development and produced a
test quantity of Pd membrane bundles for packaging into
the membrane reactor to be field tested in 2011-2012. The
project target of producing a hydrogen product stream with
<<10 ppm CO has been achieved. Finally, we have identified
a pathway to develop a Pd-based hydrogen membrane
with cooling stability in the presence of hydrogen through
evaluation of a series of Pd-alloy foils, which will be pursued
in FY 2011-2012.

—  Validate membrane and membrane reactor
performance & 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. Preparation of Palladium-Copper Alloy
Membranes with Improved Material Stability: Although
the Pd membranes we developed demonstrated excellent
functional performance and thermal stability at the target
application temperature, i.e., 350°C, its cooling stability in a
hydrogen rich environment is poor. This result is consistent
with those reported in the literature (discussed in Sec. 2).
Our screening study conducted in 2010-2011 showed that
Pd alloy with 40% Cu was superior to the foils made with
Pd-Ag, Pd-Au, and pure Pd. During this year, we have
focused on the deposition of the Pd-Cu thin film on porous
ceramic substrate. Pd-Cu thin film (~5 um) was successfully
deposited on our commercial ceramic substrate with an H,
permeance of 10-15 m*/m*/hr/bar at 350°C (i.e., 50-75 scfh
@ 20 psig) and the selectivity of H,/N, of 200 to >1,000,
meeting the DOE 2015 cost vs. performance target. Table 1
presents a summary of the Pd/Cu alloy membranes prepared
during this year.

Approach TABLE 1. Summary of the Pd/Cu Alloy Membranes Prepared
Our overall technical approach Permeance [M?/m?/hr/bar] @350°C
includes three steps as follows: Sample ID H, N> Selectivity | n"" Cooling Cycle| cu [wt%] | Thickness [um]
1. Bench-Scale Verification PdCu-500-51 11.9 0.044 271 65 44.5 5.0
—  Bvaluate membrane reactor: PdCu-500-52 103 0.075 138 65 45.3 4.7
use existing membrane and :2“'238’2; 9.1 0.007 1.379 Ea': fé'g g:
1 1 m h lm l 1 n u- i 11.4 0008 1,354 al ° o
catalyst via math simulatio PdCu-50057 | 109 _ 0.010 1,136 16 1238 3.0
—  Experimental verification: PdCu-500-58 115]  0.053 219 16 44.3 5.1
use upgraded membrane and PdCu-500-60 79| 0032 248 26 403 5.0
existing catalyst via bench PdCu-500-62 6.2 0.010 616 6 41.5
unit PdCu-500-63 10.6 0.015 695 3 43.2
PdCu-500-64 15.4 0.038 403 3 45.0

DOE Hydrogen and Fuel Cells Program
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0.025 Evidently our deposition technique allows us to deposit
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membrane. In all, 85 thermal cycles were conducted with
H, permeance / mol m*s"Pa little change in the H, permeance and only modest fluctuation
in the N, permeance. In comparison, no other supported Pd
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Ceramic Membranes: Ours vs. Literature Study number of cooling cycles in an H,-charged environment
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as ours, in particular for the Pd membranes with ceramic
substrate. In addition to thermal cycling stability, it is also
important to establish the long-term membrane performance
stability at high temperature. During this year, we continued
our long-term performance stability testing of the palladium
membrane, Pd-30” Bundle-255, at 350°C in the presence of
H, and N,. Figure 2 shows the performance of the single tube
bundle after ca. 10,000 hours of service. As can be seen, after

Pd Membrane Bundle with Cooling Channel(s)

CandleFilter
Configuration

W
Ny
\

Permeate Outlet

FIGURE 3. Fabrication of a Membrane Reactor for Pd Ceramic Composite
Membrane with Integral Cooling Coil for the Target Exothermic WGS Reaction

the slight increase in the N, permeance of the -255 membrane
at ca. 8,000 hours, the N, permeance stabilized. Overall, the
Pd-based membranes we have been developing show very
good long term stability in the presence of H, and N, at the
expected minimum operating temperature of 350°C.

3. Development and Construction of Membrane
Reactors with Internal Cooling Features: Membrane
bundles which can accommodate (i) heat transfer requirement
and (ii) flexibility in catalyst volume to membrane surface
area ratio are essential for a commercially viable membrane
reactor, targeting exothermic WGS shift reaction. Our unique
membrane bundling configuration as shown in Figure 3
permits a membrane reactor that can be integrated with
internal cooling coils without significant modifications to the
membrane housing and module. In addition, the bundling
configuration allows flexibility in catalyst volume to surface
area ratio. These bundles will be used for our field test to
demonstrate its commercial viability.

4. Design, Construction, and Installation of a
Hydrogen Production System for Field Test: Once the
membrane reactor was constructed, we began the design,
construction, and installation of the peripheral subsystem
components for the field test. The reformer and the membrane
subunit have been fully tested to meet syngas productivity
and separation and purification requirements (i.e., 16 liter/
min syngas and <10 ppm CO). As presented in Figure 4, the
Pd membrane installed in the system is able to enrich the
membrane from 62% to >99.9% purity. CO less than 10 ppm
was obtained. With the post treatment, the CO contaminant
level is expected to be << 10 ppm as reported in the previous
annual report. The entire testing system is expected to be

Gas Compositions

Reformate
(Feed to

Membrane)
61.6%
19.0
19.0
03
0.1

Membrane
Permeate
>99.9

FIGURE 4. Reformer and Hydrogen Selective Membranes Installed and Fully Tested for the Field Test Unit
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completely installed by the end June and ready for field test
beginning July.

Conclusions and Future Directions

Performance stability during thermal cycling in the
presence of hydrogen is essential for the Pd membrane
to be viable for portable power generation applications.
Through a screening study with the commercially
available Pd alloy foils, PdCu was identified as a
promising alloy candidate. PdCu shows no sign

of degradation for >60 cycles while PdAg shows
degradation from the 2™ cycle in our screening study.

During this year, we have successfully deposited the
PdCu alloy thin film (~5 um) on our commercial ceramic
substrate as an asymmetric Pd alloy membrane in terms
of performance, and thermal and cooling stability.

The Pd alloy membrane thus developed meets the cost
performance target set by DOE for 2015, i.e., 0.6 scth
@ Ap=20 psi/unit $ membrane cost. In general, the
permeance is 10-15 m*/m*/hr/bar with the selectivity of
>~1,000 at 350°C.

The Pd alloy membranes developed demonstrated
performance stability during cooling from 350°C to
room temperature in H, for >85 cycles as of today.

A full-scale membrane reactor packed with our PdCu
membrane bundle and equipped with an internal
cooling device has been designed and is currently under
fabrication. The reformer and the membrane subunits
have been fully tested. The entire system is scheduled to
be ready for field test by the 2™ quarter 2012.

FY 2012 Annual Progress Report

Our FY 2012-13 activities will be focused on the areas below:

1.

Complete the field test system assembly which is
equipped with a full-scale PdCu membrane bundle and
integrated with internal cooling coils by the 2" quarter
2012.

Conduct a field test for 1 month (i.e., ~700 hrs) in the 3"
quarter 2012. The target performance is 99.999% purity
and >83% recovery of H,.

Upgrade the permeance of the 3™ generation Pd alloy
membrane we have developed by the end of 2012 to the
level similar to our existing 2" generation Pd membrane,
i.e., H, permeance increase from 15 to 25 m’/m*/hr/bar.

FY 2012 Publications

1. M. Abdollahia, J. Yua, P. K.T. Liu, R. Ciora, M. Sahimia, and
T.T Tsotsis, “Ultra-pure hydrogen production from reformate
mixtures using a palladium membrane reactor system”, Journal of
Membrane Science, 390-391,32 (2012) .

11-27

DOE Hydrogen and Fuel Cells Program



II.C.2 Process Intensification of Hydrogen Unit Operations Using an

Electrochemical Device

Glenn Eisman (Primary Contact), Dylan Share,
Chuck Carlstrom

H2Pump LLC

11 Northway Lane North

Latham, NY 12110

Phone: (518) 783-2241

Email: glenn.eisman@h2pumpllc.com

DOE Manager

HQ: Richard Farmer
Phone: (202) 586-1623
Email: Richard.Farmer@ee.doe.gov

Contract Number: DE-SC0002185

Subcontractor:
PBI Performance Products, Inc., Rock Hill, SC

Project Start Date: Phase I1: August 15, 2010
Project End Date: August 15, 2012

Fiscal Year (FY) 2012 Objectives

Develop and demonstrate a multi-functional hydrogen
production technology based on a polybenzimidazole (PBI)
membrane which exhibits:

*  High efficiency (70%)

*  Up to 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
from the Production section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(A) Reformer Capital Costs
(D) Feedstock Issues
(E) Greenhouse Gas Emissions

Technical Target

This project is focused on fundamental chemical and
mechanical engineering studies on PBI proton exchange
membranes and electrochemical cell hardware, respectively.

DOE Hydrogen and Fuel Cells Program

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 pressure operation at 160°C
* CO, tolerance
*  High efficiency (70%)

FY 2012 Accomplishments

* 300 psid compression demonstrated at 160°C for over
4,000 hours on a PBI-based 50-cm? electrochemical
pump

*  Materials processing finalized at PBI Performance
Products

» Large-scale membrane and electrode fabrication process
developed

*  Cell hardware scale up completed and validated using
low temperature membranes

»  Stack design demonstrated to over 2,300 pressure cycles
R R

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 that hydrogen generation often occurs
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 hydrogen from any source, including from hydrogen-
intensive industrial processes, can be developed into a
single unit operation, it would be an attractive and enabling
option for recycling hydrogen. H2Pump plans to leverage
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 will be based on developing
a chemically and mechanically robust membrane in
conjunction with advancements in cell hardware.

The significance of a successful project would be that
impure hydrogen from a variety of sources could be simply,
reliably, and inexpensively processed for further use. The
hydrogen could be reused in the existing process as recycle,
or in new applications including as a source of hydrogen for
fuel cells. It is the reduction of multiple unit operations in

FY 2012 Annual Progress Report
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combination with the high temperature membrane operating
at high differential pressure that will enable the benefits of
this novel electrochemical approach.

Approach

H2Pump has shown that electrochemical methods to
recover, purify, and pressurize hydrogen could be a viable
option for low to moderate volumes of hydrogen-containing
gases streams. 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 be able to pressurize the
hydrogen from atmospheric pressure to 300 psid. Working
closely with PBI Performance Products, the approach to
address this challenge is to enhance the polybenzimidazole
membrane properties via chemical and thermal cross-
linking methods. Concurrently, H2Pump will work on cell
hardware architecture to mechanically support the high
temperature, CO, and CO tolerant membrane. The effort
will focus on the structural integrity of all of the membrane
and electrode components, plate materials and geometries,
sealing mechanisms, and compression requirements.
H2Pump will also investigate operating modes and the
impact on performance of various membrane—electrode
interface concepts.

Membrane modifications will be tested using 50-cm”
single-cell hardware as a test platform. Design guidelines
developed with the 50-cm” lab-scale pumps will be scaled
up to the larger format to meet the program targets. Stack
hardware development will take place concurrent to the
membrane development using low-temperature (LT)
membranes as a test platform. Results from the membrane
and stack development effort will be combined to produce
a large format high-temperature (HT) stack. This large
format HT stack will be tested independently and then in
combination with a reformer.

Results

During this reporting period there have been significant
accomplishments in stack hardware design and scale up as
well as completion of the HT membrane electrode assembly
(MEA) architecture.

Stack Hardware

Stack hardware has been designed, built, and tested on
the large format (920 cm®) using LT membranes. Large-scale
HT PBI membranes were not used due to their unavailability
in this period. Furthermore, the cell and stack hardware
were designed to be able to accommodate both types of
membranes, and as such, the LT membranes provided
a means to accelerate stack engineering prior to the HT
membranes being available. First generation PBI 920-cm’

FY 2012 Annual Progress Report

membranes have been successfully prepared and assembled
into a short stack and are awaiting testing and evaluation.

Stack hardware design has been improved for high
differential pressure performance using the LT membrane.
Figure 1 shows how the first generation large format stack
hardware had pressure induced lift-off causing loss of
performance at high pressures. Figure 2 data shows how the
second generation design does not exhibit pressure induced
performance limitations at high pressure. Pressure cycle
testing was also performed as part of the qualification testing.
Over 2,300 pressure cycles have been completed on this
hardware without failure or degradation.

PBI MEAs

Three generations of PBI MEA architectures have been
tested. Figure 3 shows the significant durability improvement
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FIGURE 2. Second Generation Stack Hardware
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FIGURE 3. PBI MEA Architecture Advancements

the third generation has over the first two generations.
Multiple 50-cm” PBI single cells have operated longer than
1,000 hours at 300 psid (differential pressure). One cell has
even exceeded 4,000 hours at 300 psi differential pressure.
Pressures of 400 psid with the PBI membrane have been
achieved on a cell for short durations without damage or loss
of performance.

The large format HT membrane and electrode fabrication
process has been finalized and a novel, proprietary sealing
method has been developed that utilizes commercially
available, low cost sheet elastomer. Large format PBI-based
MEAs have been produced using the selected sealing,
electrode, and membrane fabrication process.

Reformer-Pump Integration

The reformer module has been built and tested
independent of the pump module.

All major subsystems have competed verification testing
in preparation for the sustained 36-hour test of the integrated
unit. Gas analyses using gas chromatography methods have
been used to determine reference gas compositions at various
points within the integrated system. These results will be
compared to the actual gas compositions of the integrated
unit during the final demonstration.

DOE Hydrogen and Fuel Cells Program

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.

+  920-cm’stack hardware has been developed and
successfully tested using LT membranes. Large-scale HT
PBI membrane testing is underway.

*  Enhancement of the membrane — electrode interface
optimization successfully completed and has been scaled
up to large format.

* 300 psid pressure operation has been demonstrated on
multiple cells for up to 4,000 hours.

»  Scale up of the membrane and electrode assemblies as
well as the hardware has been completed.

*  Gas quality and analytical tests will continue to be
performed to further assess the performance of the 300
psid pump cells.

*  Reformer-pump integration and preparation for final
demonstration underway.

e H2A analysis to be completed.

FY 2012 Publications/Presentations

1. Eisman, G., Carlstrom, C “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, 2012.
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II.D1 PEM Electrolyzer Incorporating an Advanced Low-Cost Membrane

Monjid Hamdan (Primary Contact), Tim Norman

Giner, Inc. (Formerly Giner Electrochemical Systems, LLC.)
89 Rumford Ave.

Newton, MA 02466

Phone: (781) 529-0526

Email: mhamdan@ginerinc.com

DOE Managers

HQ: Erika Sutherland
Phone: (202) 586-3152
Email: Erika.Sutherland@ee.doe.gov

GO: David Peterson
Phone: (720) 356-1747
Email: David.Peterson@go.doe.gov

Contract Number: DE-FG36-08G0O18065

Subcontractors:

 Virginia Polytechnic Institute and University,
Blacksburg, VA

e Parker Hannifin Ltd domnick hunter Division,
Hemel Hempstead, United Kingdom

Project Start Date: May 1, 2008
Project End Date: January 31, 2013

Fiscal Year (FY) 2012 Objectives

Develop and demonstrate advanced low-cost, moderate-
pressure polymer electrolyte 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

FY 2012 Annual Progress Report
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Technical Targets

Giner Progress toward Meeting DOE Targets for Distributed Electrolysis
Hydrogen Production’

Characteristics Units 2015/2017 2012 Giner

Target Status

Hydrogen Production $/kg H, 3.30/<2.70 3.64

Cost?

Electrolyzer Capital $/kg H, 0.70/0.30 0.60°

Cost (1.06)*

Electrolyzer Energy % (LHV) 69/74 66°

Efficiency

"Using H2A model rev 2.1.1. Based on electricity cost of $0.04/kW.

2Production only (H, compression, storage, and delivery expected to add $2.00/kg).
®Electrolyzer stack

*Electrolyzer system (stack & BOP)

®Lower heating value

®Does not include H,-dryer. Stack efficiency measured at 74% LHV.

FY 2012 Accomplishments

Membrane:

Demonstrated enhanced dimensionally stable membrane
(DSM™) performance.

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

Reduced membrane support cost by one order of
magnitude.

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 full-scale electrolyzer stack
utilizing low-cost components.

Reduced electrolyzer stack costs by 60%.

Commercialized electrolyzer stack in 2011. Electrolyzer
stacks field tested at customer locations (>1,000 hours).

Completed fabrication of electrolyzer system
incorporating a high-efficiency H,-dryer.
Extensive safety review of electrolyzer system
completed.

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

*  Delivered and demonstrated prototype electrolyzer
system at NREL.

YR R S S

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 $4.80/kg-H,, considerably higher
than the DOE target of <$3.00/kg-H, by 2017 [1]. Analysis
of electrolyzer systems performed by Giner and others using
DOE’s 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.

Giner, Inc. (Giner) has developed proton exchange
membrane (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. 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 producing hydrogen, Giner is
improving electrolyzer stack efficiency and reducing stack
cost through development of an advanced low-cost, high-
strength, membrane that utilizes a perforated polyimide

support imbibed with perfluorosulfonic acid (PFSA) ionomer.

Giner 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, Giner 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.

Successful development of the advanced electrolyzer
stack and system will result in a high-efficiency; low-capital-

DOE Hydrogen and Fuel Cells Program

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.

Results

DSM™ Membrane Performance

To improve electrolyzer efficiency, Giner has developed
an advanced supported membrane having an ionic resistance
comparable to that of a 0.0020 to 0.0035 inch-thick Nafion”
[2] membrane, but having significantly improved mechanical
properties. This advanced membrane is referred to as a
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 PFSA ionomer to a thickness of 3 mil
(0.003”). Initially, Giner fabricated the membrane support
structures using a laser-drilling procedure. In 2011, a more
cost-effective technique of fabricating the support structures
via chemical-etching was implemented by Giner, reducing
the cost of the membrane by one order of magnitude.

Polarization scans of the DSM™ were conducted in
scaled-up, 27-cell electrolyzer stack hardware, through
a current density range of 0-1,750 mA/cm?, a differential
pressure of 300 psid, and a temperature of 80°C. The average
cell voltage was measured at 1.757 V/cell corresponding to a
voltage efficiency of 74% LHYV (87% higher heating value)
at a current density of 1,500 mA/cm?, Figure 1. During
testing, the DSM™ exceeded the criterion for performance:
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FIGURE 1. Membrane Performance in Full-Scale Electrolyzer Stack Hardware
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exhibiting lower cell voltages and thus higher cell efficiencies
than that of a Nafion® 1135 membrane.

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 ng F ion/hr or less than 10 micrograms F~ ion/L (<10 ppb)
was present in the cathode effluent (electro-osmotically
transported water) at the end of 1,000 and 5,000-hour life
tests. Based on electrolysis FRR results, the lifetime of the
DSM™ s projected to be between 45,000 and 55,000 hours.

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. Giner’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. Giner 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,
Giner demonstrated performance of a carbon/titanium cell
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FIGURE 2. Electrolyzer Stack Capital Costs
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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
5,000-hour period, indicates lifetimes exceeding the 50,000-
hour system requirement.

Electrolyzer Stack and System Fabrication

In addition to the use of chemically etched DSM™
and carbon/titanium cell-separators, the electrolyzer stack
includes several modifications to Giner’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 program, the overall projected
capital cost of the electrolyzer stack alone has decreased
from greater than $1,000/kW in 2007 to <$350/kW in 2011
(Figure 2).

The electrolyzer system, shown in Figure 3, 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

FIGURE 3. Electrolyzer System
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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 deionized water feed tank. The H, compartment encloses
a novel high-efficiency (97%) hydrogen dryer assembly,
high- and low-pressure hydrogen gas-phase separators, a
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 system build, undertaken at the Parker facility, was
delivered and tested at NREL’s National Wind Technology
Center in 2012. A breakdown of the system performance and
efficiencies during the initial evaluation period is shown in
Table 1. At an operating current density of 1,500 mA/cm?,
the electrolyzer stack exhibits an energy efficiency of 46.6
kWh/kg, the overall system (not including the H,-dryer); 50.5
kWh/kg, and with the H,-dryer; 54.0 kWh/kg. The H,-dryer
utilizes dry hydrogen as a carrier gas. Although the H,-dryer
operates at a high efficiency as compared to the industrial

TABLE 1. Electrolyzer System Performance

Hydrogen Production & Losses | Units 1,500 1,750
mAlcm* | mAlcm?
Stack H2-Production kg-H,/ 0.445 0.519
Membrane permeation losses (-0.6%) kg -0.003 -0.003
Phase-Separator (-0.14%) -0.0006 -0.0007
H,-Dryer (- 3 to 4%) -0.018 -0.021
Total H2-Production (@STP) 0.424 0.494
Power Consumption Units | 1,500 1,750
mA/cm? mA/cm?
Electrolyzer Stack kw 20.6 24.2
Direct current power supply & control +1.23 +1.45
(assuming 94% eff.)
PLC Rack 0.05 0.05
Electrolyzer water pump 0.30 0.30
Heat exchanger fans A & B 0.05 0.05
H, sensor circuit pump 0.12 0.12
Total Energy Consumption (No Dryer) 22.3 26.2
H,-Dryer 0.53 0.67
Total Energy Consumption (w/Dryer) 22.9 26.8
Overall Efficiencies Units | 11,500 1,750
mAlcm? | mAlcm?
Electrolyzer Stack (includes kWh/kg 46.6 46.9
permeation)
System (No Dryer) 50.5 50.8
System (w/Dryer) 54.0 54.2

DOE Hydrogen and Fuel Cells Program

standard (~10% loss), this is not indicative of a forecourt
station where nitrogen is typically used as a carrier gas. It

is thus feasible to operate scaled-up systems of this type

in the range of 50.5 kWh/kg. During testing at NREL, the
voltage performance of the electrolyzer stack was verified, in
addition to H,-dryer losses of less than 3%.

Conclusions and Future Directions

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

»  Complete evaluation of prototype electrolyzer system at
NREL.

»  Continue investigation of low-cost stack and system
components.

»  Conduct optimization studies for stack and system,
including the H,-dryer.

*  Develop a high-pressure (>5,000 psi) electrolyzer stack
design utilizing low-cost components developed during
this project

Special Recognitions

1. 2012 DOE Hydrogen and Fuel Cells Program R&D Award
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Hydrogen Generation to 5,000 psi. 2012 Hydrogen Annual Program
Merit Review Meeting. Presentation #pd_065 norman, May 15,
2012.

References

1. Multi-Year Research, Development and Demonstration Plan.
Hydrogen Production. DOE, Pg 3.1-14 ( 2011 Interim Update)
http:/wwwl.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/
production.pdf

2. Nafion® and Kapton® are registered trademarks of E.I. du Pont de
Nemours and Company

FY 2012 Annual Progress Report

11-34



I1.D.2 High Performance, Low Cost Hydrogen Generation from Renewable

Energy

Dr. Katherine Ayers (Primary Contact),
Andy Roemer

Proton Energy Systems d/b/a Proton OnSite
10 Technology Drive

Wallingford, CT 06492

Phone: (203) 678-2190

Email: kayers@protononsite.com

DOE Managers

HQ: Erika Sutherland
Phone: (202) 586-3152
Email: Erika.Sutherland@ee.doe.gov

GO: Dave Peterson
Phone: (720) 356-1747
Email: David.Peterson@go.doe.gov

Contract Number: DE-EE000276

Subcontractors:

* Entegris, Inc., Chaska, MN

* The Electrochemical Engine Center at Penn State,
University Park, PA

* Oak Ridge National Laboratory, Oak Ridge, TN

Project Start Date: September 1, 2009
Project End Date: September 30, 2013

Fiscal Year (FY) 2012 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 via
the H2A model.

FY 2012 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:

(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
Efficiency

% (LHV) 69 74 67

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 2012 Accomplishments

*  Over 3,000 cells utilizing the new flow field design
resulting in >20% part cost savings (12% stack cost
savings) have been fabricated and assembled into
production stacks.

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

*  Alternative flow field manufacturing methods were
validated and an additional 50% cost reduction in the
subassembly was realized for an overall stack cost
reduction of 40% vs the 2008 baseline.

»  Penn State comprehensive electrolyzer cell model was
utilized to characterize updated flow field geometry.

*  Achieved >5,000 hrs of stable performance with a 3-cell
prototype stack utilizing alternate electrode structures
and new flow field components.

*  Nitrided separators showing stable in cell performance at
>5,000 hrs.

+ Initiated design effort to scale up existing 0.1 ft* stack up
to 0.6 ft’.

DOE Hydrogen and Fuel Cells Program
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Introduction

This project addresses the DOE Hydrogen and Fuel Cells
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. When added together, the bipolar
assemblies and membrane electrode assemblies (MEAs)
constitute over half of the total cell stack cost. 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. The efforts of the last year
culminated in the build of a 0.1 ft* prototype stack utilizing
the selected materials, coatings and manufacturing methods
for the bipolar assembly. The prototype 0.1 ft” cell stack
design has operated with stable performance for >5,000 hrs
(Figure 1). Based on the performance of the prototype stack,
and the projected cost savings of this cell stack architecture,
the decision was made to scale this architecture up to 0.6 ft*.
Lessons learned during the prototype design and build will
be leveraged during the scale up design activity.

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 and materials, 3) computational
performance modeling, and 4) flow field coating
development.
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FIGURE 1. Voltage Trend for Composite Bipolar Assembly
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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. The early investigations into the cost and
manufacturability of the various design alternatives resulted
in a final down select to a unitized flow field. This approach
integrated the function of several components into a single
low-cost component, which also reduced the assembly labor.
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. Validation of all
of the previously mentioned design changes will be achieved
through cost analysis based on the H2A model.

Results

The comprehensive computational model of an
electrolyzer cell developed at Penn State was previously
shown to be capable of predicting performance parameters
based on the geometry of the flow fields and specified
operating conditions. Learnings from this model were
used for refinement of the updated flow field geometry for
improved water flow distribution within the cell and better
thermal management.

The down-selected design from the manufacturing study
was utilized to make prototype parts and were inspected
according to print before assembly into a 0.1 ft” test stack.
The stack passed all acceptance testing protocol and
performance resulted in passing of the Go/No-Go review for
the first phase of the project, kicking off the 0.6 ft* scale up
design task and the build of a full-scale prototype production
stack of the 0.1 ft design. Previous work also demonstrated
a 55% reduction in the amount of precious metal used in the
anode catalyst layers of the MEA. The application technique
represents an improvement over existing production
techniques in that it allows for improved registration and
uniformity while also enabling higher speed throughput. The
0.1 ft* prototype stack was fabricated utilizing the reduced
anode catalyst fabrication method.

Nitriding was studied extensively during this period
to protect the part from oxidative corrosion and hydrogen
embrittlement. Performance of a variety of nitrided parts was
evaluated for resistance to H, uptake, corrosion resistance,
and performance under electrolysis conditions (Figure 2).
Additionally, a comprehensive examination of Ti residual
stress levels and the effect on H, uptake is in progress.
Characterization at Oak Ridge National Laboratory (ORNL)
showed that samples maintained similar thicknesses of the
nitrided layer after electrolysis operation. Thermal nitriding

FY 2012 Annual Progress Report
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FIGURE 2. Performance of Surface Coatings vs. Untreated Flow Field Material

was also explored at ORNL 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. Commercial suppliers of
thermal nitride coatings have been identified and evaluations
were initiated. Sample thermally nitrided parts have been

Provides uniform
protective layer

Plasma nitrided

Alternate nitride supplier
#1

manufactured and initial prototype parts were analyzed at
ORNL (Figure 3). Some discoloration has been observed

on operated nitrided parts and this behavior has recently
become a focus of investigation. ORNL is playing a key role
in understanding and characterizing the nitride coatings.
Selected samples have been examined after longer operating
times to determine overall life based on any signs of
corrosion or material degradation.

The overall reduction in cell stack cost was calculated
from the bill of materials for the existing 0.6 ft* design,
currently in pre-production, and quotations for the modified
parts. Figure 4 shows the eliminated cost for the new design.
The numbers are very consistent with the 0.1 ft* design,
which showed an actual cost reduction of 44%. Using the
H2A model, this capital cost savings translates to an overall
cell stack capital cost of less than $0.50/kg for the new large
format design. Combined with Proton’s parallel efforts in
efficiency improvements and system scale up, the cost status
for hydrogen production based on the H2A model is $3.64/kg,
at an electricity cost of $0.05/kWh.

Conclusions and Future Directions

» Initial cost reductions on the cathode flow field are
successfully being produced and fielded in commercial
cell stacks.

*  Ongoing tests have shown that alternative conductive
materials can remain stable in the corrosive environment
of operational electrolyzer cells for tests over

Alternate nitride supplier
#2

2-109127 15.0kV 8.8mm x5.00k YAGBSE €z-109124 15.0kV 8.4mm x5.00k YAGBSE 10.0um

FIGURE 3. Image of Nitrided Part and Analysis of Composition vs. Layer Depth and Operation
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5,000 hours. Further analysis is required to determine
durability projections and progress towards the

50,000 hour minimum operational life of Proton cell
stacks, but no obvious degradation has been observed.
A component manufactured from this alternate material
was utilized in the 0.1 ft* prototype stack.

A unitized flow field plus frame assembly was selected as
the path to the consolidated bipolar plate assembly, with
initial predictions of over 50% part cost reduction being
attained. This unitized flow field will be implemented in
the 0.6 ft* design.

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. The Penn State model will be utilized

to guide any changes to the flow field geometry of the
0.6 ft* scaled up design.

DOE Hydrogen and Fuel Cells Program

» 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. Qualification of an
alternate lower cost nitriding process is currently in
progress.

Special Recognitions

1. Hydrogen and Fuel Cells Program Sub-Program Award, for
outstanding technical contributions in Hydrogen Production,
presented at Annual Merit Review, May 14-18, 2012.
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Fiscal Year (FY) 2012 Objectives

e Validate stack and system efficiency and contributing
sub-system performance of DOE-awarded advanced
electrolysis systems

*  Collaborate with industry to optimize and demonstrate
the commercialization of integrated renewable
electrolysis systems

*  Develop and demonstrate unique integration
opportunities for renewable electrolysis systems in the
area of energy storage, grid support and industrial gas
end-uses

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Program’s Multi-Year Research, Development
and Demonstration Plan (2011 Interim Update):

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

Technical Targets

This project is conducting applied research and
development to reduce integration barriers between
renewable electricity sources and state-of-the-art electrolyzer

FY 2012 Annual Progress Report

systems. Insights gained from this work benefit the hydrogen-
based industry and relevant stakeholders as the market for
this equipment and products continues to expand. Results
from the project have demonstrated opportunities to improve
the efficiency of an integrated, renewably coupled electrolysis
system. Finally, this project validates stack and system
performance of DOE-awarded systems to help meet the
following DOE hydrogen production and delivery targets:

* By 2012, reduce the cost of central production of
hydrogen from wind water electrolysis to $3.10/gallon
of gasoline equivalent (gge) at plant gate ($4.80/gge
delivered). By 2017, reduce the cost of central production
of hydrogen from wind water electrolysis to <$2.00/gge
at plant gate (<$3.00/gge delivered).

»  System efficiency (currently being reevaluated): 69% by
2012 and 74% by 2017 (lower heating value*).

* Note that the highest efficiency obtainable on the basis of lower heating
value (LHV) of hydrogen is 33.3/39.4 =~ 84%

FY 2012 Accomplishments

*  Designed and installed a new test facility and supporting
infrastructure for validation and performance testing of
DOE-awarded electrolyzer systems

*  Operated electrolyzer stacks ~5,500 hours with variable
wind profile to compare stack decay rate with that of a
stack operating under constant power

—  Comparing steady-state and variable stack operation
enables better understanding of long-term impacts
on stack and system efficiency

*  Completed frequency mitigation testing of alkaline and
polymer electrolyte membrane (PEM) electrolyzers on
an alternating current (AC) microgrid

— Both commercially available technologies provided
sub-second response to significantly reduce the
magnitude and duration of the disturbance

*  Designed, built and began testing a volumetric mass flow
system for high-accuracy determination of electrolyzer
system efficiency

&

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.
Renewable electricity sources, such as wind and solar, can
be closely—and in some cases directly—coupled to the

DOE Hydrogen and Fuel Cells Program
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hydrogen-producing stacks of electrolyzers to improve
system efficiency and lower the capital costs of this near-
zero-carbon pathway.

Large-scale hydrogen production using renewable
electricity is well positioned to produce near-zero
greenhouse-gas-emission vehicle fuel in the coming years as
hydrogen-powered electric vehicles are introduced into the
marketplace. An integrated system with advanced sensing
and communications will enable grid operators to take
advantage of the controllable nature of distributed and central
water electrolysis systems to maintain grid stability.

Approach

The Xcel Energy/NREL Wind-to-Hydrogen (Wind2H2)
research, development, and demonstration 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 industry
and to the analytical and modeling components of this project
(see “Hour-by-Hour Cost Modeling of Optimized Central
Wind-Based Water Electrolysis Production,” Genevieve Saur
and others).

In areas with large hydrogen production, even small
increases in system efficiency result in significant reductions
in the cost of hydrogen. 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

Much of the effort over the past year was focused on
completing the installation of a new facility and the required
infrastructure to accommodate testing of DOE-awarded
electrolyzer systems. The new test facility takes advantage
of some of the existing Wind2H2 infrastructure but also
required a new facility, power and safety and support
systems.

Some of the capabilities of the new test facility include
the following:

* 75kVA, 208V, 3-phase power and 100 kVA, 480 V,
3-phase power

*  Upto 10 MQ-cm resistive deionized water (flow rate: 2
gallon per minute)

*  Two combustible gas detectors integrated into the
Wind2H?2 system

DOE Hydrogen and Fuel Cells Program

—  Alarm at 10% lower flammability limit of hydrogen-
in-air

— Activation of high-flow exhaust fan follows gas
detector alarm signal

*  Local monitoring and archiving of the following data:
—  Stack temperature, voltage, and current
— AC input voltage, current and power

—  Mass flow — hydrogen product (see volumetric mass
flow device below)

—  Mass flow — hydrogen waste (e.g., drying)

NREL is conducting side-by-side testing and comparison
of stack voltage decay rates between constant and variable
power operation. Two 34-cell stacks of an H-Series PEM
electrolyzer from Proton Onsite are being operated with a
highly variable wind profile, achieving almost 5,500 hours
of operation between November 2010 and April 2012. The
third stack has operated over the same time with a constant
stack power. All three stacks have the same average current.
Varying wind current profile is operated for hundreds of
hours continuously and only interrupted to operate all three
stacks at their full-current point for a few consecutive days
to enable comparison of their steady-state voltage. Table
1 summarizes the preliminary results over the roughly
5,500 hours of operation and shows the variable stacks
exhibiting a higher decay rate than that of the constant
current stack. However, it is possible that the stack with the
lowest decay rate may have been randomly selected.

TABLE 1. Average Cell Decay Rates for Electrolyzer Stacks

Mode Average Decay pVicell-h
Variable 11.6
Variable 10.5
Constant 8.9

Hours 5,474

It is worth noting that before delivery to NREL,
the electrolyzer stacks currently under test faced severe
abuse with no hydration for about a year in a warehouse.
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. Normal
stack decay rates of today’s PEM stacks are 2—5 pV/cell-h.
However, some of the latest PEM stack designs have even
shown no appreciable voltage decay over 20,000 h of
life testing.

Management of distributed power systems is expected
to become more commonplace as grids and devices become
“smarter” and distributed renewable resources become a
larger proportion of our energy supply. A critical element
for the advancement of smart-grid technologies is managing
distributed resources, which includes renewable electricity

FY 2012 Annual Progress Report
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generation, distributed energy storage, and taking advantage
of active (or controllable) loads to provide grid support
services like frequency and voltage regulation.

NREL operated both of the commercially available low-
temperature electrolyzer technologies (PEM and alkaline)
on an AC microgrid, shown in Figure 1, to evaluate their
response to commands to increase and decrease stack power
that shorten frequency disturbances. Results show that both
the PEM and alkaline electrolyzers are capable of adding or
removing stack power to provide sub-second response that
reduces the duration of frequency disturbances.

Figure 2 compares a control test where electrolyzers
are not triggered to shed load with the separate alkaline and

AC microgrid

Synchronous Generators ?—

-

PEM
Electrolyzer

FIGURE 1. Frequency regulation experimental system where electrolyzers are
powered by diesel generators on an AC microgrid

Alkalineresp onse

PEM resp onse

Ten—anne~ Control

Frequency (Hz)
2

04 06 08 1 12 14 16 18 2
Time (seconds)

0 02

FIGURE 2. Resulting mitigation effects using electrolyzers to stabilize the
frequency of an AC microgrid

FY 2012 Annual Progress Report

PEM response tests where the electrolyzers are commanded
to reduce stack power by 10 kW. In each of the three tests
shown in Figure 2, the load simulator instantly applies 10
kW of resistive load to initiate a frequency disturbance on
the grid. High-resolution monitoring of the AC microgrid
frequency (nominally 60 Hz) generates a control signal

for the electrolyzer when the frequency exceeds £0.2 Hz.
Similar tests were performed by removing load from the AC
microgrid and commanding the electrolyzers to add 25 kW of
stack power to mitigate an over-frequency disturbance. Both
the alkaline and PEM technologies performed similarly in
those tests as well.

Accurately measuring hydrogen mass flow from an
electrolyzer, fuel cell, compressor, and hydrogen dispenser
is challenging. Commercially available mass flow sensors
are expensive and their accuracy can vary significantly
depending on the type of transducer employed. This project,
under its role as the DOE test and validation facility for
advanced electrolyzer systems, designed, built and began
testing a volumetrically-based mass flow device.

The design of the mobile mass flow device took
advantage of industry partner feedback. The device calculates
the mass flow from (or to) a piece of equipment by accurately
measuring the pressure and temperature and by knowing
the water volume of the composite overwrapped pressure
vessel and interconnecting tubing. Using the National
Institute of Standards and Technology equations-of-state for
hydrogen, the onboard controller determines the mass flow by
subtracting the initial from the final mass of hydrogen in the
pressure vessel and how long it took to reach the final mass.
Preliminary data from the mass flow device for 30+ samples
are promising and have resulted in standard deviations of
0.002—-0.004 kg per hour while sampling an electrolyzer with
a nominal flow rate of 0.5 kg per hour.

Conclusions and Future Direction

NREL’s newest hydrogen test facility and supporting
infrastructure, co-located at the Wind2H?2 project, is
complete and awaiting the prototype electrolyzer from Giner
and their sub-contractor Parker Hannifin. Long-duration
testing of three PEM electrolyzer stacks reached roughly
5,500 hours. The preliminary stack decay rate of the variably
powered stacks is greater than that of the constant power
stack. However, it is possible that the worst-performing
stacks were randomly selected at the beginning of the test.
By testing the response of these commercially available
electrolyzer systems, NREL has shown that distributed and
central electrolysis systems have another potential (economic)
value stream because of their ability to quickly increase
or decrease stack power, which could be used to improve
grid stability. Finally, the volumetric mass flow device has
shown low variability (2—4 g/hour) during initial testing of a
0.5 kg/hour electrolyzer.

DOE Hydrogen and Fuel Cells Program
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In the coming year the team will complete the following:

e Install, commission and perform 100 hours of initial
testing of a DOE-awarded system from Giner/Parker to
complete an EE-1 Joule milestone

*  Achieve more than 7,500 hours of stack testing using
a variable (wind-based) power profile on two (of three)
electrolyzer stacks; switch constant power stack with
variable profile stack and re-start test

*  Substantiate volumetric mass flow measurements by
conducting variance and error analysis and integrating a
master meter or gravimetric measurement approach

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
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determined annually by DOE

Fiscal Year (FY) 2012 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, at 42 sites in five
electricity markets across the contiguous United States.

* 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 Fuel Cell
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 3—6 wind resources, the hydrogen cost

FY 2012 Annual Progress Report

can approach the DOE 2015 centralized cost per gasoline
gallon equivalent ($/gge) target of $3.10/gge only when taking
advantage of wind energy incentives such as the production
tax credit, investment tax credit, and Treasury grant [1].

See Table 1 for more details. Using 2010 wind electricity
prices, a Class 6 wind resource could produce hydrogen at
$3.60/gge (all hydrogen costs in 2007 dollars, exclusive of
compression, storage, and dispending costs), without the
wind incentives. With the incentives, the cost of hydrogen
drops to approximately $2.60/gge.

TABLE 1. Progress toward Meeting Technical Targets for Distributed Water
Electrolysis Production

Characteristics | Units 2015 2020 Status
Target Target
Hydrogen cost $/gge 3.10 <2.00 2.76-4.79 (with
wind incentives)

FY 2012 Accomplishments

»  Completed hourly analysis of a central wind electrolysis
production facility (50,000 kg/day), at 42 sites in five
electricity markets across the contiguous 48 states.

*  Determined that Class 3—6 wind sites can produce
renewable hydrogen for $2.76—-$4.79/gge.

»  Published a technical paper: G. Saur, and C. Ainscough,
U.S. Geographic Analysis of the Cost of Hydrogen
from Electrolysis. NREL/TP-5600-52640. Golden, CO:
NREL; December 2011.

*  Developed an interactive website allowing exploration of
results and self-guided what if analysis: http:/www.nrel.
gov/hydrogen/production_cost_analysis.html.

S s e

Introduction

This work is aimed at understanding the barriers and
costs associated with large-scale (50,000 kg/day) wind-based
hydrogen generation plants. Such plants can take electrical
energy from the wind or from the grid and use it to split
water molecules into hydrogen and oxygen. 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.

DOE Hydrogen and Fuel Cells Program
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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. Forty-two sites
were chosen across the contiguous 48 states including five
different electricity markets. Further, each site was analyzed
under four different scenarios, defined as follows:

*  Cost balanced: $ grid purchased electricity = $ wind
electricity sold.

*  Power balanced: kilowatt-hour (kWh) grid purchased
electricity = kWh wind electricity sold.

*  Same as A, but no purchase of summer peak electricity.
*  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 can range from nearly $5.84/gge down
to $3.92/gge, depending on the class of the wind site. It
is only at wind sites of Class 4 or better that such a plant
begins to approach DOE technical targets for hydrogen cost
production. This analysis included electricity prices in the
California, New England, Texas, Midwest, and Pennsylvania,
New Jersey, Maryland markets. See Figure 1 for more detail
on how hydrogen cost varies by wind class.

In places with low-cost electricity, <$0.08/kWh, hydrogen
can be produced for approximately $3.82—$4.77/gge. This is
true of both power and cost-balanced scenarios. Scenarios
purchasing no summer peak electricity resulted in lower

Cost of Hydrogen by Site and Case
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FIGURE 1. The cost of wind-based hydrogen varies greatly by wind resource
class. Class 5 and better are required to approach DOE cost targets.
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hydrogen costs but could also result in unmet hydrogen
demand. See Figure 2 for more detail on how hydrogen cost
varies by wind electricity cost.

The required installed wind capacity needed to produce
50,000 kg of hydrogen per day varies greatly with the wind
class, which also affects the cost of wind electricity. The
installed capacity can be as low as 200 megawatt (MW)
(Class 6), and as much as 850 MW (Class 1). See Figure 3 for
more detail on how hydrogen cost varies by wind farm size.

Sensitivity analysis was run to see what effect
electrolyzer efficiency, availability, capital cost, wind capital
cost, and wind availability have on the cost of hydrogen. This
analysis showed that the largest hurdles to hydrogen cost
from water electrolysis remain wind turbine capital cost and
electrolyzer efficiency.

Cost of Hydrogen vs Wind Electricity Cost
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FIGURE 2. The overall cost of wind electricity has a strong influence on the
cost of wind-based hydrogen, regardless of the analysis scenario.

Wind Farm Size vs Cost of Hydrogen
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FIGURE 3. The installed capacity of a wind farm needed to produce
50,000 kg/day of hydrogen varies with the wind class. Lower quality winds
require greater installed capacity, and thus result in more costly hydrogen.
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PTC Effect on Cost of Hydrogen
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FIGURE 4. The effect of wind power incentives such as the production tax
credit (PTC), investment tax credit, and Treasury grant can reduce the cost of
wind-based hydrogen by approximately $1/kg.

In summary, the presence of wind power incentives has
a significant impact on the cost of hydrogen produced by
central wind electrolysis of approximately $1/kg as shown
in Figure 4. With these incentives, wind sites with good
resource quality may meet DOE cost targets.

Conclusions and Future Direction

No future work is currently funded. However if funding
were available, the following additions to this analysis would
be pursued.

e Add more sites on land

* Add additional electricity markets

e Add offshore wind sites

*  Examine solar integration

e Add emphasis on smaller or forecourt-sized renewable
electrolysis targeted to the vehicle end use market, with

700 bar storage
*  Explore other optimal electricity/hydrogen production

balance scenarios
*  Explore other electrolyzer types in close collaboration

with manufacturers

FY 2012 Annual Progress Report

FY 2012 Publications/Presentations

1. Hour-by-Hour Cost Modeling of Optimized Central Wind-Based
Water Electrolysis Production, presented at DOE Annual Merit
Review, May 14-18, 2012, Washington, D.C.

2. Saur, G. and C. Ainscough, U.S. Geographic Analysis of the Cost
of Hydrogen from Electrolysis. NREL/TP-5600-52640. Golden, CO:
NREL; December 2011.
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Fiscal Year (FY) 2012 Project Objectives

*  Demonstrate optimal membrane electrode assembly
(MEA) efficiency through:

— Refinement of catalyst compositions based on
identified design spaces from Phase 1.

— Rapid screening of additional metal candidates
through combinatorial methods to determine
optimal anode catalyst composition.

—  Fabrication of identified materials as both traditional
and nano-structured thin-film electrode (NSTF)-
type electrodes.

— Integration of new catalyst materials with advanced
thinner membranes.
*  Reduce catalyst loading through:
—  Formulation optimization of metal oxide based inks.

— Improved electrode application processes for
uniform distribution.

— Application of NSTF structures.

— Demonstration in Proton’s large active area format.
*  Demonstrate 1,000 hours system operation at >69%

efficiency.

*  Develop a concept design to scale the system to
50,000 kg/day H, production including:

—  Definition of the requirements for operation and
maintenance.

DOE Hydrogen and Fuel Cells Program

— Updated H2A analysis based on the actual
435 psi system cost and operation projected to
50,000 kg/day.

— Analysis of greenhouse gas and petroleum
reductions that will occur with the successful
implementation of the proposed technology.

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 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 2012 Accomplishments

*  Completed anode formulation optimization
demonstrating >50% reduction in catalyst loading and
passed internal concept review to build qualification
stack.

*  Synthesized initial matrix of alternate metal oxide
compositions for screening based on refinement of
Phase 1 results.

*  Combinatorial study completed for several metal
combinations and candidates downselected for powder
synthesis.

»  Tooling procured for large active area electrodes.

*  NSTF electrodes successfully applied to alternative
membranes.

* 50,000 kg/day concept design completed and quoted.

FY 2012 Annual Progress Report
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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. For renewable applications such as grid energy
storage, a continuum of options from distributed hydrogen
generation to centralized production at capacities on the
order of 50,000 kg/day will be needed. The majority of the
electrolysis efficiency losses arise from the oxygen evolution
overpotential and the membrane ionic resistance. To reach
a target system operating efficiency of 69%, new catalyst
and membrane materials are needed. Especially for these
large scales, it is necessary to minimize the use of precious
metals. Many learnings from fuel cell materials research
can be applied to enable the required advancements. Design
studies are also needed for PEM electrolysis at this scale
to understand the capital costs, environmental impact, and
operation and maintenance requirements.

Approach

This project addresses crucial elements of Proton’s
technology roadmap, with a focus on improving MEA
performance. The oxygen evolution catalyst and membrane
are therefore the two key areas of focus. Critical issues
include long-term stability of the membrane under
electrolysis conditions, particularly as it relates to long-term
creep with a thinner membrane, and stability of the catalyst
to dissolution. Continuation of the work completed in Phase |
includes: 1) refinement of the mixed metal oxide catalyst
composition for increased activity while maintaining voltage
stability, 2) initial reductions in catalyst loading of 50% or
greater based on implementation of improved manufacturing
processes at Proton, 3) integration of optimized catalyst
compositions into nanostructured thin films to demonstrate
an additional order of magnitude reduction in catalyst loading
and development of high speed manufacturing capability,

4) use of reinforced membranes in order to reduce membrane
thickness and ionic resistance without decreasing durability,
and 5) projection of these improvements to 50,000 kg/day
production levels including cost modeling, impact on
reduction of greenhouse gas emissions, and conceptual
system design.

Catalyst compositions were made using two techniques.
Iteration on promising compositions from Phase 1 were
manufactured as nanopowders through fusion of soluble
metal salt precursors at high temperatures. Nanopowders will
be screened through fabrication of bench-scale MEAs. New
candidates were made through ink jet printing and sintering,

FY 2012 Annual Progress Report

and were screened through a fluorescence technique to
determine the relative amount of oxygen evolution at a

given overpotential. The approach is shown in Figure 1.

The conceptual 50,000 kg/day system design was developed
through sizing calculations of the major system components
and consultation with relevant industries such as chlor-alkali
to determine typical redundancy factors and margins. Items
such as power conversion components, water treatment
facilities, pressure vessels, and storage tanks were quoted
through suppliers well versed in the relevant sizes. Cell stack
costs were estimated based on a module similar to Proton’s
largest active area platform and known design improvements
validated at a prototype level.

Results

Building from initial feasibility studies under a previous
DOE project, significant progress has been made towards
production implementation of reduced catalyst loading.
Improvements in print uniformity were accomplished
through formulation optimization of the ink carrier solution.
With the optimized formulation, improved mass activity
was observed as shown in Figure 2. Initial cells have been
placed on durability testing, with a full scale validation stack
expected within the next month. NSTF electrodes have also
been fabricated at 3M and are being sent to Proton for testing.

The nanopowder catalyst candidates fabricated at Proton
are being fabricated into MEAs for performance testing. For
the combinatorial approach, the baseline formulation was

FIGURE 1. Ink jet printer used for combinatorial studies and sample print
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FIGURE 2. Mass activity for various catalyst loadings with improved formulation
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provided to University of Wyoming as a comparison point.
Trimetallic compositional matrices were printed for several
candidates including combinations of Ir, Ru, Pt, Sn, Nb, and
Mn. All compositions contained two of the catalytic metals
(Ir, Pt, and Ru) and one of the structural metals (Sn, Nb,

and Mn). This approach has been proven to be successful in
developing catalysts for photoelectrochemical activity and
was thus applied for electrolysius. Screening was completed
for electrochemical activity and the fluorescence technique
was demonstrated to be effective in determining areas of
high activity. Polarization curves also show improvement for
an initial candidate as shown in Figure 3. Final downselect is
ongoing, to be completed within the next month.

The 50,000 kg/day design concept is shown in Figure 4.
Power supplies were sized for voltage and current output
based on optimal integration with grid input, for minimal
efficiency loss. Cell stack voltage was then determined
and the module size scaled to leverage Proton’s existing
design principles. The number of components such as phase
separators, pumps, and tanks were determined based on
optimization of cost, reliability considerations, and available
sizes. The overall concept was estimated to result in a capital
cost of $0.49/kg.

Comparison of Alternative Ternary versus Proton Standard
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FIGURE 3. Fluorescence screening of combinatorial matrices and polarization
curve for discrete sample
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FIGURE 4. 50,000 kg/day plant concept

Conclusions and Future Directions

*  Manufacturing transition for initial reduction in catalyst
loading in progress:
—  Reproducibility and manufacturability
demonstrated.
»  Catalyst activity and durability screening ongoing:

—  Proton compositional testing in progress at MEA
level.

— U. Wyoming compositions evaluated and
undergoing final downselect.

—  Synthesis scale up to be initiated for Wyoming
candidates.

*  Electrode and stack scale up initiated:
—  Tooling obtained for large active area stack.
— Reduced loading validation stack to be tested.

* 50,000 kg/day initial concept design complete:
—  Add stack balance of materials as inputs.
—  Conduct environmental impact assessment.

—  Update with MEA electrical efficiencies and
operational data as testing progresses.

FY 2012 Annual Progress Report
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Fiscal Year (FY) 2012 Objectives

*  Reduce the energy consumption of the electrolytic
hydrogen production step by 20% by decreasing the
voltage.

e Demonstrate the molten salt is liquid and will flow (low
viscosity) so it is easily pumped.

¢  Demonstrate the NH, can be separated from the SO,
by thermal decomposition thus avoiding potentially
uneconomic gas separation processes.

+  Develop a fully functioning and converging Aspen Plus”
modeling of the Sulfur Ammonia (SA) cycle.

» Update the solar concentrating system to match the
thermochemistry.

Technical Barriers

This project addresses the following technical barriers
from the Production section (3.1.4) of the Fuel Cell

FY 2012 Annual Progress Report

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

(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 2005-2015 (updated September
2011), 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 Thermochemical Hydrogen Production

Characteristics Units U.S. DOE Targets Project
2008 | 2012 | 2017 | State

Solar-Driven $/ggeH, | 10.00 | 6.00 3.00 | $7.74%(2015)
High-Temperature $4.65° (2025)
Thermochemical
Cycle Hydrogen Cost
Heliostat Capital $/im? 180 140 80 97°
Cost (installed cost)
Process Energy % 25 30 >35 22.5%
Efficiency® 141%°

gge — gasoline gallon equivalent

?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.

“Plant energy efficiency without/with credit for excess electricity produced.

FY 2012 Accomplishments

*  Improvements to electrocatalysts and high temperature
operation have achieved cell voltages as low as 0.64 V at
50 mA/cm”and 0.85 V at 300 mA/cm®.

* A 500 hour durability test was initiated to demonstrate
the long-term stability of the electrolytic cell materials.

*  Economic modeling initially showed that the minimum
annualized cost was at current densities <100 mA/cm?;
however, we may have to operate at higher current
densities in order to minimize the effect of sulfite
diffusing across the membrane.
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«  Lab results continue to prove the feasibility of the all-
(liquid/gas) molten salt mixture of (NH,),SO,+ K SO+ 4
K,S,0,+ Na,SO,+ 4 Na,S,0, chemistry for the high-
temperature oxygen evolution sub-cycle.

* A thermochemical reactor and residual gas analysis
equipment was used to show ammonia and sulfur
trioxide can be evolved separately with a 25-50°C
temperature difference.

e The melting points, densities and viscosities of the
molten salt mixtures were measured; it was proven that
the salts have low viscosities and can be easily pumped.

+  The Aspen Plus® SA process modeling has been
significantly improved and is now a robust fully
functioning process tool.

+  The Aspen Plus ® model and the H2A economic model
continued to be used to optimize and trade-off SA cycle
configurations.

* A phase change storage approach was identified to allow
24/7 operation of the process, using NaCl, and will
continue to be evaluated.

R R

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 thermochemical 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
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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

During the past year, work focused on the electrolytic
SA cycle, which is summarized in the following equations:

1 Chemical Absorption: 25-50°C
SO, +2NH, +HJO  — (NH,),SO

2(e) @) 20
2 Electrolytic: 80-150°C
(NH),S0,,,, +H,0,, — (NH,),SO,  +H

3(aq 270
3 Solar Thermal: 400-450°C
(NH,),80,,,+ K,S0,, - K,S,0,,+2NH, +H,0

27277
4 Solar Thermal: 550-850°C
K. S.O )—>K2$O + SO

222731 4(1) 3(g)
5  Solar Thermal: 850-1,000°C
SO, . —> SO, +%0

3(2) 2(2) 2(2)

3(aq)

2

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.
However, we are working to ensure that there are none in the
electrolytic step and the SO, decomposition. Figure 1 shows a
schematic of the electrolytic SA cycle.

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 2. Current

potential curves were generated at 125°C for anolyte
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FIGURE 1. Schematic of the electrolytic SA cycle
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FIGURE 2. Pressure vessels required for electrochemical cell operation at high
temperature

compositions made up to simulate 0-90% conversions. These
show that a voltage penalty of as low as 60 mV should be
possible over this conversion range.

A 500-hour durability test was initiated at a current
density of 50 mA/cm” and a temperature of 127°C. This ran
for approximately 50 hours at which time it became apparent
that the sulfite flux across the Nafion” membrane was too
high. The resulting high concentration of sulfite on the
cathode side of the cell resulted in reduced hydrogen current
efficiencies. As a result of this testing, we have screened a
number of alternate membrane materials and have identified a
promising material that shows lower sulfite fluxes. Moreover
we have shown that the high flux rates across the Nafion"-
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1to 5 g samples

FIGURE 3. Thermochemical reactor system

type membranes occur after prolonged exposure to high
temperature. The new membranes have been exposed to these
same temperatures for up to three days and have maintained
reasonable flux rates. Long-term testing will be initiated
using these membranes.

High-Temperature Cycle Step Evaluation

Evaluation of the all-liquid/gas high-temperature cycle
steps continued. A larger reactor system was built, as shown
in Figure 3, to use up to ~10 g of reactants to study the
evolution of gaseous products under more realistic operating
conditions. A residual gas analyzer was used to detect the
gases from the reaction. As shown in Figure 4, experiments
were conducted to show the evolution of ammonia and water
vapor at ~ 465°C, followed by evolution of sulfur trioxide
at 500°C. The viscosity of the molten salt streams which
would be entering and exiting the mid-temperature reactor
was measured. The melting points and densities were also
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FIGURE 4. Residual gas analysis of oxygen generation half cycle

measured. It was determined that it should be easy to pump
these molten salts with viscosities below ~8 cP as shown in
Figure 5.

Aspen Plus® Process Analysis

UCSD developed a new Aspen Plus” model of the plant.
A process heat integration analysis, or pinch analysis, of the
plant was performed in order to place heat exchangers at
optimal positions. Thermodynamic data from the literature
were incorporated into the mid-temperature reactor, which
decomposes molten pyrosulfates to sulfates and releases
gaseous SO,. Calculator blocks were utilized to obtain power
requirements for the electrolyzer and the overall efficiency of
the plant. Design specifications were placed in strategic areas
of the model to aid convergence.

Energy from the solar-thermal heated reactors is
recovered from the SO, + O, gas product of the high-
temperature reactor and from the NH, + H,O gas product
of the low-temperature reactor. The gas product from the
high-temperature reactor is used to preheat the SO, feed
to the high-temperature reactor and the molten salt feed to
the mid-temperature reactor. Energy recovery from the gas
product of the low-temperature reactor is used to generate
the electrical power for the electrolyzer, which produces the
hydrogen product of the plant. The first option considered for
this energy recovery is a single-flow condensing turbine that
expands the NH, + H,O vapor stream from 9 bar to a sub-
atmospheric pressure maintained by a condenser. Another
option is a standard Rankine steam power plant. The steam
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for this power plant would be produced by heat exchange
from the NH ,+ H,O vapor stream. Both options generate
more power than needed for the electrolyzer. However, there
are operational considerations that may make the steam
power plant a preferred option. Further analysis of these
trade-offs are required.

The total heat requirements of the solar reactors
along with the total hydrogen product were exported to a
calculator block that computes the overall efficiency of the
plant. Currently, the overall process efficiency is 23%. The
efficiency can be increased with further research into heat
integration and different modes of power generation.

Process Flowsheet Alternatives

In addition to the process flowsheet from previous years,
alternative configurations have been investigated using
Aspen Plus”. The major alternatives are a different power
recovery scheme and use of electricity to power the high
temperature step, SO, decomposition.

The direct power recovery scheme proposed previously
employs an expansion turbine in the ammonia vapor
stream from the mid-temperature reactor. The alternative
employs heat transfer from this same stream into a Rankine
power plant. From an efficiency standpoint, there is little
difference between the two schemes. The direct system has
less heat exchange losses but the indirect scheme permits
recovery of the heat of solution and heat of reaction from the
recombination of SO, with aqueous ammonium hydroxide
forming ammonium sulfite. Work will continue on both

FY 2012 Annual Progress Report
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FIGURE 5. Data showing molten salts can be easily pumped

schemes but the final selection between the two will be based
on process economics. The direct scheme is much simpler
but requires the power recovery to operate on a corrosive
stream. Also, salt carryover into the ammonia stream must be
rigorously avoided to prevent solids plate-out in the turbine.

The high-temperature step of the process uses less
than 15% of the total thermal energy requirement. Since
the process generates more electricity than required by the
electrolysis step and since there is no credit given for export
of excess electricity production, it made sense to consider
electric heating to accomplish SO, decomposition. Use of
an electrically heated decomposer (Joule Heating) may even
make economic sense even if credit were given for export of
excess electricity. The SO, reactor could be easily heated to
above 1,500°C using silicon carbide heating elements thus
increasing the conversion of SO, to SO,. The practical limit
is about 1,200°C as above this temperature the reaction does
not require catalysis so a quench would be required to retain
the chemical conversion obtained at higher temperatures.
The main advantages of Joule Heating are that solar costs
would be reduced. Also, given a suitable thermal energy
storage system, the complete chemical plant could operate
continuously, independent of time of day or fluctuations in
insolation due to passing clouds.

The cost of a solar installation is strongly dependent
upon the highest temperature required. Not only are cavity
radiation losses (proportional to T*) lower, but the solar
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field components are less expensive due to less stringent
pointing accuracy requirements. Joule heating would remove
the high temperature step from the top of a solar tower,
increasing safety and reducing heat losses. Moreover, the
reactor design would be considerably simplified. Instead

of heating individual catalyst filled tubes or being forced

to an atmospheric pressure decomposer design, a packed
bed reactor could be designed with internal silicon carbide
heating elements.

Probably the main advantage of using electric heat is
that operation of the hydrogen plant would be completely
decoupled, insofar as thermal energy storage allows, from
diurnal and short-term fluctuations in solar insolation. Using
the sodium chloride latent heat storage method described
below, the chemical plant, both the electrolytic hydrogen
generating system and the thermal oxygen generating
system, can be operated around the clock under steady-state
conditions.

Heat Storage

To allow the chemical plant to operate 24/7, storage of
solar energy is needed. The most efficient form of storage is
direct thermal storage. To provide the needs of the medium-
temperature reactor, a maximum temperature of about 800°C
is needed. SAIC has identified a unique phase change storage
approach using molten NaCl that provides large amounts of
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FIGURE 6. Schematic of a conceptual NaCl heat storage system

thermal capacity (481 kJ/kg) at this temperature, as well as
providing an efficient means of extracting the heat from the
storage to the molten salts. The storage consists of a stainless
steel tank holding a volume of NaCl, with some head space
above to accommodate the expansion/contraction of the salt
as it changes phase. A schematic of the conceptual system is
shown in Figure 6. A thin layer of liquid sodium metal (Na)
floats on top of the molten NaCl and the head space is filled
with Na vapor at its vapor pressure, which runs from about
0.5 to 1.5 bar over the temperature range expected. Pipes
carrying the molten salt materials to be heated pass through
the headspace in contact with the Na vapor, and the sodium
acts as a heat pipe to transfer heat from the NaCl to the pipes.
Solid NaCl that forms at the bottom of the Na pool sinks to
the bottom (there is about a 30% reduction in volume upon
solidification), so the Na remains in contact with liquid NaCl
as the entire heat capacity of the storage is used. To re-melt
the NaCl, pipes containing liquid sodium are placed at the
bottom of the tank, and circulation from the solar receiver
heats and re-melts the NaCl.

Solar Field Optimization

Further activity on the solar field configuration was
delayed while waiting for the improvements to the Aspen
Plus® model to be completed, so that it could be used for
optimization of the heat interfaces to the solar field. These
activities are ongoing.

Economic Analysis

H2A was used to evaluate the optimum operating
conditions for the electrolytic portion of the system. The
preliminary analysis evaluated the capital costs and electrical
operating costs for the electrolysis process. Test data on the
voltage versus current density was used. Using the H2A
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defaults for the cost of the electrolytic cell and electricity,
the conclusion was that the least-cost condition occurred at
50-75 mA/cm®. Practical aspects of the electrolytic process,
such as movement of sulfite through the membrane, may
limit operating conditions to higher current densities. Also,
we believe that the H2A capital cost values are low for the
electrolytic cell, which would drive the optimum to higher
current densities.

Conclusions and Future Directions

In summary:

Improvements to electrocatalysts and high-temperature
operation have improved the electrolytic cell
performance. A 500-hour durability test was initiated

but showed that extended operation at high temperature
resulted in unacceptably high sulfite transfer rates. We
have recently identified membranes that appear to have

a significantly lower sulfite flux even after treatment at
high temperature. The 500-hour durability test will be re-
started to demonstrate long-term stability of this process.

Lab results for the oxygen evolution sub-cycle using
molten salt mixtures show ammonia and sulfur trioxide
can be evolved separately with a 25-50°C temperature
difference, thus avoiding difficult gas separation
processes. The melting points, densities and viscosities
of the molten salt mixtures were measured to prove that
they have low viscosities and can be easily pumped.

The Aspen Plus” SA process modeling was significantly
improved and in conjunction with the H2A economic
model, continue to be used to optimize and trade-off SA
cycle configurations.

Solar configuration evaluations were performed with the
focus remaining on a central receiver system. A phase-
change storage approach is being evaluated to allow 24/7
operation.

Activities planned for the upcoming year include:

I1-54

Continue with the electrolytic cell long-term (500 hour)
test at higher current density and higher voltage. This
would demonstrate the cathode stability in the presence
of sulfite.

Develop improved anode electrocatalysts that allow
operation at low temperature while achieving low
voltage.

Continue evaluation of alternate membranes that can
operate at high temperature with acceptable sulfite flux.
Identify cathodes that preferentially evolve hydrogen in
the presence of sulfite.

Electrochemical cell design optimization and scale up.

Develop a bench-scale, pressurized molten salt flow
system to study rates of gas evolution.
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+  Continue refinement of the Aspen Plus” model to
optimize the chemical process, including heating of the
SO, reactor using electrical power.

»  Evaluate NaCl phase change storage and its potential for
supplying heat to the process an a 24/7 basis. Optimize
the solar heliostat field configuration to supply the
needed solar energy.

»  Update the H2A analysis to include the optimized
chemical plant configuration and solar field and storage
configuration, and use H2A to identify the projected
improvements possible due to advancing development in
the various process and design areas.

e After completion of phase 1, the next phase of the project
will involve bench-scale laboratory validation of the
closed-loop SA cycle.
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Fiscal Year (FY) 2012 Objectives

* Identify methods that prevent copper deposition at the
cathode of the electrolyzer while meeting targets for cell
potential (0.7 V) and current density 0.3 A/cm? in 2012.

+  Start development of a full size electrolyzer, 300 cm®.

e 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 $2.00 per gasoline gallon equivalent
(gge) H, and >35% (lower heating value), respectively.
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FY 2012 Accomplishments

+  Showed that both a Nafion®-based membrane and a
porous polyethylene (PPE) membrane inhibited copper
transport from the anode to the cathode.

*  Demonstrated that the hydrogen production efficiency
exceeded >95% when the cell potential was stable at
0.7 V and the current density was 0.5 A/cm’ using a
Nafion®-based membrane and observed no copper
deposits on any of the cell components after a 36 h test.

»  Fabricated a full-scale, single-cell electrolyzer which had
a current density of 0.18 A/cm” for a cell voltage of 0.7 V.

»  Continued collaborations with Atomic Energy of Canada
Limited and a group of Canadian universities.

R T S

Introduction

The U.S. Department of Energy’s Office of Energy
Efficiency and Renewable Energy is supporting the
development of hydrogen 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 at
higher temperatures in the future. The CuCl cycle is unique
because its maximum temperature is less than 550°C. The
three major reactions in the Cu-Cl cycle are shown below.

CuCl, + H,0 — Cu,0Cl, + 2HCI(g) Hydrolysis, ~375°C

Cu,0Cl, »2CuCl + 20, Decomposition, 450-525°C

2CuCl + 2HCl -CuCl, + H, Electrolysis, ~80°C

All reactions have been verified at the temperatures
shown. Note that the maximum temperature is less than
550°C. No separations or phase changes are specified in this
high level representation.

Because there is a potential for catastrophic failure of the
electrolysis cell if copper crossover and deposition occur and
because the electrical energy consumed during electrolysis is
a major component of the energy usage, our focus as been on
optimizing the electrolyzer’s performance, i.c., maximizing
current density for a given voltage while eliminating parasitic
reactions. Copper crossover must be minimal. Cell voltage
needs to be as low as possible to reduce energy usage and
the current density has to be as high as possible to minimize
capital costs and maximize hydrogen production efficiency.

FY 2012 Annual Progress Report
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Approach

The approach for improving electrolyzer performance
was threefold: (1) further improve membrane properties
to reduce copper crossover, (2) modify the electrolyzer’s
hardware and operating parameters to increase current
density for cell potentials of 0.7 V and less, and (3) develop
a methodology to study long-term durability of the
electrolyzer and determine degradation mechanisms. To
improve the very thin (I-mm thick) porous polyethylene
membrane’s mechanical stability, various coatings were
applied and tested. The Nafion®-based membrane is a hot
pressed material and differences in pressing procedures were
investigated. Different procedures and configurations were
investigated for fabricating membrane electrode assemblies.
Various changes in hardware and operating parameters,
such as flow rates, catalysts and catalyst loadings, as well as
anolyte and catholyte compositions are being investigated to
determine their effect on cell performance and their potential
to reduce costs and/or increase efficiency. For example, we
identified changes in flow field designs as having an impact
on performance with the porous polyethylene membrane.
Some tests with the Nafion®-based membrane gave very
stable cell potentials while a few did not. Electrochemical
impedance spectroscopy will be used to determine
degradation mechanisms with the goal of improving lifetime
performance. A 6.45 cm” single cell was used for this work.

In addition, a full-size, 300-cm” active area, single cell
was fabricated. It is expected that different challenges, e.g.,
sealing and minimization of shunt current, will need to be
addressed but that the work on membranes, degradation
mechanisms, etc., will extend to larger scale work.

Results

Characterization of Membranes (S.Lvov, PI)

Potential membrane materials were screened using
permeability of dissolved Cu(Il) species and conductivity at
25°C. The methods and equipment were carefully verified.
Details of the equipment and methods will be published
elsewhere. Table 1 contains a comparison of these properties,
selectivity values (defined as the ratio of conductivity to
permeability, or the ratio of hydrogen transport to copper
transport), as well as current costs for Nafion® 117, Nafion®-

TABLE 1. Properties of Membranes for Possible Use in the Cu-Cl Electrolyzer

Property Conductivity | Permeability | Selectivity Today’s
(Slcm) x10°® x10° Cost ($/m?)
(cm?ls) (S*slcm?)
Nafion® 117 0.083 1.8 4.61 550
Nafion®-based | 0.057-0.076 0.15-1.92 <39.5 >550
PPE 0.050 1.6 31 10*

*Does not include coating costs
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based and PPE. Cost is also a factor in the evaluation of the
various membranes. As can be seen, the cost of the porous
polyethylene is about 55 times less than that of Nafion®117.
However, the cost for the Nafion®-based membranes will
be greater than that of Nafion®117 because of additional
processing. While PPE is the least expensive, it may require
a coating for additional mechanical stability and that cost

is unknown. Several coatings have been tried but none has
proven completely satisfactory.

Electrolyzer Performance with Nafion®-Based
Membranes (S.Lvov, PI)

A schematic of the electrolyzer is shown in Figure 1. The
ancillary equipment was redesigned to allow for recycling the
solutions and to maintain a safe working environment and
reliable operation. Fabrication was completed in late 2011.
Teflon® or perfluoroalkoxy components replaced all metallic
components. Teflon® diaphragm pumps replaced unreliable
peristaltic pumps. The HCI concentration in the anolyte
and catholyte was reduced from 11M to 6 or 7M. The CuCl
concentration was 2M. Additional heating tapes, insulation
and oil baths for bringing the recycled solutions to test
temperature were incorporated into the design. H, production
was measured by weighing the water displaced by the exit
gas after drying and HCI removal. Additional information on
the apparatus and test protocol will be published elsewhere.

Figure 2 shows a polarization curve using the Nafion®-
based membrane for two flow rates after a 24-h test. The
tests were run at 80°C, atmospheric pressure, and 0.8 mg/cm®
Pt loading on the Nafion®-based membrane. The flow field
was serpentine. At the target voltage of 0.7 V, the measured
current densities were 0.46 and 0.51 A/cm” for flow rates of
59 and 130 mL/min, respectively. These values exceed our
2012 milestone value and approach our 2015 target. Figure 3
shows that the hydrogen production efficiency was 95-100%
for the 24 hour period, i.e., the experimental values were
within a few percent of the values predicted by Faraday’s
Law. Such hydrogen production efficiency indicates there
were no parasitic losses due to reduction of copper ions.

No copper deposits were visually observed on any of the
components of the cell after the tests. A subsequent test was
run for 36 h with the same results. However, one test showed
decreasing current density with time. The mechanism for the
degradation of performance is not understood at this time and
electrochemical impedance spectroscopy will be employed in
future tests.

Electrolyzer Performance with PPE Membrane
(C. Fan, PI)

Tests were conducted at 0.7 V with this membrane
in a small electrolyzer, active area of 6.45 cm”, at 80°C
with deionized water as the catholyte and 2 mol CuCl in
10 mol/L HCI as the anolyte. Of the two flow fields studied,
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FIGURE 2. Polarization curve for the CuCl electrolysis with Nafion®-based
membranes at two flow rates after 24 h

the serpentine flow field had a slightly lower current density
(0.12 A/cm®) than the carbon felt design (0.16 A/cm?)

when the Pt loading was 0.5 mg/cm” on both the anode

and cathode. The type of coating on the membrane had a
significant effect. For example, for the same Pt loading on
the carbon felt cathode (0.5 mg/cm? but none on the anode),
the current density was 0.3 A/cm’ when the PPE membrane
was coated with a ceramic and 0.19 A/cm” when coated with
Nafion®. When PPE was coated with Nafion® and the Pt
loading was decreased from 2.0 to 0.5 mg/cm?®, the current
density was only marginally impacted as it decreased from
0.19 to 0.18 A/cm”. These results suggest that a carbon felt
flow field, a ceramic coating on PPE, and 0.5 mg Pt/cm’

DOE Hydrogen and Fuel Cells Program

IN: HCI(aq)

[ H* (ag) + e —» (1/2) Hy(g) ]

OUT:Hs(g), HCI(aq)

Oaﬂ T T T
0.0 0.2 0.4 0.6 0.8 1.0
Current Density (A-cm'?)

—Prediction via Faraday's Law ®59 mL/min 4 130 mL/min

FIGURE 3. Hydrogen production efficiency versus time for the experiment
described in Figure 2

are preferred to a serpentine flow field and no coating or a
Nafion® coating on the PPE membrane.

GTUI’s primary focus is the development of a 300 cm’-
size electrolyzer, dimensions 14.6 cm by 20.8 cm. Figure 4
shows GTI’s polarization curve for a single cell. The current
density was 0.18 A/cm” at 0.7 V. Conditions for this test
were 62°C, 1 bar, PPE membrane with Nafion® coating,

0.5 mg/cm’ Pt on cathode and anode, carbon felt on both
anode and cathode, water as catholyte and 1 mol CuCl in

a 10 mol/L HCl as anolyte, 1 L/min flow rate. Changes

in operating conditions are being investigated to increase
current densities in these full-scale electrolyzers. In addition,
work is in progress to develop a multi-cell stack. Issues that
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FIGURE 4. Polarization curve for a single cell electrolysis cell with 300 cm? of
active area

are being addressed include sealing of the cell, distributing
mass of the anolyte/catholyte evenly through all cells in the
stack, maintaining good electric contact within each cell and
minimizing shunt current.

Collaborations

Atomic Energy of Canada Limited and five Canadian
universities are working on the development of the CuCl
cycle. The collaboration consists of an informal information
exchange. Significant progress has been made recently. For
example, Atomic Energy Canada Limited invented a new
electrolyzer design that inhibited essentially all diffusion of
dissolved copper species to the catholyte for up to 341 h. The
measured dissolved copper concentration remained stable at
1-2 ppm during the entire run time.

An integrated demonstration is planned for 2013-2014
at the University of Ontario Institute of Technology. A
building is dedicated for this purpose. The equipment for the
hydrolysis and oxychloride decomposition reactions and other
processes, such as crystallization, are now undergoing hot
tests prior to their integration. Direct contact cooling of the
molten CuCl in water has been tested. Steam was generated
from the direct quench. The molten CuCl droplets solidified
and subsequently disintegrated into small pieces within two
seconds. No steam explosion was observed.
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Conclusions

e Achieved current densities that exceed our 2012
milestone when the cell voltage was 0.7 V using the
Nafion®-based membrane.

*  Conducted electrolyzer tests that showed no visible
copper deposition in/on the cell components.

*  Successfully tested a single cell electrolyzer with an
active area of 300 cm? and started fabrication of a full
scale multi-cell stack.

Future Directions

»  Extend duration of the electrolyzer tests with the
Nafion®-based membrane.

*  Develop methods to improve the mechanical stability of
the PPE membrane.

»  Continue improvement of 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.

»  Fabricate and test a multi-cell stack full size electrolyzer
and improve its performance to meet the current density
milestone.

» 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; sharing
experimental data and approaches to leverage R&D
funds.
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Fiscal Year (FY) 2012 Objectives

e Discover and characterize suitable materials for two-
step, non-volatile metal oxide thermochemical cycles.

»  Design and test particle conveying concepts for a novel
reactor/receiver concept.

»  Test construction materials for compatibility between
ceria and reactor components at high temperature and
low oxygen partial pressure.

*  Calculate theoretical system efficiency for various
reactor/receiver operating scenarios.

*  H2A technoeconomic analysis of dish-based particle
reactor/receiver concept.

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

(X) Coupling Concentrated Solar Energy and
Thermochemical Cycles

DOE Hydrogen and Fuel Cells Program

Technical Targets

This project is conducting fundamental studies on
materials suitable for use in concentrated solar power
applications and designing reactor concepts that when
combined will produce H, from thermochemical water
splitting cycles. Insights gained from these studies will
be applied toward the design and optimization of solar-
driven reactors that meet the following DOE hydrogen
production targets:

*  Cost: $2-$4/gasoline gallon equivalent H,
*  Process energy efficiency: >35%

FY 2012 Accomplishments

*  Developed a detailed kinetic model for ceria redox that
can be used to establish theoretical cycle performance
metrics in SNL-designed reactors.

*  Synthesized and characterized transition metal-
doped ceria materials which demonstrate increased
redox capacity and lower effective thermal reduction
temperature compared to undoped ceria.

»  Validated particle conveyor concept by demonstrating a
sustained mass flow rate of 30 g/s particles for 1 hour.

»  Verified no adverse reactivity between ceria (active
material) and materials of construction such as alumina
(to 1,550°C), SiC (to 1,400°C), or Haynes 214 alloy (to
1,200°C) for a period of 3 hours.

»  Evaluated theoretical system efficiency under low direct
normal insolation (DNI). Particle reactor design achieves
efficiencies that meet the 2012 DOE target of 30% for
DNI between 400 W/m® and 1,000 W/m”.

+ Initiated H2A analysis of'a 100,000 kg/day H, plant
based on 22,000 dish-type receivers.

D T S

Introduction

The conversion of solar radiation into a chemical fuel
such as hydrogen is an engineering challenge, however,
unlike solar-derived electricity or heat, it is easier and
more efficient to transport and store hydrogen. This point
is important because energy demand is rarely matched
to incident solar radiation, either spatially or temporally.
Two-step solar-driven thermochemical cycles based on
non-volatile metal oxides are an attractive technology for
producing hydrogen because of the potential to operate
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at high solar-to-chemical conversion efficiency with
moderate operational demands on land and water resources.
Conceptually, heat derived from concentrated solar

energy thermally reduces a metal oxide at temperatures
between 1,300°C and 1,500°C, producing O, (step 1). The
reduced metal oxide is then taken off sun and oxidized

at temperatures below 1,000°C by exposure to H,O, thus
producing H, fuel (step 2) and completing the cycle. The
ultimate commercial success of solar thermochemical
hydrogen production is contingent upon developing suitable
redox active materials and incorporating them into an
efficient solar reactor/receiver.

Approach

Thermochemical reactors are heat engines that convert
concentrated solar energy (heat) to chemical work. Our
approach is to use a novel reactor design that achieves
unprecedented solar-to-hydrogen fuel conversion efficiency.
It is based on a moving bed of packed particles that embodies
all of the design attributes essential for achieving high
efficiency: (1) inherent sensible solid-solid heat recovery
between the reaction steps; (2) spatial separation of pressure,
temperature, and reaction products within the device;

(3) continuous on-sun operation; and (4) direct absorption
of solar radiation by the redox active material. In addition,
the design is mechanically simple and can accommodate
virtually any reactive material in particle form.

We are currently developing a high-temperature
particle conveying and reactor system, and discovering
active materials suitable for two-step cycle chemistry.
Recent efforts have focused on ferrites and cerium oxide,
which are representative of two important material classes
that are defined by how the metal oxide chemistry is
manifested in the solid state. The material discovery work
involves expanding our understanding of the underlying
thermodynamics and kinetics in order to make performance
improvements and/or formulate new compositions that
directly impact overall process efficiency. Additional
research efforts are directed towards system-level
challenges associated with dish and central-receiver based
thermochemical platforms, which we address through system
performance calculations and economics models.

Results

Materials Development: Cerium oxide has recently
gained attention as a suitable material for use in high-
temperature thermochemical water splitting cycles [1,2].
Originally disregarded because of the high temperature
required to operate the cycle stiochiometrically (T >2,000°C),
it was later discovered that the non-stiochiometric oxide
could be marginally effective at lower temperatures
(T~1,500°C) due to fast redox kinetics and high thermal
stability. However, even at the lower reduction temperature,

FY 2012 Annual Progress Report

I1-61

it is not likely that unmodified ceria used as a working fluid
in a two-step thermochemical cycle will be able to achieve
the DOE cost targets for H, production because the redox
capacity is too low. Therefore, we have been investigating
the use of transition metal dopants to: (1) destabilize the
ceria crystal structure in order to decrease the temperature
required for effective thermal reduction, and (2) increase
the redox capacity (i.e., H, production rate per cycle)

by synthesizing ceria solid solutions with other redox
active cations.

Preliminary results of this effort are illustrated in
Figure 1 for a 10 mol-% mixture of Fe,O, in CeO,. Samples
prepared by the sol-gel method were reduced and oxidized in
a stagnation flow reactor equipped with a 500 W CW near-
infrared diode laser for sample heating (thermal flux closely
approximates conditions found in solar concentrators). Here
the O, production rate was measured as a function of time
and temperature during thermal reduction after oxidation by
O, (red curve) or H,O (blue curve) at 800°C. The O, redox
capacity of the material can be measured by the area under
each curve, and by proxy the H, production rate inferred.
It is clear by the data presented in Figure 1 that adding iron
oxide to ceria increases the total amount of O, evolved and
decreases the temperature at which O, evolution begins (see
dashed lines with arrows). Unfortunately this behavior is
only evident for O, redox cycles and not H,O redox cycles,
which indicates that this particular dopant is not an effective
additive for water splitting. We have characterized the effects
of doping several aliovalent first-row transition metal cations
into ceria, as well as mixtures of ceria and zirconia, with
mixed results. We find that certain compound formulations
do indeed increase the H, production capacity, but reduce
thermal stability by inducing sintering and slow the oxidation
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FIGURE 1. The rate of oxygen production measured during thermal reduction
as a function of time after O, oxidation (red curve) and H,0 oxidation (blue
curve) for iron oxide doped ceria
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kinetics. In the future, we will investigate non-stiochiometric
oxides in the perovskite family of materials.

Reactor Development: Significant progress in the
development of the elevator/recuperator section of the reactor
was achieved by adopting an innovative nested auger design
for vertical conveyance of particles (Figure 2), and testing
multiple surrogate materials (75-pum silica sand, 200-pm
sand, corn flour, and corn grits). Conveying efficiency was
found to differ considerably between materials depending
on cohesive strength, internal friction, and wall friction of
the material. The surrogate materials were chosen to test
different particle sizes, effective densities, and cohesive
strengths, which are all known to effect particle transport.

In addition, experiments with return particle flow through

a finned tube representative of a heat exchanger showed a
critical dependence on particle size. Flow was essentially
unimpeded for larger particles (75 um), but was completely
hindered for smaller particles (5 um) except under severe
mechanical agitation. We are now able to specify an optimal
particle size for conveyance in a bench-scale prototype.

We also investigated the compatibility of ceria with
prospective reactor materials, specifically, alumina and
alumina-coated silicon carbide. Alumina was found
not to react with ceria up to 1,550°C in stagnant air.
Alumina-coated silicon carbide was tested up to 1,450°C,
and also found to be unreactive. These experiments showed
that a minimal thickness of alumina coating is needed before
the surface can be passivated. When coating thickness is
insufficient, ceria reacts vigorously with the underlying
SiC/SiO,. However, thicker coatings were found to be
increasingly unstable. The optimal coating thickness and
deposition method will need to be determined if SiC is to be
used as a reactor material.

The most relevant performance metric that impacts H,
production cost is the annual average efficiency. We have
previously calculated this efficiency using a simple model

FIGURE 2. Nested auger design prototype for particle conveyance
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for the reactor operating at off-design point conditions, i.e.,
low or high DNI. To better estimate the annual average
efficiency we improved the design-point efficiency model,
which has enabled the assessment of multiple off-design point
performance parameters. The results of these calculations
are summarized in Figure 3. The main conclusion from these
calculations is that increased efficiency under low DNI can
be achieved due to the opposing dependencies of radiation
losses, recuperator effectiveness, and thermal reduction
pressure. As the oxide flow rate is decreased to maintain the
thermal reduction temperature, heat recovery effectiveness
increases and oxygen partial pressure (p,,,) decreases, leading
to an increased extent of reduction of the oxide. At the same
time, the absolute amount of power lost through the aperture
via radiation remains constant (i.e. the relative radiation

loss increases). Therefore, for a wide range of DNI the gains
from increased heat recovery effectiveness and increased
extent of reduction more than offset the increase in the
relative radiative losses. This yields a substantially flat solar
efficiency making the reactor exceptionally well-suited for
real world operation.

H2A Systems Analysis: Analysis for the particle bed
reactor includes several elements that build on one another to
produce the final economic model. We begin with an annual
average efficiency calculation of a single dish-based particle
reactor operating in Daggett, CA. The reactor uses an 88-m’
parabolic dish collector with optical performance modeled
after the pre-commercial units developed by Stirling Energy
Systems at SNL over the last decade. The reactor uses cerium
oxide particles as the reactive media and we assume sensible
heat recuperation of 90%. This level of recuperation is only
possible in the particle reactor concept since it includes
counterflow heat transfer between solids (absolutely unique
to this reactor design).

The system-level hydrogen production is assumed to
be 100,000 kg/day, requiring a total of over 22,000 dishes.

B
o

Design point: DNI = 1 kwW/m?
nominal p,, = 100 Pa_

(€3]
o
I

Solar Efficiency n [%]
]
(e}

10 - nominal _ 35;6
: - 75%
:recuperator 55%

efffectiveness — 25%

0 +—— — .
100 300 500 700 900 1100
DNI [W/m?)

FIGURE 3. Efficiency of the particle reactor under decreased DNI (for detailed
discussion see text)
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Each of these dishes is connected to a central facility by
hydrogen and water piping. Water is delivered under pressure
to each dish, and hydrogen is pumped from each dish to the
central facility at a pressure of 300 psia. The energy losses
associated with pumping both the water and the hydrogen
through the field are accounted for in the resultant cost of
electricity on an annual basis. Economic assumptions and
capital cost estimates are included to complete the model.
Our baseline assumptions are consistent with those reported
by TIAX [3]. Although our economic analysis is not yet
complete, preliminary results indicate a significant amount of
uncertainty in the projected cost of H,,. This is also consistent
with other results derived from the TIAX report, e.g. the
ferrite process proposed by the University of Colorado is
predicted to have a hydrogen cost between $2.7-$15.02/kg

H, [3]. In this case as in ours, most of the uncertainty is tied
to the performance of the reactor itself, which is an issue we
need to formally address as we continue our assessment of
the particle reactor concept.

Conclusions and Future Directions

*  Screen a large family of perovskite-type oxides for use
in two-step, high-temperature thermochemical water
splitting cycles.

*  Continue with the staged development of a high-
temperature reactor prototype sized for 5 kW, that will
be tested on-sun at the National Solar Test Facility.

e Design beam-down optics for both dish and central-
receiver based reactors.

FY 2012 Annual Progress Report
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Fiscal Year (FY) 2012 Objectives

*  Demonstrate the “hercynite cycle” feasibility for
carrying out redox.

» Initiate design, synthesis and testing of a nanostructured
active material for fast kinetics and transport.

*  Demonstrate the “hercynite cycle” on-sun.

Technical Barriers

This project addresses the following technical barriers
from the Production section, page 3.1-26 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

(X) Coupling Concentrated Solar Energy and
Thermochemical Cycles

Technical Targets

The technical targets for solar-driven thermochemical
conversion are summarized in Table 1. The projected thermal
efficiency for the developed process is 55.5% lower heating
value (LHV), thus exceeding the >35% requirement for the
2017 case. For a solar to receiver annual average efficiency of
40.2%, the overall solar to H, efficiency is estimated at 22.3%
(LHV). Current results indicate that it is possible to achieve

DOE Hydrogen and Fuel Cells Program

TABLE 1. Technical Targets for Solar-driven High-Temperature
Thermochemical Hydrogen Production

Characteristics Units 2012 2017
Target Target
Plant Gate H, Cost $/gge H, $6 $3
Installed Heliostat Capital Cost $/m? $140 $80
Process Energy Efficiency % 30 >35

(thermal, LHV)

gge — gasoline gallon equivalent

reduction times of <30 seconds and oxidation times with
oxygen of <30 seconds. Oxidation with steam requires longer
times, but it has been found that increased steam partial
pressure substantially increases the rate of reaction. Methods
to decrease redox cycle time are a focus of current research.

FY 2012 Accomplishments

*  Demonstrated redox cycles with oxygen oxidation at less
than 2 minutes.

*  “Hercynite cycle” reaction mechanism through stable
aluminate compounds verified by Raman spectroscopy.

»  Designed active material nanostructures fabricated by
atomic layer deposition demonstrated stable activity after
the first cycle up to 25 cycles.

¢

R R

Introduction

Two-step solar thermochemical processes based on non-
volatile metal oxide cycles have the potential to operate at
high thermal efficiencies, are chemically simple, and require
less land and water to operate than competing biomass,
artificial photosynthesis and photovoltaic-driven electrolysis.
Traditionally, two types of non-volatile metal oxide redox
chemistries are utilized in solar thermochemical CO,
splitting. The first is based on non-stoichiometric oxides of
which ceria is a representative example. Such redox materials
are thermally reduced without undergoing phase change,
as the lattice is able to accommodate the strain induced by
oxygen vacancy formation. These materials are thermally
quite stable, although the extent of reduction, and hence cycle
capacity, is small compared to other reducible oxides.

The second prototypical chemistry utilizes materials
of the spinel structure that form solid solutions upon
reduction. The most common are ferrites where Fe'" in
M Fe, O, is partially reduced to Fe’*; here M can be any
number of transition metals that form spinel type oxides
with iron though Co, Zn, and Ni are the most studied.
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In these redox cycles, the ferrite spinel is heated until it
decomposes into a mixture of metal oxide solid solutions
that are thermodynamically stable at temperatures above
which the spinel decomposes. Thus, thermal reduction
yields a solid solution of oxides with mixed valence (M*",
Fe’", and Fe'"). While these materials theoretically exhibit
greater redox potential than non-stoichiometric oxides, in
practice deactivation induced by irreversible processes such
as sintering or the formation of liquid phases and metal
vaporization lead to loss of active oxide.

In this work, we examine a novel chemistry for a two-
step, non-volatile metal oxide H,O splitting cycle that shuttles
iron oxidation states (Fe*") between CoFe,0, and FeAL O,
spinel compounds within a nano-engineered material. This
chemistry is dramatically different than current metal oxide
cycles that exploit oxygen non-stoichiometry in ceria or
solid solution behavior in ferrites. The engineered material
was prepared using atomic layer deposition (ALD) and
maintained structural integrity over 6 heating cycles under
conditions that mimic a concentrated solar power application,
namely an oxidation temperature of 1,000°C, reduction
at 1,460°C, and a heating rate of 16°C/s from low to high
temperature. Oxygen uptake and release behavior was similar
to that of ceria. Raman spectroscopy was used to verify
cycle chemistry. These properties provide for a technical
foundation to achieve the DOE technical targets and enable
the hydrogen economy.

Approach

So called the “hercynite cycle”, reduction chemistry
occurs via a reaction between decomposition products of
the CoFe O, and Al,O,, forming the corresponding stable
aluminates CoAl,O, and FeAl, O, according to the following
oxygen evolution reaction:

CoFe,0, +3A1,0, & CoAl,0, +2FeALO, + %4 O, (1)

During subsequent oxidation by H,O, the cobalt ferrite spinel
and alumina reform and H, is produced:

CoALO, +2FeALO, + H,0 & CoFe,0, +3ALO, +H, (2)

The oxygen evolution reaction Eq. (1) occurs to a
greater extent at a temperature 150°C lower than a similarly
prepared CoFe,O,-coated m-ZrO, (conventional ferrite)
because compound formation is thermodynamically more
favourable than solid solution formation. While lowering the
reduction temperature is an important consideration for solar
thermochemical technologies, perhaps more intriguing is the
idea of binding the reduced iron in a compound that is more
stable than solid solution.

Inspired by these initial observations, we deposited a
nanometer thick film of CoFe,O, on a porous thin-walled
(15 nm) skeletal Al O, support to study the CO, splitting
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capability of this material for use in a concentrated solar
power application. The reactive structure is depicted
schematically in Figure 1 along with optical images of sample
material photographed in the oxidized and reduced states,
and an field emission scanning electron microscope (FESEM)
image of the alumina support before thermal cycling. The
cartoon in Figure 1 implies that the CoFe,O, film is located
on the exterior surface of the support shell, but the ALD
process ensures that the ferrite film covers all gas-accessible
surfaces on and within the porous material. As a result, the
cobalt ferrite mass loading is relatively high (20%) and the
reactive structure maintains a high effective surface area and
low bulk density prior to high-temperature thermal cycling.

The main benefit of this reactive structure that sets it
apart from prior work is that we can better engineer the
spinel-alumina interface. Ideally we would like to irradiate
only redox active material, any excess Al,O, would reduce
process efficiency by heating of inert carrier. Deposition
of CoFe,O, on either high surface area Al,O, powders or
monoliths would be undesirable because too much inert
material would end up in the structure. Perhaps more
important than wasting heat, a large excess of alumina would
lead to diffusion of Co and Fe deeply into the bulk and
undoubtedly have a detrimental impact on the redox kinetics.
The porous Al O, skeletal support with 15-nm wall thickness
addresses both of these concerns.

OXIDIZED

FIGURE 1. Optical image showing 0.5-mm diameter spheroids of porous
Al,O, shells coated in nanometer thick CoFe,O,. Color changes from brown to
green when hercynite forms upon thermal reduction (top). FESEM image of the
porous Al,O, structure prepared by ALD (bottom left). Schematic illustrating
the conceptual layout of the nano-engineered reactive structure, not drawn to
scale, and the spinel compound that forms upon calcination (bottom right). A
representative FESEM image of the skeletal structure is incorporated into the
schematic. The coverage of CoFe,0, on the alumina scaffold is not limited to
the outer surface; it coats all gas-accessible surfaces on and within the porous
structure (see text).
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Results

An important measure of a material’s suitability for a
thermochemical water splitting cycle is the extent to which
oxygen exchange occurs upon heating and cooling. This
activity was assessed by exposing the nano-engineered
material to a gas flow containing 2,000 ppm O, in helium and
rapidly heating and cooling the material while monitoring
the O, uptake and release behaviour. The results of this
experiment are presented in Figure 2. Starting att =0's,

a constant background of O, is measured by the mass
spectrometer. At several time intervals spaced roughly 350 s
apart, a laser irradiates the sample raising the temperature
from 1,000°C to 1,460°C in 30 s. After a 100 s dwell at
1,460°C, the laser power is turned off and the sample is
allowed to cool through conductive, convective, and radiative
processes. Testing was carried out for a total of 25 cycles.

According to the data in Figure 2, during the initial part
of the heating interval the O, signal increases to a peak that
is 47% above background, then quickly falls back to baseline
before the 100 s dwell time at high temperature expires.

O, evolution in a gaseous environment where the oxygen
activity is relatively high (0.001 atm) indicates favorable
thermodynamics for reduction at conditions relevant to
solar-driven thermochemistry. Of equal importance is the
observation that the material reabsorbs oxygen on cooling,
which is evidenced by the O, signal dropping below the
2,000 ppm background level for a short period of time after
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FIGURE 2. Oxygen uptake and release behaviour as a function of time and
temperature measured in the presence of a constant 2,000 ppm O, background
partial pressure indicates thermodynamics for hercynite reduction are favorable
for solar-driven thermochemical cycles (see text). The reduction extent as a
function of temperature for ceria and hercynite at two different heating rates is
shown in the inset.
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laser irradiation. To a first approximation, the area under

the desorption peak is equal to that of the absorption peak
(~100 pmoles O, /g of material). Furthermore, the O, redox
behavior is reproducible over 6 heating cycles indicating that
the material remains chemically active and is structurally
stable (i.e., no significant irreversible loss of activity, surface
area, physical dimension, or metal oxide).

Optical images of the sample taken before and after
thermal redox cycling (Figure 1) show that the material
maintains its semi-spherical shape, however, noticeable
shrinkage occurs during repeated exposures to 1,460°C.
Brunauer-Emmett-Teller analysis on similarly cycled
materials confirms internal structural changes that are
consistent with loss of porosity and sphere volume as
the surface area is reduced from 44 m*/g (as prepared) to
1.6 m*/g (cycled). This is due to collapse of the micropores
and mesopores in the alumina material resulting from grain
growth at these extreme temperatures. Nonetheless, after
the first cycle, the oxygen capacity did not diminish after
23 thermal reductions, amounting to 20 hours at 1,000°C
and 2 hours at 1,460°C, implying that the activity of the
material is not affected by loss of internal surface area and
that all structural changes occurred during the first cycle. A
more rigorous and detailed study investigating the effect of
porosity and the thermal stability of the material is currently
underway.

The graph inset to Figure 2 reveals another important
feature of our engineered reactive structure. Here we plot
the reduction extent as a function of temperature for two
different heating rates. The reduction extent is calculated by
taking the ratio of evolved oxygen, integrated as a function
of time on a molar basis, to the total amount of oxygen
present in the fully oxidized material. There are two pieces
of information available in Figure 2; (1) by comparing a slow
heating rate (2°C/s) to a fast heating rate (16°C/s) possible
kinetic limitations to O, redox become evident, and (2) the
reduction extent for a given temperature provides information
on cycle capacity (i.e., how much fuel can be produced per
a mole of material). For comparison, reduction data are also
presented for CeO, particles (nominally 5-pum diameter) in
Figure 2.

Clearly the 2°C/s heating rate produces more O, at a
given temperature than the 16°C/s rate, which is likely due to
a transport limitation within the reactive structure. However,
the nanostructured ferrite performance compares comparably
to that of CeO, which, unlike iron oxide, is known to possess
high oxygen ion conductivity and rapid exchange kinetics.
Therefore it is conceivable that by reducing the thickness
of the Al O, skeletal structure, diffusion limitations may be
further mitigated allowing greater utilization of the redox
active Fe cation and faster redox kinetics.

To support our hypothesis that the reactions embodied
by Egs. 1 and 2 are correct, we analyzed the chemical
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FIGURE 3. Surface Raman spectra recorded for ferrite and aluminate
reference materials compared to unknown compositions of nano-engineered
CoFe,0,-coated Al,O, material prepared by thermal reduction in helium (a), or
oxidation in CO, (b), or oxidation in O, (c).

composition of the nanostructured materials using surface
Raman spectroscopy. Several representative samples were
oxidized in either O, or CO,, or reduced in pure helium, and
then thermally quenched before ex situ examination in a
Raman microscope. Presented in Figure 3 are Raman spectra
for three of our endpoint compounds, CoFe,O,, CoAl,O,, and
FeAl,O,, along with spectra measured from samples taken

at various states of oxidation (labelled a-c in the figure).
Material fully oxidized in O, (c) exhibits spectral features
indicative of CoFe,O,, with two main excitation peaks
observed at 476 and 686 cm™ which agrees with literature
assignments for this compound. Raman spectra for material
in the fully reduced state (a) show a mixture of phonon modes
that can be attributed to cobalt aluminate and hercynite.
Furthermore, the strong resonance features of CoFe,O, are
not detectable in (a) indicating that the reduction reaction has
gone to completion in the near surface region of the ferrite.
Also of note is the relative stability of the reduced compound
(FeAl,O,) in air at room temperature. Samples were removed
from the reactor and stored for several days before transport
to the Raman microscope without special handling to avoid
air exposure.
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Conclusions and Future Directions

*  The “hercynite cycle” active materials follow a redox
mechanism through stable aluminates which is predicted
to provide for a chemically robust process.

¢ Our CoFe,0,-coated Al,O, material is capable of
producing appreciable amounts of H, after thermal
reduction at a temperature as low as 1,360°C, with
consistent oxidation behavior up to 25 thermal
reductions. This observation is approximately 100°C to
150°C lower than values reported for ferrite or CeO,-
based systems, respectively.

*  The nanostructured active materials can be improved to
reduce diffusional resistances and work is underway to
develop such materials.

Patents Issued

1. “Metal Ferrite Spinel Energy Storage Devices and Methods for
Making and Using Same,” U.S. Patent 8,187,731 (2012).
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1. Arifin, D., V.J. Aston, X.H. Liang, A.H. McDaniel and

AW. Weimer, “CoFe,O, on Porous Al,O, Nanostructure for Solar
Thermochemical CO, Splitting,” Energy and Environmental
Science; in-press, DOI:10.1039/C2EE22090C (2012).

2. Martinek, J., C. Bingham, and A.W. Weimer, “Computational
Modeling and On-sun Model Validation for a Multiple Tube Solar
Reactor with Specularly Reflective Cavity Walls, Part 1: Heat
Transfer Model ,” Chemical Engineering Science; 81, 298 - 310
(2012).

3. Martinek, J., C. Bingham, and A.-W. Weimer, “Computational
Modeling of a Multiple Tube Solar Reactor with Specularly
Reflective Cavity Walls, Part 2: Steam Gasification of Carbon,”
Chemical Engineering Science, 81, 285 - 297 (2012).

4. Scheffe, J.R., M.D. Allendorf, E.N. Coker, B.W. Jacobs,

A.H. McDaniel and A.-W. Weimer, “Hydrogen Production via
Chemical Looping Redox Cycles Using Atomic Layer Deposition-
Synthesized Iron Oxide and Cobalt Ferrites,” Chemistry of
Materials,” 23 (8), 2030-2038 (2011).
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Fiscal Year (FY) 2012 Objectives

The main objective of this project is to develop third-
generation materials and structures with new properties
that can potentially meet DOE targets (2013 and 2018) for
usable semiconductor bandgap, chemical conversion process
efficiency, and durability.

*  Develop a transparent conducting high surface area
electrode (HSE) as a broadly applicable substrate for
photoelectrochemical (PEC) devices utilizing scalable
fabrication methods.

e Improve efficiency of charge transport limited PEC
materials (e.g., a-FeZOS) by integrating them into the
HSE substrate and demonstrate efficacy.

*  Develop efficient PEC materials consisting of
nanostructured MoS, with a wider bandgap, improved
band alignment with respect to H, and O, evolution
potentials and improved surface catalysis for the
hydrogen evolution reaction.

*  Develop durable MoS, photo-cathodes.

DOE Hydrogen and Fuel Cells Program

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

(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 broadly
applicable substrate platform that enables the ability to
integrate novel third-generation solar absorbers as well as
charge transport limited solar absorbers into a complete
PEC device. If successful, this project will address the
following DOE technical targets as outlined in the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan.

TABLE 1. Progress towards Meeting Technical Targets for PEC Hydrogen
Production

Characteristics Units 2013 2018 2012
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 2012 Accomplishments

*  Developed and optimized a facile, scalable spray
deposition route (patent pending) to fabricate HSEs of
transparent conducting oxide (TCO) materials.

*  Demonstrated a robust synthetic methodology that
enables tunable control of surface area from ~1 to over
100x relative to a planar substrate as determined using
extensive electrochemical characterization.

*  Use of the HSE substrate as a support for o-Fe,O, (a
minority carrier charge transport limited PEC material)

FY 2012 Annual Progress Report
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yields performance enhancement over planar a-Fe,O,
devices.

*  Engineered nanoscale mesoporous architectures of MoS,
to overcome thermodynamic structural limitations in
bulk form to achieve a higher density of catalytically
active sites for electrochemical hydrogen evolution.

¢ Determined band structures for quantum confined MoS,
nanoparticles to show better conduction and valence
band alignment for H, and O, evolution potentials

S T R

Introduction

The production of hydrogen (H,) currently represents
2-3% of worldwide energy consumption due to the critical
role of H, in large scale industrial processes such as ammonia
synthesis and petroleum refining [1,2]. PEC water splitting
is a promising route towards producing H, using only
renewable resources (sunlight and water) [3]. Producing H,
by this approach can reach costs as low as $2-$3/gasoline
gallon equivalent [4] and represents a way to store solar
energy to better match the intermittent solar collection profile
with variable point-of-use energy demand profiles. To realize
these competitive economics with PEC water splitting, it is
necessary to create higher efficiency and lower cost devices
than what is currently available today.

Successful development of an economical system
to split water from solar irradiation requires optimizing
multiple components that make up a complete PEC device,
including discovery of efficient, earth-abundant, and stable
photoelectrode materials and electrocatalysts, as well as
appropriate architectural supports, followed by integration of
these components into a complete system

Approach

One of the major limitations to efficient PEC device
development is achieving high solar absorption while
maintaining short charge transport distances in a typical
planar electrode geometry. Thick samples improve light
absorption at the expense of charge transport, while thin
samples improve charge transport at the expense of light
absorption. This challenge is general to thin-film solar
technologies [5]. One method to decouple the two phenomena
is to utilize transparent, HSE supports coated with ultra-
thin layers of light absorbing material. HSEs enable the
fabrication of high optical density devices without using
thick absorber layers, thereby mitigating efficiency losses due
to transport of both minority and majority charge carriers.
This approach has been successfully demonstrated in dye-
sensitized solar cells which often employ high surface area
TiO, [6]. Furthermore, HSE architectures reduce local current
densities by increasing interfacial surface area, decreasing

FY 2012 Annual Progress Report

the kinetic overpotential required to turn over a reaction and
further enhancing the efficiency of electrodes used in both
solar applications as well as non-solar applications such as
electrocatalysis. Development of these HSEs is therefore an
enabling technology at both the fundamental and applied
research levels. To further address the broad range of
materials currently being studied for PEC water splitting,

it is necessary to develop HSEs with tunable physical and
electronic properties in order to optimize the light absorption,
charge transport, and mass transport properties of a complete
device.

While many materials have previously been studied
for PEC water splitting, no one material currently meets the
requirements of high efficiency and low cost. To develop
novel solar absorber materials, we engineer nanostructures
of MoS,, [7] a material which demonstrates promising
photoactivity in bulk form, [8] but is otherwise hampered
by a bandgap that is too small, misaligned conduction
and valence bands with respect to the H, and O, evolution
potentials, and poor catalysis. By nanostructuring MoS,,
the electronic properties can be modified through quantum
confinement, [9,10] and the catalytic activity for H, evolution
can be dramatically enhanced by exposing a greater number
of active edge sites [11,12].

Results

Previously, we successfully developed a synthetic route
towards fabricating high surface area TCO substrates with
hierarchical (nanometer-scale and micron-scale) porosity
utilizing a scalable spray deposition technique. The design
is applicable to a broad range of compositions, such as
indium tin oxide, fluorine-doped tin oxide, aluminum zinc
oxide. Figure la illustrates a schematic representation of
the resulting film morphology from this scalable fabrication
process. 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.

We have made significant progress in the development of
HSE supports, including synthetic methods, characterization
and most notably, in the utilization of the HSE as a PEC
support. Spray fabrication conditions for the HSE have
been optimized to yield high reproducibility and large
area coverage (10’s to 100 cm®) in the laboratory setting.
Electrochemical characterization of the HSEs yielded
limitations when the active area was defined and sealed with
an o-ring in a compression cell configuration, resulting in
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FIGURE 1. Transparent conductive HSEs are fabricated via spray deposition to yield substrates with tunable surface areas (a). Improved
electrode mounting methods include conductive paint and insulating epoxy (b) resulting in non-diffusion limited performance (c) and high
precision, high accuracy synthetic tunability of the roughness factor (d).

electrolyte leaking and erroneous diffusion limited signals.
These problems have been eliminated by contacting the
HSEs with conductive paint and defining and sealing the
active area with insulating epoxy (Figure 1b). The result of
this improved methodology is that the data interpretation
for electrochemical surface area characterization is more
straightforward — there are no diffusion limitations observed,
as evidenced by the linear relationship between current
density and scan rate (Figure 1c). The absence of diffusion
limitations through the HSE bodes well for subsequent
(photo)catalytic applications. The end result of the refined
synthesis and electrode mounting procedures is that discrete
roughness factors ranging from ~1 to >100 can be targeted
with great accuracy and precision (Figure 1d) depending on
the needs of the final application.

Hematite (0-Fe,O,) was chosen as a proof-of-concept
material to test the enhancement afforded by the HSE
scaffold for charge transport limited PEC materials. Hematite
films were fabricated by dropcasting an ethanolic solution
containing FeCl, and Ti-butoxide (1:10, Ti:Fe) followed
by annealing at 550°C in air following the work of Li
et. al. [13]. For comparison, three samples were fabricated
(Figure 2a): 1) HSE substrate with hematite layer. This
resulted in a conformal, well adhered film with a high

DOE Hydrogen and Fuel Cells Program

optical density. 2) Planar substrate with identical hematite
loading (ug/cm’ tevic) t0 sample 1. This resulted in a thick,
cracked film which delaminated from the substrate. 3) Planar
substrate with hematite film thickness (nm) identical to
sample 1. This resulted in a thin, low optical density film.
The PEC performance of these three samples is presented

in Figure 2b. Sample 1 on the HSE substrate shows the best
performance, maintaining the expected photocurrent onset
of ~1 V vs. reversible hydrogen electrode with a superior
photocurrent due to high light absorption and charge
extraction within the HSE. Samples 1 and 2 have an identical
hematite loading, absorb the same number of incoming
photons and should therefore be capable of generating the
same photocurrent. However, because this high loading

is placed on a planar substrate, the actual hematite film
thickness is very large, resulting in physical instability and
delamination from the substrate. The result is that sample 2
is unstable and gives no PEC signal. The take home message
here is that it is desirable to have high loadings of material
(per geometric device area) to achieve high optical densities
and correspondingly high photocurrents. However, there is an
upper stability limit when loading thicker films onto planar
substrates which does not allow the desired loadings to be
achieved. Yet, our HSE scaffolds do not encounter this same
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FIGURE 2. Optical photograph of hematite films on planar and HSE substrates (a), see text for synthetic details. (b) Current-voltage curves in the dark (dotted lines)

and under 1 sun of illumination (solid lines) for the samples presented in (a).

loading limitation and can offer high optical densities of
stable, delamination-free active layers.

Comparison of samples with an identical thickness of
hematite, samples 1 and 3, indicates that the HSE substrate
offers practical performance enhancement through increased
light absorption (Figure 2b). It is clear, however, that there
is room for further improvement of the HSE device as the
current is only ~2x that of sample 3, while the loading is
~12x higher. Proposed routes to improvement include further
optimization of the dropcasting procedure and introduction
of an interfacial layer between the HSE and hematite layers
[5,14-16]. Initial work in our labs using interfacial layers
of SiO, and TiO, has shown promising results and must be
further optimized to achieve full conformal coverage on
the HSE.

Although hematite is an excellent material to study
whose performance can be enhanced by the HSE, it is
ultimately limited by a mismatched conduction band with
respect to the hydrogen evolution potential. In order to
engineer materials with more appropriate band structures
that sufficiently straddle the water splitting potentials, we
leverage the effects of quantum confinement to tune the
electronic properties of MoS, [17]. We have previously
demonstrated the synthesis of MoS, nanoparticles using a
micelle encapsulation approach that exhibit a blueshift in
the absorption onset with smaller size. This corresponds
to an enlargement in the bandgap up to ~1.8 eV for MoS,
nanoparticles of only a few nm in diameter. In order to
further assess the flatband potential (E,) of the nanoparticles,
we fabricated thin film electrodes. A number of fabrication
techniques were explored such as dip coating, drop
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casting, and spin coating, but spray coating yielded the
most homogeneous films on a variety of substrates. Spray
deposited films of nanoparticles on fluorine-doped tin oxide
enabled PEC characterization and assessment of E, by
photocurrent onset. When coupled to the optical absorption
measurements, we were able to approximate the band
structure (Figure 3), showing that the smallest nanoparticles
appear to possess conduction and valence bands that
adequately straddle the water splitting potentials.

We further enhanced the catalytic properties of MoS,
for H, evolution (Figure 4a) by engineering its surface
structure to display an increased density of active edge sites.
In order to achieve this result, it is necessary to overcome
a limitation in which the formation of these edge sites are
thermodynamically unfavored compared to the formation of
extended non-active basal planes at bulk length scales greater
than a few tens of nanometers. To address this challenge,
we synthesized highly ordered and extended films of a
mesoporous double-gyroid MoS, architecture with features
on the order of just ~3-4 nm. This highly interconnected
porous morphology (Figure 4b) not only provided a high
surface area for catalysis, but its high curvature limited
the formation of extended basal planes and increased the
density of catalytically active edge sites (Figure 4c), enabling
excellent H, evolution.

Conclusions and Future Directions

In order to reach our goal of developing a fully
operational PEC water splitting device, we have produced
a high surface area transparent conducting electrode and
demonstrated its ability to enhance efficiency for PEC. We
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FIGURE 3. Band diagram comparing the position of the conduction and
valence bands of several films of MoS, nanoparticles (nanoparticle size
denoted in the figure) compared to bulk MoS, [17].
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FIGURE 4. Tafel plot of numerous materials for electrochemical H, evolution
(a). Transmission electron microscopy image of mesoporous double-gyroid
architecture (b) and layered MoS, domains within the structure (c).

have also developed a third-generation light absorber material
(MoS,) and further enhanced its electrocatalysis. Specifically,
we have achieved the following:

* A low-cost, scalable, facile route to fabrication of high
surface area transparent conducting electrodes has
been developed, a manuscript submitted and a patent
application is pending.

DOE Hydrogen and Fuel Cells Program

»  Physical and electronic characterization of these
electrodes indicates tunable roughness factors from ~1 to
>100 over large substrate areas.

*  HSE scaffolds have been used to demonstrate enhanced
PEC performance for Hematite thin films. Further
improvements are underway.

*  Developed quantum confined nanoparticles of MoS,
with band structures that adequately straddle the redox
potentials for water splitting.

*  Engineered the surface structure of MoS, for enhanced
electrocatalytic H, evolution.

The next step in our work is to tune the solid-solid
interface by addition of hetero-layers. We will accomplish
this task through various objectives:

*  Identify appropriate methods and materials for
deposition of thin, conformal interfacial layers onto
HSEs.

»  Evaluate and iteratively improve PEC devices
which incorporate both interfacial layers and thin
semiconductor films.

*  Continue to identify and evaluate charge-transport
limited PEC materials which benefit from the HSE
architecture.

*  Incorporate MoS, nanoparticles into the HSE and
characterize their water splitting properties with respect
to light absorption, charge transport, and stability.

Special Recognitions & Awards/Patents Issued

1. DOE Hydrogen and Fuel Cells Program R&D Award to Prof.
Thomas F. Jaramillo (PI)

2. Arnold J. Forman, Zhebo Chen, and Thomas F. Jaramillo,
“Synthesis of High Roughness Factor Transparent Conducting
Oxide Thin Films” (patent application pending).

FY 2012 Publications/Presentations

1. A.J. Forman, Zhebo Chen, and Thomas F. Jaramillo,
“Development of a High Surface Area Transparent Conducting
Oxide Electrode” (submitted).

2. Jakob Kibsgaard, Zhebo Chen, Benjamin N. Reinecke, and
Thomas F. Jaramillo, “Engineering the surface structure of MoS,
to preferentially expose active edge sites for electrocatalysis”
(submitted).

3. I.S. Cho, Z. Chen, A.J. Forman, D.R. Kip, P.M. Rao,

T.F. Jaramillo, X. Zheng, “Branched TiO2 Nanorods for
Photoelectrochemical Hydrogen Production,” Nano Letters, Vol. 11,
No. 11, pp. 4978-4984, 2011.

4. Zhebo Chen, Dustin Cummins, Benjamin N. Reinecke, Ezra
Clark, Mahendra K. Sunkara, and Thomas F. Jaramillo, “Core-
shell MoO,-MoS, Nanowires for Hydrogen Evolution: A functional
Design for Electrocatalytic Materials” Nano Letters, Vol. 11, pp.
4168-4175, 2011.
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M. Brongersma, “Bridging the gap between optical absorption and
charge transport in metal oxide materials for the synthesis of solar
fuels,” Spring Meeting of the Materials Research Society (MRS),
San Francisco, CA. April 13, 2012.

6. T.F. Jaramillo, “Tailoring Electrocatalyst Materials at the Nano-
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Conversion Reactions,”

*  University of California, Santa Barbara, Dept. of Chemistry
and Chemical Engineering, Santa Barbara, CA, March 7, 2012.
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Department Seminar, Pasadena, CA, October 2011.

*  University of New Mexico, Chemical and Nuclear Engineering
Department Seminar, Albuquerque, NM, October 2011.

«  Catalysis for Sustainable Energy (CASE) Seminar Series,
Technical University of Denmark, Lyngby, DK, August 2011.

1. T.F. Jaramillo, A.J. Forman, Z. Chen, B.A. Pinaud, J.D. Benck,
S.-H. Baeck, Y. Gorlin, E. Cave, K.P. Kuhl, “Advanced electrode
and photo-electrode structures for the synthesis of fuels from
sunlight,” Fall Meeting of the Materials Research Society (MRS),
Boston, MA. November 2011.

8. Zhebo Chen, Dustin Cummins, Benjamin N. Reinecke, Ezra L.
Clark, Mahendra K. Sunkara, and Thomas F. Jaramillo, “MoS2
Nanostructures as Efficient, Stable, and Earth-Abundant Catalysts
for Hydrogen Evolution in Acid,” 2011 Annual Meeting of the
American Institute of Chemical Engineers, Minneapolis, MN.
October 19, 2011.

9. Zhebo Chen and Thomas F. Jaramillo, “Quantum Confined MoS,
Nanoparticles for Band Gap Engineered Photoelectrochemical
Water Splitting,” 220th meeting of the Electrochemical Society,
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10. T.F. Jaramillo, “Semiconductors and catalysts for the production
of solar fuels,” Haldor Topsee Catalysis Forum: Catalysis & Future
Energy, Munkerupgaard, DK, Aug. 2011.

11. T.F. Jaramillo, “Tailoring electrocatalyst materials at the nano-
scale: Controlling activity and selectivity for energy conversion
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Fiscal Year (FY) 2012 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 (3.1) of the Fuel Cell
Technologies Program Multi-Year Research, Development
and Demonstration Plan:

(Y) Materials efficiency

(Z) Materials durability

(AB) Bulk materials synthesis

(AC) Device configuration Technical Targets

Technical Targets

This project is a materials discovery investigation to
identify a single semiconductor material that meets the
technical targets for efficiency and stability. This project
made progress towards the stability target and achieved
over 100 hours of corrosion-free operation on a material that
exceeds the efficiency target. The 2013 technical targets from

DOE Hydrogen and Fuel Cells Program

the Multi-Year Research, Development and Demonstration
Plan PEC hydrogen production goals are as follows:

e  Bandgap of 2.3 eV
*  10% conversion efficiency
e 1,000 hour lifetime

FY 2012 Accomplishments

*  Demonstrated significantly enhanced photocurrent
densities, 5 mA/cm” under bias, on n-InGaN provided by
our Los Alamos National Laboratory (LANL) synthesis
partner. This material has the potential to be the first
non-tandem semiconductor to use visible light to split
water with high efficiency (barrier Y).

» Identified a surface nitrogen ion implantation technique
that completely passivated corrosion (barrier Z) on
p-GalnP, surfaces that were tested at -10 mA/cm’, a
current density equivalent to 12.3% solar-to-hydrogen
(STH) efficiency (barrier Y), for several hours in
sulfuric acid.

*  Observed that co-doping hematite with both titanium
and magnesium led to higher photocurrents than
titanium doping alone. This experimental result
validated theoretical findings that charge compensation
from co-doping of durable oxide materials (barrier Z)
should yield materials with more favorable electronic
properties (barrier Y) than those using a single dopant.

*  Surface validation study, in collaboration with UNLV
and Lawrence Livermore National Laboratory (LLNL),
made progress in establishing baseline spectra of as-
grown p-GalnP, surface. UNLV analyzed air-excluded
sample provided by NREL and used the baseline results
to compare against samples that have been subjected to
corrosion testing (barrier Z).

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

FY 2012 Annual Progress Report
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hydrogen and oxygen spontaneously upon illumination,

(i1) has a STH efficiency of at least 5% with a clear pathway
to a 10% water splitting system, (iii) exhibits the possibility
of 10-year stability under solar conditions and (iv) can be
adapted to volume-manufacturing techniques.

Approach

Our approach has two tracks, 1) 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
(1) focuses on I1I-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

I11-V Nitride Materials

In Ga,_N is a promising alloy that has recently seen
advances in synthesis techniques that achieve high-quality
thin films over the entire alloy range. High solar conversion
efficiencies should be possible with these epilayer single-
crystal semiconductors and previous work on IlI-nitrides has
shown that it is a remarkably stable material set [1]. A unique
feature of this material system is the broad range of band
gaps achievable, that spans between that of InN (0.7 ¢V) and
GaN (3.4 ¢V).

Recent n-InGaN semiconductors exhibited significantly
enhanced photocurrent densities as compared to previous
InGaN materials. The samples were grown by our
collaborator, Todd Williamson, at LANL by energetic neutral
atom beam lithography and epitaxy on sapphire and silicon
substrates. Under a moderate bias, the water oxidation
photocurrent magnitudes were up to 5 mA/cm? (Figure 1).

Durability of n-InGaN grown on silicon substrates was
evaluated by looking for a decline in photocurrent under a
constant applied bias. In 0.5M sulfuric acid, the electrodes
were biased at 1.3 V vs. Ag/AgCl and after an hour the
photocurrent declined to 10% of its original value. The
durability of this material is lower than anticipated for a
nitride semiconductor, but the electrode viability can likely
be extended through the application of a surface catalyst or
by varying the electrolyte composition.

Protection Strategies for High-Efficiency IlI-V Materials

A tandem semiconductor configuration consisting of a
photovoltaic p/n-GaAs bottom cell and a PEC p-GalnP, top
cell has demonstrated (unbiased) solar-to-hydrogen conversion
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FIGURE 1. Two-electrode chopped-light photocurrent density vs. circuit bias for
n-InGaN on sapphire in 0.5M H,SO,. The light source was a 250-Watt tungsten
lamp calibrated to AM1.5G using a 2.0 eV reference cell. The photocurrent
density of 5 mA/cm? at 1.2 V applied bias (vs. a Pt counter electrode) is about
50% of the theoretical maximum for this 2.2 eV band gap material. Though

this material exhibited a photocurrent at zero bias, indicating spontaneous
photoelectrolysis at true short-circuit, the magnitude was low.

efficiencies well over the Multi-Year Research, Development
and Demonstration Plan STH efficiency target of 10% but is
prone to corrosion [2]. III-V nitride semiconductors, however,
have exhibited excellent durability in a PEC environment

in the past [3]. Thus surface nitridation of p-GalnP, was
investigated as a means of reducing corrosion in the aqueous
electrolyte. Thin films of p-GalnP, grown by metal organic
chemical vapor deposition on a p-GaAs substrate were
nitrided by implantation with low-energy N," ions at room
temperature. Control and nitrided samples were tested for
durability by applying a constant current of -10 mA/cm’, a
current density equivalent to 12.3% STH efficiency, in 3M
H,SO, for long durations under Air Mass 1.5 Global (solar
spectrum, AM1.5G) illumination. After the durability tests
the electrodes were disassembled and optical profilometry
was used to measure the volume of material lost from the
surface due to corrosion during operation. One electrode
survived 115 hours with no detectable degradation (Figure 2).
Several of the nitrided samples entirely resisted corrosion
over 24 hours of testing, where similarly tested untreated
samples experienced around 1 pm of material loss from their
surfaces (Figure 3). The respective electrolytes were analyzed
by inductively coupled plasma mass spectrometry (ICP-MS)
to determine concentrations of indium and gallium in solution
to quantify semiconductor corrosion. The ICP-MS results
correlated well with the optical profilometry data, with only
trace quantities of analyte detected in the nitride-treated
durability electrolytes. The nitrogen ion implantation led

to only a modest reduction in photoconversion efficiency.
Surface nitridation by ion bombardment could hence be an
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FIGURE 2. Optical profilometry of p-GalnP, electrode surfaces after durability
analysis in sulfuric acid. The image on the top is of a sample that had no
surface passivation treatment and experienced etching of about 1 pm of
material from the surface in the area not masked by epoxy (i.e. exposed to the
electrolyte). The nitride treated sample on the bottom exhibited no detectable
damage after passing -10 mA/cm? of photocurrent for 115 hours, the equivalent
to 12.3% STH conversion.

effective passivation treatment to ensure durability for a
highly efficient PEC material, ultimately yielding a viable
device capable of converting sunlight and water to a benign
solar fuel.

NREL Synthesis of Metal Oxide Alloy Thin Films

a-Fe,O, (hematite) is an n-type semiconducting material
that exhibits several potential advantages for PEC hydrogen
production. It has an ideal band gap (2.0-2.2 ¢V), is composed
of abundant, non-toxic elements, and can be synthesized via
low-cost routes. However, the intrinsic poor conductivity of
a-Fe, O, has hindered its PEC performance. Previous studies
have shown that the incorporation of Ti can enhance the
PEC performance of a-Fe,O,. Ti incorporation in hematite
is limited by solubility, where too high a concentration can
lead to TiO, crystallites that compromise the material’s

DOE Hydrogen and Fuel Cells Program
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FIGURE 3. Optical profilometer determined etch depths for p-GalnP, electrode
surfaces subjected to continuous operation of -10 mA/cm? under AM1.5 G
illumination for 24 hours (or longer where noted). The untreated electrodes had
a significant fraction of their overall 2 um thickness removed while the nitrided
electrodes exhibited little or no loss of material.

electronic properties. By co-incorporating Mg with Ti,
charge compensation can be achieved that allows an increase
in the solubility of Mg and Ti. It also provides a mechanism
to tune the carrier density while simultaneously reducing

the density of charge defects. Our previous work has shown
that charge-compensated donor-acceptor co-alloying is an
effective approach to improve the electronic properties of a
host material [4].

Samples were synthesized by radio frequency
reactive co-sputtering of Fe,O,, Ti, and MgO targets to
deposit Fe,0,, (Fe, ,Ti, , Mg, ,),0;, (Fe, ;, Ti; Mg, ,),0;,
(Fe,,,Ti, ,Mg, ,,),0, on F-doped tin oxide coated glass
substrates. We compared the PEC properties in neutral
solutions and while the co-incorporated films did exhibit
up to a tenfold increase in photocurrent magnitude at the
same potential, all of the films had poor photoconversion
properties. Under 5 sun illumination from a tungsten
lamp, the photocurrent densities at +0.8 V vs. Ag/AgCl
ranged from 5 pA/cm’ for pure hematite to 50 pA/cm” for
(Fe, 4, Ti, ,oMg, ,),0;. For a viable PEC water splitting system,
the photocurrent density should be about 10 mA/cm? under one
sun. While the results serve as an experimental confirmation
of charge-compensating co-alloying in a novel host material,
the method of synthesis and alloying missed the mark. Typical
hematite samples are reported in literature to be capable of
generating a few mA/cm® under bias at 1 sun. Improving the
performance of status quo hematite by co-doping would be a
remarkable result. However, as synthesized, none of the films
were viable to serve as photoelectrodes.

Advanced Materials Characterization and Support

Through a “surface validation study” framework,
we collaborate with UNLV and LLNL, experts in surface
spectroscopy and theoretical modeling, respectively. The
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goals of this study are to i) study the PEC corrosion in I1I-V
materials, an ideal system for elucidating the corrosion
pathway and developing a remediation strategy, ii) identify the
chemical character and mechanism of successful protective
treatments, iii) apply lessons learned to other inexpensive
systems that are more difficult to model and observe.

Semiconductor samples that are exposed to air or
electrolyte will react and leave a modified surface that
prevents unambiguous correlation with experimental
effects and surface chemistry. UNLV (C. Heske, M. Weir,
K. George, L. Weinhardt) used a suite of spectroscopic
techniques to establish a benchmark electronic character
of as-grown p-GalnP, sample surfaces. UNLV performed
ion-stimulated desorption in order to gently clean air-
exposed GalnP, surfaces and also analyzed non-air-exposed
samples that were provided by NREL. Understanding the
baseline spectra will allow UNLV to prepare surfaces that
have had air and electrolyte exposure, a required condition
for PEC testing, and deconvolute chemical changes due to
corrosion from those due to environmental interaction during
handling and transit. UNLV also analyzed nitrogen ion
implanted GalnP, by X-ray emission spectroscopy (XES) at
the Advanced Light Source at Lawrence Berkeley National
Laboratory synchrotron and detected nitride bonds that are
likely responsible for the resistance to corrosion.

The Quantum Simulations group at LLNL (T. Ogitsu,
B. Wood, W.-I. Choi), used theoretical calculations to help
interpret and complement X-ray absorption spectroscopy
experiments on bulk GaP, InP, and GalnP, performed
by UNLV. There was very good agreement between the
theoretically derived and experimentally observed XES
under standard conditions which validated the complex
model. The next steps are to push the complexity of the
models to match the non-standard surfaces and conditions
encountered in these real PEC systems. These models should
provide insight into experimental spectroscopic observations
of corroded GalnP, surfaces.

Conclusions

* InGaN is capable of high photon conversion efficiency
yielding improved photocurrent densities but the stability
must be addressed for it to be a possible candidate for
economical PEC water splitting.

* Nitrogen ion implantation of p-GalnP, has demonstrated
the ability to stop corrosion of the semiconductor
surface for 115 hours of simulated 12% STH operational
conditions. This result demonstrates significant progress
towards the near-term technical targets for efficiency
(10%) and durability (1,000 hours) for this material.

*  Leveraging the expertise of our collaborators in
the surface validation study has led to progress in
understanding the chemical state of as-grown and
corroded III-V surfaces.

FY 2012 Annual Progress Report

Future Direction

*  Testnitrogen ion implanted GalnP,/GaAs tandem cells
at short-circuit until failure and compare results against
near-term technical targets.

*  Further investigate the role of ion implantation in
stabilizing PEC interface through surface validation
collaboration; apply treatment to other PEC systems.

*  Develop photoreactor and protocols for benchmarking
efficiency and durability of PEC materials under real
solar conditions.

FY 2012 Publications

1. “Electronic and optical properties of CoX,0, (X=Al, Ga, In)
alloys” C. Feng, W-J Yin, J. Nie, X. Zu, M.N. Huda, S-H Wei,
M.M. Al-Jassim, J.A. Turner, and Yanfa Yan, Appl. Phys. Lett. 100,
023901 (2012).

2. “Mott insulators: An early selection criterion for materials
for photoelectrochemical H, production” Muhammad N. Huda,
Mowafak M. Al-Jassim, and John A. Turner, J. Renewable
Sustainable Energy 3, 053101 (2011).

3. “Phase separation in Ga and N co-incorporated ZnO films

and its effects on photo-response in photoelectrochemical water
splitting” Sudhakar Shet, Kwang-Soon Ahn, Ravindra Nuggehalli,
M.M. Al-Jassim, J.A. Turner, and Yanfa Yan, Thin Solid Films,
519(18), 5983-5987 (2011).

4. “Doping properties of monoclinic BiVO, studied by first-
principles density-functional theory” Wan-Jian Yin, Su-Huai Wei,
M.M. Al-Jassim, J.A. Turner, and Yanfa Yan, Phys. Rev. B, 83(15),
155102 (2011).

5. Nanoporous black silicon photocathode for H, production by
photoelectrochemical water splitting” Jihun Oh, Todd G. Deutsch,
Hao-Chih Yuan, Howard M. Branz, Energy Environ. Sci. 4, 1690-
1694 (2011).

6. “Synthesis and characterization of titanium-alloyed hematite
thin films for photoelectrochemical water splitting” Houwen Tang,
M.A. Matin, Heli Wang, Todd Deutsch, Mowafak Al-Jassim,

John Turner, Yanfa Yan, J. App. Phys. 110, 123511 (2011).

7. “Cobalt-phosphate (Co-Pi) catalyst modified Mo-doped BiVO,
photoelectrodes for solar water oxidation” Satyananda Kishore Pilli,
Thomas E. Furtak, Logan D. Brown, Todd G. Deutsch,

John A. Turner, Andrew M. Herring, Energy Environ. Sci. 4, 5028-
5034 (2011).

8. “Light induced water oxidation on cobalt-phosphate (Co-Pi)
catalyst modified semi-transparent, porous SiO,-BiVO, electrodes”
Satyananda Kishore Pilli, Todd Deutsch, Thomas E. Furtak, John
Turner, Logan D. Brown, and Andrew M. Herring. Phys. Chem.
Chem. Phys., Accepted Manuscript, March 06 (2012). DOI: 10.1039/
C2CP40673].

FY 2012 Presentations

1. “Toward economical solar hydrogen production: Surface
passivation of GalnP, by plasma nitridation” 242" American
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Chemical Society National Meeting, Denver, CO, August 28 —
September 1. (Welch) Contributed

2. “Semiconducting Materials for Photoelectrochemical Water
Splitting”, 242" American Chemical Society National Meeting,
Denver, August 29, 2011. (Turner) Invited

3. “Photoelectrochemical Water Splitting”, DOE Laboratory Energy
R&D Working Group (LERDWG), September 21, 2011. (Turner)
Invited

4. “Surface nitridation of p-GalnP, for durable
photoelectrochemical water splitting” 220" ECS meeting, Oct.12,
2011. (Wang) Invited

5. “Hydrogen Production from Photoelectrochemical Cells:
Theoretical considerations and experimental results”, Colorado
School of Mines, October 27, 2011. (Turner) Invited seminar

6. “Challenges and Opportunities in Photoelectrochemical Water
Splitting”, University of California, Davis, November 1, 2011.
(Turner) Invited seminar

1. “Hydrogen Production from Photoelectrochemical Cells:
Economic and Theoretical Considerations and Experimental
Results”, 2011 DOE PHOTOSYNTHETIC SYSTEMS RESEARCH
MEETING, November 7, 2011. (Turner) Invited plenary

8. “Hydrogen Production from Photoelectrochemical Cells:
Economic and Theoretical Considerations and Experimental
Results”, University of Texas at Arlington, November 17, 2011.
(Turner) Invited seminar
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9. “Coupled Photoanode/Photocathode Systems for Unassisted
Solar Water Splitting” 2011 Materials Research Society Fall
Meeting, Boston, Massachusetts. November 28 — December 2, 2011.
(Deutsch) Invited

10. “Hydrogen Production from Photoelectrochemical Cells”,
Physics@FOM Conference, Holland, January 17, 2012. (Turner)
Invited plenary

11. “Frontiers, Opportunities and Challenges for a Hydrogen
Economy”, International Energy and Sustainability Conference
2012, Farmingdale State College, March 22, 2012. (Turner) Invited
plenary

12. “Semiconductor Systems for Solar Photoelectrolysis” Colorado
School of Mines, April 27", 2012. (Deutsch) Invited seminar
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Fiscal Year (FY) 2012 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.

e Understand dynamics of water dissociation and hydrogen
evolution at the water-photoelectrode interface.

*  Evaluate electronic properties of the surface and water-
electrode interface.

*  FElucidate 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

FY 2012 Annual Progress Report

Technical Targets

This project is conducting fundamental theoretical
studies of mechanisms of corrosion and catalysis in I11I-V
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 2012 Accomplishments

»  Continued with compilation, review, and sharing of
available information on III-V electrode materials,
catalysts, and related subjects (ongoing).

*  Performed quantum molecular dynamics of water-
electrode interfaces:

—  Summarized studies on III-V surface morphology.

—  Published discussion of effect of surface oxidation
and hydroxylation in a peer-reviewed journal.

» Investigated simple model Hamiltonian approach for
feasibility of theoretical screening of co-catalysts.

*  Group discussion of results pointed to supporting
evidence for hole-trap corrosion mechanism, which is
one of three possible corrosion mechanisms identified in
FY 2011.

*  Continued collaborations with unfunded external
collaborators to develop theory/computational tool chest
for PEC hydrogen research.

»  Continued joint theoretical/experimental study on
III-V electrode surface (continue through FY 2012 and
beyond).

R T S

Introduction

Certain III-V based photoelectrochemical cells, notably
the GalnP,/GaAs tandem cell developed at the National
Renewable Energy Laboratory (NREL), are known to
demonstrate high solar-to-hydrogen conversion efficiencies
that already exceed the DOE FY 2013 goal. However,
durability of these cells has remained the key unresolved
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issue so far. The primary purpose of this project is to perform
a detailed investigation into the microscopic properties of
the water-electrode interface, and to use this information to
identify correlations with device performance, as measured
in terms of solar-to-hydrogen conversion efficiency

and corrosion resistance. The results will provide key
feedback to collaborators at NREL, helping them develop

a coherent performance optimization scheme for 111-V

based photoelectrodes. State-of-art X-ray spectroscopic
measurements performed by the UNLV team will bridge
remaining gaps in the knowledge obtained from our atomistic
modeling, facilitating comparison with actual electrode
properties. In FY 2012, we had four major accomplishments
[1]. First, our findings on the surface morphology and its
chemical properties were summarized and published in a
peer-reviewed journal [2]. Second, key evidence that supports
one of three corrosion mechanisms identified in FY 2011

was found. Third, we adapted and tested a simple model
Hamiltonian-based method, which can be used to screen

for good co-catalyst materials in a computationally efficient
manner. Fourth, calculation procedures for X-ray absorption
spectroscopy (XAS) and X-ray emission spectroscopy (XES)
of phosphorous L-edge and nitrogen K-edge spectra were
established, with preliminary results showing excellent
agreement with experiments [3]. The last accomplishment is
particularly significant in light of recent activity at NREL,
which found that specific nitrogen surface treatments

can improve the durability of GalnP, electrode beyond

1,000 hours [4]. The NREL results have motivated a shift

in focus for FY 2013, during which we will investigate the
chemical and physical state of nitrogen incorporated into the
electrode surface, using both simulations and interpretation
of the UNLV-generated X-ray spectroscopic measurements.
The results will be used to provide feedback to NREL in
order to optimize the nitrogen treatment process.

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

DOE Hydrogen and Fuel Cells Program

by our collaborators in J. Turner and T. Deutsch’s group at
NREL [5], as well as independent reports in the literature
that surface oxygen may play a key role in motivating both
the surface photocorrosion and the catalytic water splitting
reaction [6,7]. Accordingly, we are evaluating the stability,
structure and reactivity of the I1I-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. C. Heske’s
group at UNLV. This information is intended to suggest a
strategy for device improvement.

Results

Over 800 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
[II-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. Particular emphasis was put
on GalnP,, In,0,, and the growth interface between the two,
since these are expected to be crucial for identifying the agent
responsible for corrosion resistance and hydrogen evolution.

Detailed studies of InP and GaP (001) surfaces, and in
particular, of the effect of surface oxide and hydroxyl on
material properties, were summarized and published in a
peer reviewed journal [2]. Specifically, the paper details the
relationship between local atomic configurations, electronic
structure, and chemical properties of these surfaces. Based
on observations of general trends widely observed across
various types of surface morphologies, we proposed that
despite their structural and morphological complexity, the
most important chemical properties of real electrode surfaces
could be described by a simple local model. This represents a
crucial development, as it allows us to dramatically simplify
our models of real photoelectrode surfaces without loss of
generality. The local bond-topological model also simplifies
the calculation of X-ray spectra of the III-V photoelectrode
surfaces, which are an important bridge that can connect the
microscopic photoelectrode properties to actual measured
device performance. Our paper also identified a few local
atomic configurations whose specific electronic signatures
point to a possible role in photocorrosion due to hole
trapping. Notably, this hole trapping mechanism was one of
the three possible mechanisms we identified in FY 2011.

During a PEC Working Group teleconference held in
FY 2012, we proposed a “dark” current experiment, in which
electrons are provided by the power source to the cathode
rather than via photoillumination. This allows one to identify
whether cathodic hole transport, which is relevant only in
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the case of photoillumination where electrons and holes are
co-generated, plays a role in the corrosion mechanism. If
hole trapping is the major source of corrosion, the rate of
corrosion should be greatly suppressed in a dark current
experiment. We were able to determine that the NREL
team had already conducted such experiments in 1998 (for
an unrelated purpose) [8], and that they indeed observed

a reduced rate of corrosion when applying current in the
dark. This supports our assertion that the hole-trapping
corrosion mechanism is the major contributor for I1I-V based
photocathode. Developing a robust method to eliminate the
hole-trap levels is the rational next step. One possibility
would be to induce controlled growth of a high-quality
surface oxide that avoids the local atomic configurations
responsible for the hole trapping.

As was highlighted at the 2012 Annual Merit Review,
T. Deutsch (NREL) has successfully shown that by using
specific ion energies and durations, nitrogen bombardment
of GalnP, surfaces can yield significant enhancements
in durability, with one nitrogen-treated sample showing
durability in excess of 1,000 hours. At this moment, the
underlying mechanism of the enhanced durability is not
understood. To this end, the spectroscopy team at UNLV
recently performed a series of measurements (including
XES) and found that the aforementioned sample showed a
strong nitrogen-related peak with a shape indicating a unique
but unidentifiable chemical environment. Simultaneously,
at LLNL, we established the calculation procedures for P
L2,3-edge XAS (see Figure 1) and XES of GaP and InP [1], N
K-edge of GaN. We anticipate that the information obtained
from these analysis will allow us to properly interpret the
measured spectra, which will be crucial in understanding
the stabilization mechanism due to low energy nitrogen
bombardment [5].

Finally, during FY 2012, we began investigating a new
method for quickly screening the feasibility of candidate
co-catalysts, based on a model Hamiltonian approach
developed by Santos and others [9]. This method is based
on Markus-Hush theory and the Anderson-Newns model,

T T T T T T T

Theory R

Experiment —

XAS

GaP
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Energy (eV)

FIGURE 1. P L, -edge XAS of bulk GaP and InP
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and is able to simultaneously address H™ solvation, charge
transfer reactions, and chemisorption very simply and with
relatively low computational cost. In the original paper,

it was demonstrated that the protonation of a Pt surface
under bias could be described using this approach, yielding
qualitatively correct descriptions of the free energy profile
(indicative of exothermic, barrierless reaction) and of the
barrier suppression mechanism (strong hybridization between
Pt d and proton s levels). We have applied this method to
examining protonation of a GalnP, surface under an applied
bias potential and have confirmed that the model gives
qualitatively correct behavior. In particular, we were able to
properly predict protonation to be an exothermic reaction,
with a large kinetic barrier that can be traced to poor
hybridization between the proton and the GalnP, surface
(see Figure 2). The fact that we are able to successfully
discriminate between the free energy profile of a good
catalyst (Pt) from a bad one (untreated GalnP, surface)
indicates that the method may be used to efficiently screen
candidate low-cost co-catalyst materials.

Conclusions and Future Directions

»  The studies of surface chemistry and morphology
performed during FY 2010 and FY 2011 were
summarized and published in a peer-reviewed journal.

*  Group discussions during a PEC Working Group
teleconference led to finding evidence that specifically
supports a hole-trapping mechanism as a major source of
cathodic corrosion of I1I-V photoelectrodes.

»  Computational procedures for accurate XAS/XES
calculations for P L-edge, O K-edge, and N K-edge
spectra were established.

* A simple model Hamiltonian approach to screen
candidate co-catalysts was shown to be feasible.

*  The compilation of past studies will continue in order to
refine our growing understanding of the relevant issues
of photoelectrochemistry, particularly with respect to
ITI-V surfaces, their oxides, and interfaces between them.

Theory --------

Experiment ——

XAS

InP

- 1 1 1 1 1 L

130 132 134 136 138 140 142
Energy (eV)
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FIGURE 2. Free energy profile of protonation of GalnP, surface under a bias potential, calculated using the method described in reference [9]

* InFY 2013, our major focus will be to investigate on
the state of nitrogen in nitrogen-bombarded GalnP,.
Successful identification of the optimal state of nitrogen
will lead to improve durability of this electrode with
minimal compromise of the solar-to-fuel conversion
efficiency.

*  We are currently summarizing the interface ab initio
simulations performed in FY 2010-FY 2012 for
publication in a high-profile peer-reviewed journal.

FY 2012 Publications/Presentations

Publications

1. T. Ogitsu, B. Wood, W. Choi, DOE Fuel Cell Technology
Hydrogen Program Annual Merit Review (2012).

2. B. Wood, T. Ogitsu, and E. Schwegler, J. Chem. Phys. 136,
064705 (2012).

Presentations

1. The Molecular Foundry Annual Users Meeting in Berkeley,
Oct 2011.

2.220™ ECS meeting in Boston, Oct 2011.

DOE Hydrogen and Fuel Cells Program

3. Workshop for U.S.-Japan DOE-METI Collaboration on Clean
Energy Technology Action Plan in Pleasanton, CA, in Feb. 2012.

4. American Physical Society March Meeting in Boston, March
2012 (two presentations).

5. 2012 Materials Research Society Spring Meeting in San
Francisco, April 2012.

6. DOE EERE Fuel Cell Technology Annual Merit Review in
Arlington, May 2012.

1. Materials Simulation in Petaflops era in Kashiwa, Japan, June-
July 2012 (two invited talks).

8. 19" International Conference on Photoelectrochemical
Conversion and Storage of Solar Energy at Caltech, July-Aug 2012
(two presentations).

References
1. T. Ogitsu, B. Wood, W. Choi, DOE Fuel Cell Technology
Hydrogen Program Annual Merit Review (2012).

2. B. Wood, T. Ogitsu, and E. Schwegler, J. Chem. Phys. 136,
064705 (2012).

3. C. Heske et al., DOE Fuel Cell Technology Hydrogen Program
Annual Merit Review (2012).

4. T. Deutsch et al., DOE Fuel Cell Technology Hydrogen Program
Annual Merit Review (2012).
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5. T.G. Deutsch, C.A. Koval, and J.A. Turner, J. Phys. Chem. B 110, 8. T. Deutsch, C. Koval, and J. Turner, J. Electrochem. Soc. 145,
25297 (2006). 3335 (1998).

6. A. Heller, Science 223, 1141 (1984). 9. E. Santos et al., Phys. Rev. B'79, 235436 (2009).

1.J. Vigneron, M. Herlem, E. M. Khoumri, and A. Etcheberry,
Appl. Surf. Sci. 201, 51 (2002).
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Fiscal Year (FY) 2012 Objectives

Enhance the understanding of PEC materials and
interfaces and promote break-through discoveries by:

»  Utilizing and developing cutting-edge soft X-ray and
electron spectroscopy characterization.

*  Determining electronic and chemical structures of PEC
candidate materials.

*  Addressing materials performance, materials lifetime,
and capital costs through close collaboration with the
National Renewable Energy Laboratory (NREL) and
other partners from the PEC working group.

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

(Z) Materials Durability
(AA) PEC Device and System Auxiliary Material

Technical Targets

*  Collaborate closely with partners at NREL, Lawrence
Livermore National Laboratory (LLNL), and others
within the DOE PEC working group to determine the
electronic and chemical structure of candidate materials
for solar water splitting.

DOE Hydrogen and Fuel Cells Program

* Aid the collaboration partners in the development and
modification of novel candidate materials.

*  Monitor deliberately introduced modifications of
PEC candidate materials in view of the electronic and
chemical structure.

FY 2012 Accomplishments

*  Performed non-invasive cleaning procedure using low-
energy Ar' ion treatment on an air-exposed GalnP, film,
removing all surface C and most surface O. This process
allows determination of the true surface electronic
structure including the electronic surface band gap, band
edge energies, and the work function.

*  Worked with collaborators at NREL to reduce ambient-
air-related surface adsorbates to preserve the relevant
surfaces for water splitting. Achieved a dramatic
reduction in the amount of surface contaminants.

*  Used synchrotron-based N K X-ray emission
spectroscopy (XES) to determine both the relative
amount and the chemical environment of N-treated
GalnP, films to elucidate differences between effective
and ineffective treatments.

*  Found good agreement of experimental and theoretical
X-ray absorption spectroscopy (XAS) in GaP and InP, in
close collaboration with our partners at LLNL.

» Insitu gas cell for XES/XAS studies was tested and is
operational, a liquid/solid interface electrochemical cell
is in development.

R R

Introduction

This project is embedded into the Department of
Energy’s efforts to develop materials for PEC water splitting.
If successful, PEC will provide an important route to convert
the energy supplied by solar irradiation into a transportable
fuel. In order to achieve this goal, suitable materials need to
be developed that simultaneously fulfill several requirements,
among them chemical stability and optimized electronic
structure, both for absorption of the solar spectrum and for
electrochemical water splitting at a solid/electrolyte interface.
This project experimentally derives the chemical and
electronic structure information to (a) judge the suitability of
a candidate material, (b) show pathways towards a deliberate
optimization of a specific material, and (c) monitor whether
deliberate modifications of the material indeed lead to the
desired changes in electronic and chemical structure.

FY 2012 Annual Progress Report
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Approach

A unique “tool chest” of experimental techniques is
utilized that allows addressing all technical barriers related
to electronic and chemical properties of various candidate
materials. With these techniques, it is possible to derive
surface and bulk band gaps, the energy level alignment at
interfaces, the chemical stability of the materials, and the
impact of alloying and doping.

The tool chest includes photoelectron spectroscopy with
X-ray (XPS [1]) and ultrviolet photoelectron spectroscopy
(UPS) excitation to determine the occupied electronic states
(core levels and valence electrons), and inverse photoemission
spectroscopy (IPES) to determine the unoccupied electronic
states. These techniques, performed in the lab at UNLYV,
are surface-sensitive and allow a detailed determination
of the electronic and chemical surface structure. They are
complemented by XES and XAS spectroscopy, performed
at Beamline 8.0 of the Advanced Light Source, Lawrence
Berkeley National Laboratory. XES and XAS also probe
the occupied and unoccupied electronic states, but with an
increased information depth. Furthermore, they also give
insight into the chemical structure, again complementary to
the electron-based techniques performed in the lab at UNLV.

Results

In collaboration with our partners at NREL (T. Deutsch,
A. Welch, and J. Turner), we have conducted an investigation
of GalnP, thin film surfaces. Results were immediately
shared with the collaboration partners and discussed in detail
through PowerPoint presentations, at phone conferences,
and working group meetings. Among the multitude of data
obtained, this report focuses on the ion treatment and other
methods to remove or reduce surface contamination, so that
the underlying electronic structure of the “true” GalnP,
surface can be determined and used as a benchmark for
the study of surfaces exposed to controlled environments
(including air, oxygen, and water/electrolyte). Further results,
including the N K XES spectra and the comparisons of
experimental and theoretical XAS spectra for GaP and InP,
are shown in the annual review presentation (the theoretical
work was performed by our partners at LLNL).

The surface sensitivity of XPS implies that small
amounts of C and O at the surface can have a large effect on
the apparent (as-measured) electronic structure (i.e., surface
adsorbates attenuate the underlying relevant electronic
structure of GalnP,). Therefore, a low-energy (50 eV)

Ar’ ion treatment series was performed to remove these
contaminants without altering the GalnP, surface, thereby
revealing the relevant electronic structure of the active PEC
material. Note that this treatment is quite different from
conventional “sputter-cleaning”, in which significantly higher
ion energies (500 to 5,000 eV) have to be used.

FY 2012 Annual Progress Report

Table 1 lists the exposure times for each treatment (as
well as the cumulative treatment time) of this series.

TABLE 1. Exposure Times for Each Low-Energy lon Treatment

Treatment Number Length of Time Under Cumulative Time
50 eV Ar* lon Under 50 eV Ar* lon
Treatment Treatment
As Received 0 0
1 15 minutes 15 minutes
2 30 minutes 45 minutes
3 30 minutes 75 minutes
4 1 hour 135 minutes
5 2 hours 255 minutes
6 2 hours 375 minutes
7 2 hours 495 minutes
8 4 hours, 30 minutes 765 minutes

As a first step, we examine the Mg K XPS survey
spectra for this ion-treatment series, as shown in Figure 1.
The spectra are normalized to the same background and
offset for visibility. Most notable here is the increase of the
various Ga, In, and P signals, while both C and O decrease as
a function of treatment time. The surface contaminants are
clearly being removed, and no longer attenuating the signal
from the underlying film of interest.

Further surface analysis is based on selected detail
spectra, as displayed in Figure 2. In the O Is region, we note
that the O signal does not simply decrease with increasing
ion treatments, but also shifts toward lower binding energy.
This change is likely the result of two separate O species
on the film, one of which is both more abundant and more
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FIGURE 1. XPS Mg K, survey spectra of a single GalnP, thin film sample after

various low-energy Ar" ion treatment steps, as listed in Table 1. Spectra were
normalized to the background and offset for visibility.
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FIGURE 2. XPS detail spectra of the O 1s (Mg K ), C 1s (AIK ) and P 2p (Mg K_) regions of the GalnP, thin film during the low-energy Ar*
ion treatment. Spectra were normalized to the background and offset for visibility. Changes in the spectra mirror the surface concentrations
of the respective species.

easily removed with ion treatment. The O signal is not L U I L L L R I I I I I L
fully removed, in contrast to the C signal, which becomes
indistinguishable from the background starting at the 5"
treatment step. The P 2p spectra clearly show two different
P species, one associated with the GalnP, film (~128 eV) and
one at higher binding energy (~134 eV) with a surface oxide

that is removed with ion treatment.

T
UPS He | | IPES
(Valence Band) (Conduction Band)

lon
Treatment

#8
o #7

One of the most powerful and unique abilities in our
“tool chest” is the use of UPS to measure the valence band
and the use of IPES to derive the corresponding information
for the conduction band [2]. These two techniques can be
combined to determine the electronic surface band gap, as
shown in Figure 3. Simultaneous optimization of the two
band edge positions (with respect to the Fermi energy) and
the band gap is essential for PEC materials - all three can
be derived from these measurements and are indicated with
vertical lines (for the band edges) and numerical values
(for the band gap) in Figure 3. The band gap narrows with
successive ion treatments, largely due to the valence band
maximum shifting towards the Fermi energy with treatment
time. Since the bulk band gap for GalnP, is 1.75 €V, as
compared to the final electronic surface band gap of 1.31 eV,
we ascribe this difference to an ion-induced modification
of the electronic surface structure (beyond the simple
removal of surface adsorbates), which strongly indicates

#6

#5

#4

#3

Normalized Intensity (a.u.)

#2

q #1

FIGURE 3. UPS (left) and (IPES) right of the GalnP, thin film during low-energy
Ar" ion treatment. Both spectra were calibrated to the Fermi energy of a Au

the need for optimal surface preservation between growth reference sample to align energy scales. Drawn lines indicate either the valence
and characterization, so that the need for additional surface band maximum (UPS) or conduction band minimum (IPES) and are used to
cleaning steps is minimized. determine the band gap.

We have thus worked with our collaborators at NREL to
eliminate air exposure of the GalnP, films between growth
and characterization. For this purpose, John Geisz and Waldo
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FIGURE 4. XPS Mg K, survey spectra of two GalnP, thin films with modified
sample handling. The first film is shown before (black) and after (red) low-
energy Ar” ion treatment while the second is shown as received (blue) and after
storage in UHV (magenta).

Olavaria (NREL) attached an N,-purged glove bag to their
synthesis reactor and removed the sample into this glove
bag where it was packaged using a vacuum seal device.

At UNLYV, the package was opened in a N, glove box and
introduced to ultra-high vacuum (UHV) for analysis.

While the analysis of this sample is still ongoing, Figure
4 demonstrates the effectiveness of this change in sample
handling. Mg K XPS survey spectra are shown for the above-
discussed ion-treated sample, both as-received and after
the 7" ion-treatment step, while the newer sample is plotted
as-received and after a few weeks of storage in UHV. The
differences in the films are most apparent for the significantly
reduced C 1s (~285 eV) and O 1s (~530 eV) signals and the
significantly increased In and Ga signals (comparable to
those after the 7" ion treatment). We expect this cleaner
starting point to allow us to reach our goal of measuring the
“benchmark” electronic structure of GalnP, films.

Conclusions and Future Directions

Conclusions

*  Successfully maintained operations of our multi-
chamber UHV spectroscopy.

e Conducted experiments with our partners at NREL
and select partners of the DOE PEC working group,
in particular focusing on the establishment of suitable
surface-cleaning procedures of GalnP, thin films and
the analysis of their electronic and chemical surface
properties.

FY 2012 Annual Progress Report

*  Conducted experiment-theory comparisons of XAS
spectra of GaP and InP, together with our theory partners
at LLNL.

* Insitu gas cell tested and operational, liquid/solid
interface electrochemical cell for XES/XAS studies in
development.

Future Directions

*  We will determine the benchmark electronic and
chemical properties of GalnP, thin film surfaces as a
baseline and will study the impact of controlled surface
exposures (air, oxygen, water/electrolyte) on these
characteristics.

. We will further correlate our results with theoretical
calculations from our partners at LLNL, extending these
activities to XES measurements as well.

*  We will continue our development of a liquid/solid
interface electrochemical cell for XES/XAS studies.

FY 2012 Publications/Presentations

1. “What electronic structure should a PEC device have (and can we
measure it)?”, C. Heske, SPIE Optics & Photonics Conference, San
Diego, August 12—16, 2012 (invited oral).

2. “Electronic surface structure of GalnP, Thin Films used for
Photoelectrochemical Water Splitting”, K. George, M. Weir,

S. Krause, I. Tran, K. Horsley, M. Blum, L. Weinhardt, C. Heske,

T. Deutsch, J. Turner, T. Ogitsu, B. Wood, R. Wilks, M. Baer,

and W. Yang, Symposium on Materials for Catalysis in Energy,
Materials Research Society Spring Meeting, April 2012 (contributed
oral).

3. “Passivation of Photoelectrochemical Water Splitting Electrodes
Based on I1I-V Compound Semiconductors via Surface Nitridation”,
T. Deutsch, A. Welch, A. Lindeman, M. Baer, L. Weinhardt,

M. Weir, K. George, C. Heske, and J. Turner, Symposium on
Materials for Catalysis in Energy, Materials Research Society
Spring Meeting, April 2012 (contributed oral).

4. “Using soft x-rays to look into (buried) interfaces of energy
conversion devices”, C. Heske, Department of Physics, Northern
Arizona University, February 28, 2012 (invited oral).

5. “Spektroskopie der elektronischen Struktur von Grenzfldchen in
Solar- und anderen Zellen”, C. Heske, Zentrum fiir Sonnenenergie-
und Wasserstoff-Forschung Baden-Wiirttemberg (ZSW), Stuttgart,
February 15, 2012 (invited oral).

6. “How can a synchrotron help to make solar devices better?”,

C. Heske, Institute for Chemical Technology and Polymer
Chemistry (ITCP), Karlsruhe Institute of Technology (KIT), Nov.
25,2011 (invited oral).

1. “Wie man mit weicher Rontgenstrahlung die lokale chemische
Umgebung ausspéht”, C. Heske, Institute for Technical Chemistry -
Thermal Waste Treatment Division (ITC-TAB), Karlsruhe Institute
of Technology (KIT), Nov. 23, 2011 (invited oral).
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Fiscal Year (FY) 2012 Objectives

*  Work closely with the DOE Working Group on
Photoelectrochemical (PEC) Hydrogen Production for
optimizing PEC materials and devices.

*  Develop new PEC film materials compatible with high-
efficiency, low-cost hydrogen production devices.

*  Demonstrate functional multi-junction device
incorporating materials developed.

*  Explore avenues toward manufacture-scaled devices and
systems.

Technical Barriers

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

(Y) Materials Efficiency

(Z) Materials Durability

(AA) PEC Device and System Auxiliary Material
(AB) Bulk Materials Synthesis

(AC) Device Configuration Designs

FY 2012 Annual Progress Report

Technical Targets

Table 1 lists the technical targets for PEC hydrogen
production using amorphous silicon carbide-compound
(a-SiC), metal oxide-compound (i.e. WO,) and I-I1I-VI,
(copper chalcopyrite-based) films.

FY 2012 Accomplishments

1. Improvement in performance of the hybrid photovoltaic

(PV)/a-SiC device:

—  Increase of photocurrent density up to 2 mA/cm?,
or equivalent solar-to-hydrogen efficiency (STH)
of ~2.5%, by surface modification using Ru nano-
particles.

2. Improvement in performance of the metal oxide
photoelectrode, including:

—  Durability of WO, (tungsten oxide) sputtered
material has been improved to 600 hrs.

—  Photocurrent density in copper tungsten oxide
(CuWO,, 2.2 eV) is increased to ~1.2 mA/em® @1
V (V vs. saturated calomel electrode), an order of
magnitude higher than in 2011.

— Bifacial monolithic integration is demonstrated.

3. Improvement in performance of the I-11I-VI,
photoelectrode, including:

—  Novel coplanar hybrid device achieved 3.53 mA/cm®
(or 4.34% STH efficiency).

—  Durability of CuGaSe, PEC cell is increased to 420
hrs.

— Device design pathway developed to quantify
material development goals to obtain 10% and 20%
STH efficiency.

R R R

Introduction

Based on its potential to meet long-term goals, research
and development (R&D) centering on multi-junction
hybrid photoelectrode technology defines the scope of this
collaborative project. Within this scope, particular emphasis
is put in the development of low-cost photoactive materials
integrated with a-Si-based solar cells as a driving force with
photocurrents greater than 4 mA/cm?, and with sufficient
durability to meet lifetime requirement, i.e., >500 hours.
In addition to the materials R&D activities, development
of laboratory-scale demonstration devices and generation
of preliminary energy/economic analysis for hydrogen
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TABLE 1. Technical Targets

Task # Milestone a-SiC WO, I-1-VI1,
Year 1 Material photocurrent >3 mA/cm? Achieved Achieved Achieved
Durability 2100 hr Achieved Achieved 10% Achieved
Year 2 Material photocurrent >4 mA/cm? Achieved 90% Achieved Achieved
Durability 2200 hr Achieved Achieved Achieved
Device STH efficiency 25% 32% Achieved 60% Achieved 62% Achieved
Passed Go/No-Go decision evaluation in November, 2010
Year 3* Device STH efficiency 25% 32% Achieved 60% Achieved 85% Achieved
Durability 2300 hr Achieved 83% Achieved 66% Achieved
Year 4 Device STH efficiency 25% 50% Achieved 60% Achieved 87% Achieved
Durability 2500 hr 62% Achieved Achieved 84% Achieved
Completion of Final Energy/ Economics report on
scale up and commercialization toward a $22/kg-H,
plant production cost

* As of writing this report.

production cost based on the developed PEC technology is
included in the project scope as second-level priorities. To
support the device-demonstration activities, appropriate
auxiliary components are being developed for incorporation
in PEC photoelectrode designs, including attention to the
necessary process integration techniques.

Approach

The general approach of this collaborative effort focuses
on the DOE PEC Working Group’s “feedback” philosophy
integrating state-of-the-art theoretical, synthesis and analytical
techniques to identify and develop the most promising
materials classes to meet the PEC challenges in efficiency,
stability and cost. Materials modeling, bulk-film optimization,
film-surface enhancement, along with comprehensive material
and device characterization is being employed to facilitate the
R&D process. Specifically, the feedback approach is being
applied to our focus material classes, including the metal
oxide, copper-chalcopyrite- and silicon-based compounds,
to enhance understanding of fundamental performance
parameters, and expedite development of process-compatible
forms of these materials. The most promising candidate
materials are being identified, with the short-term goal of
demonstrating laboratory-scale water-splitting devices, and
with a long-term goal of transferring the fabrication processes
toward the commercial scale.

Results

During this reporting period (June 2011-June 2012),
extensive studies of the three materials classes under
investigation have focused on understanding and improving
PEC behavior, specifically by applying our theoretical,

DOE Hydrogen and Fuel Cells Program

synthesis and analytical techniques in identifying relevant
aspects of structural, optoelectronic and electrochemical
properties.

1. Amorphous Silicon Carbide-Based Compound Films

The surface barrier at a-SiC/electrolyte interface impedes
photocurrent to be extracted from the hybrid PV/a-SiC device.
In order to reduce the surface barrier, surface modification
using Ru nanoparticle was performed. The Ru nanoparticle
catalyst was fabricated at University of Hawaii by sputtering
technique. It was observed that the sputter time of 10-20 sec
gave best treatment results. The Ru-coated hybrid PV/a-SiC
device is of configuration of SnO,/pin/pin/a-SiC(p)/a-SiC(i)/Ru.
Prior to Ru deposition, SiO, on a-SiC(i) surface was removed
in 5% hydrofluorhydric acid solution for 90 sec. The current
density vs. potential characteristics were measured in pH2
buffer electrolyte and in 2-electrode setup using a RuO, counter
electrode. The illumination intensity conformed with AM1.5G
spectrum. The 2-electrode current-voltage characteristics
obtained before and after Ru nanoparticle treatment are
shown in Figure 1. It was observed that such treatment led to
a systematic photocurrent density increase, up to 2 mA/cm’
without bias. Also, measurement after the durability test showed
that the current density recovered to nearly its original value.
Subsequent illuminated open-circuit potential measurements
confirmed the anodic flat band potential shift of ca. 500 mV, an
ideal situation for photocathode systems. Improvement was also
confirmed by the National Renewable Energy Laboratory with
outdoor test conditions.

2. Oxide Mineral-Based Compound Films

With an electronic band-gap of 2.2 eV and more
favorable surface energetics for water splitting than most
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FIGURE 1. The 2-electrode current density-potential characteristics in pH2
buffer solution on hybrid devices

oxide systems (i.e. WO, TiO,, Fe,0,), copper tungstate
(CuWO,) is a material-class that merits further investigation.
We reported last year on the effect of thermal treatment on
the crystallographic, surface energetics and PEC properties
of reactively co-sputtered CuWO,. A major improvement was
observed on CuWO, films after a post-annealing at 500°C

in argon for 8§ hours, exhibiting a photocurrent density of
approx. 400 uA/cm’ at 1.6 V vs. saturated calomel electrode.
More importantly, electrochemical impedance spectroscopy
study indicated that CuWO, transport properties must be
improved in order to achieve better performing photoanodes.
This issue was addressed this year by adding conductive
carbon nanotubes (CNTs) directly into the matrix of CuWO,
photoanodes. To do so, CuWO -CNT nanocomposites were
obtained via spray pyrolysis deposition process using a
solution containing all building blocks (i.e. Cu, W precursors
and CNT) required to fabricate this unique system (Figure 2).

Subsequent current-voltage characteristics pointed
out a net improvement in photocurrent generation, with
a maximum current density of c.a. | mA/cm®. This
corresponds to a doubling of the photocurrent density when
compared with CuWO, witness samples.

3. I-1lI-V1, (Copper Chalcopyrite-Based) Films

The largest technical barrier in this material class is a
misalignment of the energy band levels in the semiconductor-
electrolyte interface in the baseline material CuGaSe, with
a relatively low bandgap of 1.65 eV. This makes monolithic
integration with PV driving devices difficult, and the
misaligned band levels result in a high required voltage
bias from PV cells. Material development is focused on
modifying the group I (Cu, Ag) to group VI (S, Se) bond to
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FIGURE 2. Micrograph of a CuWO,-CNT nanocomposite used for PEC
hydrogen production

more favorably align the energy levels and raise the bandgap.
The validation of the novel coplanar device achieving 4.34%
STH efficiency using low-cost a-Si PV cells lays out a design
pathway towards DOE project goals. The coplanar device
cannot achieve much more than 5% STH, and so material
advances are needed to allow bandgaps closer to the ideal
bandgap of 2.0-2.1 eV. With the addition of either silver or
sulfur to raise the bandgap to ~1.8 eV, one PV cell can be
buried beneath it and required voltage bias should be reduced,
allowing performance beyond the 5% STH threshold. Further
raising the bandgap (towards 2.1 eV) will allow a second

PV cell to be buried and can potentially extend performance
beyond the 20% STH range. Current durability success

with CuGaSe, achieving 420 hrs of continuous operation at

4 mA/cm® is very promising. Surface treatments of nano- and
micro-scale catalysts are being explored to further extend
durability towards 1,000 hrs. These same catalytic treatments
are, of course, also expected to improve device performance.

Conclusions and Future Directions

Surface treatment of the hybrid PV/a-SiC device using
Ru nanoparticles was found to reduce the photocurrent
onset and enhance photocurrent up to ~2 mA/cm® at zero
potential. In metal oxide-based compound such as CuWO,,
the post-deposition annealing improves its conductivity and
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photo-response while the bandgap remains unchanged (2.1
eV). Finally, a STH efficiency of ~4.3% is achieved in the
novel co-planar integrated a-Si (PV)/CuGaSe, (PEC) device.
Incorporation of Ag and/or S in baseline CuGaSe, cells
remains the highest priority in the I-III-VI, material class to
achieve >5% STH efficiency and beyond. The hybrid PV/a-
SiC device, and other two-photoelectrode thin film materials
(WO, and Copper Chalcopyrite) show excellent durability in
electrolyte for >200 hours.

FY 2012 Publications/Presentations

1. Nicolas Gaillard, Yuancheng Chang, Artur Braun and Alexander
DeAngelis, Copper Tungstate (CuWO4)—Based Materials for
Photoelectrochemical Hydrogen Production, 2012 MRS Spring
Meeting, mrss12-1446-u02-08.

2. Yuancheng Chang, Artur Braun, Alexander Deangelis,

Jess Kaneshiro, and Nicolas Gaillard, Effect of Thermal

Treatment on the Crystallographic, Surface Energetics, and
Photoelectrochemical Properties of Reactively Cosputtered Copper
Tungstate for Water Splitting, J. Phys. Chem. C, 2549025495, DOI:
10.1021/jp207341v (2011).
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3. J.M. Kaneshiro, A. Deangelis, X. Song, N. Gaillard and

E.L. Miller “I-ITI-VI, (Copper Chalcopyrite-based) Thin Films
for Photoelectrochemical Water-Splitting Tandem-Hybrid
Photocathode) MRS Proceedings 1324 (2011) mrss11-1324-d15-08
doi:10.1557/0pl.2011.964.

4. ]. Kaneshiro, Dissertation Thesis, University of Hawai'i at
Manoa, 2012.

5. PHOTOELECTROCHEMICAL HYDROGEN PRODUCTION,
2012’ DOE H, Annual Merit Review meetings, Washington, D.C.,
May 13, 2012 (presented by Jian Hu and Nicolas Gaillard).
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Objectives

*  To develop critical technologies required for cost-
effective production of hydrogen from sunlight and water
using thin film (tf)-Si based photoelectrodes.

»  Two approaches are taken for the development of
efficient and durable photoelectrochemical (PEC) cells:

— An immersion-type PEC cell in which the
photoelectrode is immersed in electrolyte.

— A substrate-type PEC cell in which the photoelectrode
is not in direct contact with electrolyte.

Technical Barriers

This project addresses the following technical barriers
from the Photoelectrochemical Hydrogen Production section
(3.1.4) of the Fuel Cell Technologies Program Multi-Year
Research, Development and Demonstration Plan (MY PP):
(Y) Materials Efficiency
(Z) Materials Durability
(AA) PEC Device and System Auxiliary Material
(AC) Device Configuration Designs
(AD) Systems Design and Evaluation

Technical Targets

This project focuses on the development of
photoelectrode materials and triple junction tf-Si-based PEC
cells required to achieve or exceed DOE’s technical targets.
The status of this project towards the DOE MYPP objective
for PEC production of hydrogen for 2013 is:

Accomplishments

*  TCCR coatings were developed (Task 1).

—  After extensive study of many different types of
material classes for TCCR application, cobalt oxide
has been identified as the major material class of

TABLE 1. Progress towards Meeting Technical Targets for Inmersion-Type PEC Cells and Systems

DOE Barriers Performance Measure Units DOE 2013 Targets 2010 MWOE current Status
Go/No-Go
Y. Materials Solar-to-Hydrogen (STH) efficiency % Efficiency 8 N/A 4.0
Efficiency (immersion-type)
Z. Materials Durability Hours >1,000 >700 1,000 (Co,0,)
Durability 330 (PEC)
Cost gge $2-3 N/A TBD
Deposition temperature °C <250 (MWOE Target) <300 200
Transparency of TCCR % Trans-mission >90 (MWOE Target) >85 95
Voltage drop across TCCR layer \ <0.15 <0.35 0.086

gge = gasoline gallon equivalent; TCCR = transparent, conducting and corrosion resistant; TBD = to be determined

FY 2012 Annual Progress Report

DOE Hydrogen and Fuel Cells Program

11-93



I.LF Hydrogen Production and Delivery / Photoelectrochemical

Xu — Midwest Optoelectronics LLC

study, moving into the Phase Two of the project
period.

— In,0,-Co,0, has also shown promising results, will
be optimized for TCCR performance.

*  Successfully transferred the results from the lab to the
prototype roll-to-roll production machine to deposit
cobalt oxide film on large area a-Si triple junction cells.
The PEC electrodes with cobalt oxide coating have been
used to build the immersion-type PEC systems (Task 1
and 4).

*  Have achieved 4.1% initial solar to hydrogen conversion
efficiency and over 330 hours life time for immersion
type PEC cells (Task 3).

*  Various immersion-type PEC module designs have
been built to optimize the STH conversion efficiency, to
extend the lifetime and reduce the cost. Reasonable STH
efficiency has been obtained and further improvements
are under way (Task 4).

*  Worked with Dr. Nocera’s group at the Massachusetts
Institute of Technology and Sun Catalytix on solar
water splitting project, by providing triple junction a-Si
solar cells. Their research results were published in
Science Magazine and were selected as one of Top 50
Innovations of Year 2011 by Time Magazine (“Artificial
Leaf™) (Task 4).

R R

Introduction

In this project, MWOE and its subcontractors are
jointly developing the critical technologies for cost-effective
production of hydrogen from sunlight and water using tf-Si-
based photoelectrodes. These tf-Si based electrodes include
triple junction cells with either amorphous silicon germanium
alloy (a-SiGe) or microcrystalline silicon (jic-Si) as the
narrow band gap absorber material.

In this project two separate approaches have been
pursued for the development of immersion- and substrate-
type PEC photoelectrodes:

* In one approach, triple-junction tf-Si based
photoelectrodes (a-Si/a-SiGe/a-SiGe or a-Si/a-SiGe/pic-
Si) are used to generate the voltage bias necessary for
hydrogen generation. A TCCR coating is deposited on
top of the photoelectrode to protect the semiconductor
layers from corrosion while forming an ohmic contact
with the electrolyte.

*  The second approach uses a hybrid structure, in which
two tf-Si-based junctions (middle and bottom junctions
of the present triple-junction tf-Si cell) provide a voltage
bias of about 1.1 V, and a third junction (the top junction)
forms a rectifying junction between a photo-active

DOE Hydrogen and Fuel Cells Program

semiconductor and the electrolyte. This approach was
down-selected during a Go/No-Go review in Dec 2010.

Approach

Five technical tasks are being performed under this grant
to accomplish the project objectives:

» Task 1: TCCR coating for a triple-junction tf-Si-based
photoelectrode.

»  Task 2: Hybrid multi-junction PEC electrode having
semiconductor-electrolyte junction.

»  Task 3: Understanding and characterization of photo-
electrochemistry.

»  Task 4: Development of device designs for low-cost,
durable and efficient immersion-type PEC cells and
systems.

»  Task 5: Development of device designs for large area,
substrate-type PEC cells.

During the Go/No-Go review in Dec 2010, it was
decided that the immersion-type PEC work (Task 4) will
proceed into the second phase and the substrate-type PEC
work (Task 5) would come to an end. It was also determined
the TCCR work (Task 1) will proceed and the photo-active
semiconductor work (Task 2) will be halted.

Results

The immersion-type PEC system utilizing a-Si triple
junction solar cell should be a very efficient and low-cost
approach for renewable hydrogen generation. The most
challenging part of this approach is to develop a TCCR
coating to protect the tf-Si solar cells in electrolyte. The focus
of Task 1 has been to identify promising materials to use as
the TCCR layer. After extensive studies of various material
classes for this purpose, cobalt oxide and cobalt oxide co-
deposited with other metal oxides have been identified as
the most promising material that we would focus on moving
into Phase II of this project. Over the past year the film
properties were further optimized in Xunlight’s roll-to-
roll deposition system. This prototype production system
allows large-area PEC electrode fabrication, including the
deposition of TCCR layer without breaking the vacuum.
Cobalt oxide has been sputtered on a-Si triple junction
solar cells at 200°C. Reducing the sputtering power from
1.5 kW (Run 4) to 0.8 kW (Run 5) leads to transmission
values of 90-100% in a wavelength range between 300-900
nm (Figure 1). The average thickness of these Co,0, layer
is ~70 nm. The oxygen flow was varied between 100-140
sccm and it seems that the transmission of the Co,O, layer
does not change with the oxygen flow in the sputtering gas.
Under one-sun condition, the voltage drop on the cobalt oxide
layer is only 0.086 V, which is excellent since this indicates
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FIGURE 1. Transparency of cobalt oxide films (TCCR layer) deposited in Xunlight's roll-to-roll deposition

system for large-area fabrication of PEC electrodes

that almost all the voltage generated by the solar cell can be
used for water splitting and hydrogen generation. All of the
above performance metrics meet or exceed the DOE goals
and MWOE project goals. Cobalt oxide films deposited on
fluorine-doped tin oxide (TEC 15) have been shown to be
electrochemically stable for over 1,000 hrs under an applied
bias of 1.8 V which reassembles the operating conditions for
an immersion-type PEC cell assembly. With the roll-to-roll
deposition system, not only can we optimize the deposition
conditions for cobalt oxide, we can also adjust the solar cell
deposition conditions and optimize the solar cell and TCCR
layer deposition parameters for PEC performance instead for
solar-to-electricity performance. This is a great advantage
that we have comparing to many other groups that have to
rely on commercially available solar cells which are always
optimized for solar to electricity performance.

Under Task 4, we have focused our efforts in two
major areas during last year. The first area was to develop
immersion-type PEC electrodes with good STH efficiency
and life time. We have fabricated PEC electrodes with cobalt
oxide coating on the oxygen generating side and porous Ni
catalyst on the hydrogen generation side. We have achieved a
4.1% initial STH efficiency and over 330 hrs of lifetime with
a 2.5 cm’ electrode (Figure 2). This efficiency was calculated
by the actual measurement of hydrogen gas collected over
time under AM 1.5 illumination (1 sun). It seems the main
cause for performance decay overtime is the edge corrosion
of the cell by electrolyte. We have been addressing this issue
by applying a clear coat at the edge and employ some special
design for the electrode holder in the large area PEC module
design.

FY 2012 Annual Progress Report

FIGURE 2. The experiment set-up for measuring the STH efficiency of the PEC
electrodes

The second area that we have focused on was to design
and develop PEC system with our large-area PEC electrodes.
The basic design (Figure 3) uses an insert to hold the PEC
electrode and to separate the unit into two chambers with
an open void at the bottom for ion flow in the electrolyte.

An insert holds the PEC electrode which allows for easy
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FIGURE 4. An immersion-type PEC module in operation under actual outdoor
conditions

Nanyang Technological University in Singapore, Imperial
College London in England. As far as we know, MWOE/
Xunlight is the only company in the world which can supply
triple junction solar cells which are ideal for renewable water
replacement of different PEC electrode materials. A STH splitting and hydrogen generation.

conversion efficiency of 2.5 has been achieved with the PEC
module in actual outdoor condition. Figure 4 shows the PEC
module in operation under normal outdoor condition. We

FIGURE 3. Prototype PEC module design with four inch by four inch PEC
electrodes

Conclusions and Future Directions

are working on exploring different PEC module designs to *  Continue to improve the STH conversion efficiency for
further improve the performance. the large-area immersion-type PEC system, understand
We have worked with Dr. Nocera’s group at the the different factors which could affect the efficiency
Massachusetts Institute of Technology and Sun Catalytix such as cell uniformity, optimum operating voltage
on solar water splitting project, by providing triple junction and operating current of the solar cell, the effect of the
a-Si solar cells. Their related research results were published TCCR characteristics on the PEC performance, and the
in Science Magazine and were selected as one of Top 50 hydrogen and oxygen generation catalyst, etc.
Innovations of Year 2011 by Time Magazine. MWOE has »  Experiment with different fabrication methods for PEC
received many requests for collaboration on PEC hydrogen electrode with respect to solar cell and indium tin oxide
generation research projects from multiple research deposition conditions, electrode preparation and different
groups around the World, including University of Texas at conditions for applying TCCR coating both in the lab and
Austin, Toyota Technical Center in Ann Arbor, University in the large scale roll-to-roll deposition system.

of California at San Diego, Energy Research Institute at
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Continue to develop different module designs to
optimize the STH efficiency, extend lifetime and reduce
cost.

Develop more TCCR materials in additional to Co,0,.

Develop 1’x1’ commerecial size PEC system and carry out
test in real life conditions.

FY 2012 Annual Progress Report
11-97

Collaborate with different research groups around the
world to further PEC hydrogen generation research and
development.

Carry out the preliminary techno-economic analysis of
the immersion-type PEC system.
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Fiscal Year (FY) 2012 Objectives

For FY 2012, the main goal of this project was to
improve materials efficiency by understanding and hence
tuning the following by theoretical/computational modeling
e optical gaps and
*  absorption probabilities
*  conduction properties

This allows us to devise materials selection criteria for
photoelectrodes for photoelectrochemical (PEC) energy
conversion.

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
(Z) Materials Durability

Technical Targets

This project is intended to provide (i) a theoretical
understanding of the performance of current PEC materials
and provide feedback and guidance for performance

DOE Hydrogen and Fuel Cells Program

improvement; (ii) materials prediction for photocatalysts by
computational approach.

FY 2012 Accomplishments

*  Theoretically studied the Cu-based delafossites materials
and their nano-crystal phases to predict efficient photo-
catalysts for hydrogen production.

*  We have shown that a set of unique and highly stable
delafossite nano-crystals can be designed with tunable
band gap.

e We have further investigated the optical absorption
probabilities of these nano-crystals and determined a
fundamental barrier in efficient optical absorptions for
these oxide materials.

R R R

Introduction

Numerous metal oxides have been tried as photocatalysts
for the last four decades to produce hydrogen [1-4] by water
splitting through PEC process. Simple band engineering
approaches to tune the band structure of naturally occurring
oxides have not been so far very successful to generate
hydrogen efficiently [5]. Alternate strategies, such as
nanostructured photocatalysts have shown promises to
split water to produce hydrogen [6-8]. Favorable focus on
the nanostructure materials are due to the fact that their
electronic structures are tunable, charge carrier scatterings
are small and in many cases relatively low cost synthesis
procedures available. However, to facilitate and control
any redox reaction, such as to split water efficiently, the
basic understanding of the nature of ‘band’ gap of the
nanostructures and the electrons excitation across the gap is
essential. The present study of the self-passivated and charge
compensated nano-structures were performed with density
functional theory (DFT) [9,10] and time-dependent DFT
(TDDFT) [11,12]. These are very useful methods to study
the ground state electronic structure and excitation energy,
respectively, for the nanostructures.

Cu delafossites, CuMO, (M = group 13 and 3 metals),
have received great attention recently. These are stable in
most aqueous solutions and have good p-type conductivity
[13]. PEC response to split water for hydrogen has already
been demonstrated for Cu-delafossites [16,17]. Recent
theoretical studies have revealed that due to their crystal
structure, Cu-delafossites have some undesirable features
for PEC applications, such as indirect band gap and very
weak optical absorption at the minimum band gap [14,15].
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However, though the absorption can be improved by breaking
the inversion symmetry of the crystals, [15] even after doping
or alloying the band gap of delafossites remained indirect
[16]. One way to go beyond this limitation is to consider
nano-crystals. As the energy levels of the nano-structures

are discrete and dispersionless, these structures do not suffer
from indirect band gap problem. So it would be interesting to
see if the minimum gap of nano-crystals enhances the optical
absorptions.

Approach

CuYO, nano-crystals have been considered here as the
prototype delafossite. These nanostructures were modeled
in such a way that the basic structural features of delafossite
have been retained. In delafossite structures, O and Cu form
linear bonds along the c-axis, and O—M (M = transition
metal atoms, such as Y) form distorted octahedrons. These
octahedrons are connected by the Cu-O chain. All the nano-
crystals considered here have oxygen terminated surfaces
on both the lower and upper face (Figure 1). Upon several
testing, it has been found that Y-terminated structures (either
on both or one side) are heavily distorted and are less stable.

For the present report, Gaussian03 code [17] has been
used to calculate the electronic structures of CuYO, nano-
crystals. Hybrid density functional theory with B3LYP

FIGURE 1. Relaxed structures of two charge compensated delafossite
nanostructures: (a) Cu,Y,,0,, and (b) Cu,Y, 0,,. Structures in (c) and (d) are the
top-views of structures presented in (a) and (b), respectively. Orange, red and

light green balls represents Cu, O and Y atoms, respectively.
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functional [18-20] was used with the LANL double { basis
set and effective core potential [21] to study the delafossite
nanocrystals. Hybrid functionals are in general found to

be relatively accurate in reproducing the band gaps of
semiconductors and insulators [22] for both DFT and TDDFT
[23]. Full geometry optimizations with different spin-states
were performed to obtain the lowest energy configurations.
In addition, to obtain a better description of the optical

gap or the electron transition energies from occupied to
unoccupied states, we have used TDDFT as implemented in
Gaussian03 [24]. All computations were performed at the
high performance supercomputing center facilities of the
University of Texas at Arlington.

Results

A charge compensated ionic structure, Cu, Y, O,, should
have m+3n—-2[=0; where 1, 3 and -2 are the oxidation
states of Cu, Y and O atoms in delafossite structure,
respectively. Though the overall structure is neutral, a
charge uncompensated nanocrystal will have local charged
ions and which would lead to charged defect-states in the
highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) gap. Another interesting
aspect of these nano-crystals is, in addition to charge
compensation, the top and the bottom layer of the nano-
crystals are self-passivated by extra Y-Y bonds (Figure 1),
which are not found in the corresponding bulk structure
[14]. These self-passivated and charge compensated metal-
oxide nano-crystals are a unique set of nano-materials
with very high chemical stability. It is very challenging to
model such nano-crystals with basic delafossite features.
Figures 1(a) and (b) show the relaxed structures of two of
the charge compensated nanocrystals, and the top views
are shown in Figure 1(c) and (d). Extra Y-Y bonds are seen
here, which saturate the Y-O octahedrons and resulting in
no unpassivated dangling bonds. Even at this small level,
the basic delafossite structure, i.e., O-Cu-O linear chain-like
bonds bounded by O-Y octahedrons are visible.

Binding Energies: The binding energies were calculated
with respect to the infinite separation limit of the constituent
atoms at their ground state spin configurations. First of
all, the binding energies per atom are considerably high,
implying that in general these nano-crystals are stable.
Binding energy per atom is slightly higher for Cu,Y,,0,,
which is charge compensated with zero dipole moment. It has
binding energy of 5.408 eV/atom. On the other hand charge
neutral, but non-zero dipole moment structure has little lower
binding energy, for instance 5.390 eV/atom for Cu,Y, O,.. In
fact this has a little higher dipole moment of 14.820 Debye
which contributes to the polar nature of the structure. On
the other hand, the charge uncompensated structure, such
as Cu,Y O,,, has relatively much lower binding energy of
5.165 eV/atom. To see how much charge imbalance affects

the stability, we further show binding energy of another
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non-charge balanced structure, Cu,Y  O,,, 5.351 eV/atom.
However, in the former case the unsaturated charge is +8,
in the later the it is only —2. It can be argued here that the
more charge balanced a structure is, the higher the binding

energy.

HOMO and LUMO: Figure 2(a) shows the structure of
the topmost five occupied orbitals for Cu,Y, O, structures.
This structure is especially chosen for the fact that it is a
charge compensated structures with non-zero dipole moment,
hence will represent a more general case. Here the HOMO
is mainly situated around the Cu atoms in the middle with
some contributions from O-atoms which are bonded with
Cu. The outer O-atoms (top and bottom surfaces) do not have
any significant contributions to these top occupied orbitals.
The shape of the HOMO around the Cu atoms is clearly
indicative of 3d,, orbital. The same is true for the HOMO-1
orbital which is only 35 meV lower than the HOMO. These
features can be directly compared with the bulk delafossite
structures where valence band maximum is mainly composed
by Cu-d with O-p hybridization [14]. From HOMO-2 orbital
and further below, the 3d,, structure is no longer seen; rather
mixed components of 3d orbitals get prominent. As expected,
Y has practically no contribution to these orbitals. In case
of ionization, an electron will be taken out from the HOMO.
Our calculated adiabatic ionization potential is 6.557 eV
which is very high.

Similarly, we have also studied the first five unoccupied
orbitals, i.e., LUMO, LUMO-+1I, etc. and are presented
in Figure 2(b). Unlike the position of HOMO, LUMO is
mainly situated on one side of the structure and have major
contributions from all the three types of atoms, while the

contribution from corner Y atoms is higher. The almost sole
contribution from Y atoms was found at LUMO+1 which

is 170 meV higher than LUMO. It does not distribute itself
throughout the structure, rather situated in two corners.
LUMO+2 and above have considerably higher energies,
hence may not contribute much on the chemical properties
of this structure. It is important to note, the distribution of
HOMO is almost over all the Cu atoms, however LUMO is
only on the Y atoms which are in one side of the structure.
The apparent asymmetric distribution of LUMO could be
highly structure dependent. If an extra electron is received
by this LUMO, the electron will occupy an unfilled Y-orbital,
and the corresponding electron affinity is considerably
higher, 1.818 eV.

Next we discuss briefly HOMO and LUMO for a charge
uncompensated structure, Cu0,,Y,, as shown in Figure 3(a)
and (b), respectively. In contrast to the charge compensated
structure discussed above, Cu atoms do not contribute much
to the HOMO for Cu,0,,Y . The largest contribution to
both HOMO and LUMO comes from the under-coordinated
Y atoms. This under-coordination of Y atoms is also
responsible for the distorted Cu-Y bond as seen in here.
Hence these HOMO and LUMO can mainly be considered
as charge defect states. Here again, the Y-O octahedrons do
not contribute to the HOMO and LUMO. The atomic sites
and the relative sizes of HOMO and LUMO do not differ
much for this charge uncompensated structure. The energy

difference between the HOMO and LUMO is only 0.582 eV.

Optical gaps by TDDFT: The first excitation energy
calculated by TDDFT [24] with non-zero oscillator strength
would give an estimation of the optical gap for the nano-

HOMO-1
(AE=0.035¢V)

LUMO+1
(AE=0.170eV)

HOMO-2
(AE=0.037eV)

LUMO+2
(AE=1.064eV)

HOMO-3 HOMO -4

(AE=0.064eV)

LUMO+4
(AE=1.302eV)

LUMO+3
(AE=1.217eV)

FIGURE 2. (a) Valence band (HOMO) composition for CuYO-52 (Cu,Y. O, ) nano-structures is shown here. HOMO—n refers to the

81628

nth orbital below the HOMO. AE is the energy difference between the HOMO and HOMO—n orbitals. Here we have shown the first five
occupied orbitals. (b) Similarly, LUMO is shown here for the same structure. Here LUMO+n refers to the nth orbital above the LUMO.
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FIGURE 3. (Color online) (a) HOMO and (b) LUMO of fully optimized Cu,Y,,O

X 8 24716
structure is shown here.

crystals. For example, the first excitation energy for

Cu,Y, O, was found to be 2.734 eV which is less than its
hybrid DFT HOMO-LUMO gap of 3.165 eV. Interestingly,
this transition is not allowed as the oscillator strength was
found to be zero here. This can be compared to the bulk
CuYO, where the optical absorption is symmetry forbidden
at the minimum direct gap as well [15]. In fact, for Cu,Y, O,
the first five excitations have all zero oscillator strength,
implying that none of the low energy transition is possible.
Similarly, the first excitation probabilities (oscillator
strengths) of other structures were also found to be zero.
However, for Cu,Y,0,, the third excitation showed non-

zero oscillator strength at energy of 2.931 eV, which is

0.020 eV higher than the first excitation gap. For charge un-
compensated structure, like Cu,Y, O,,, the oscillator strength
in the first excitation energy was very small, almost zero.
However, this excitation is between the charge defect states,

and predominantly on the Y-site.

Conclusions and Future Directions

A set of self-passivated and charge-compensated nano-
crystalline delafossites structures have been presented
here. The goal was to (i) model these nano-crystals and
find out their stability, and (ii) whether the nanocrystals
would enhance the suppressed optical absorption found in
delafossite bulk crystals. It has been found that the C Y O,
nano-crystals have, in general, high binding energies which
are more than 5 eV/atom. The stability of these delafossite
nano-crystals is ensured by the Y-Y bonds to passivate
the terminating surfaces. The HOMO-LUMO gaps are, in
general, higher for the charge-compensated structures. For
instances, both the charge-compensated structures has gaps
more than 2.7 eV calculated by TDDFT. Interestingly, the
absorption probabilities for the first few excitation energies
are zero for these nano-crystals. This implies that the
enhancement of optical absorption at nano-level compared
to bulk can be challenging. This conclusion may apply for

FY 2012 Annual Progress Report

other metal-oxide nano-crystals with inversion symmetries.
To test this hypothesis, we will further investigate optical
absorptions of other nanocrystals in the next year, such as
a-Fe,0, and MoS,. Other future plans include:

»  Transport properties calculation.

»  Electron hopping to the surface, and transfer of electrons
from the surface will be studied.

»  Doped nano-crystals will be considered.

*  Detail orbital analysis will be performed to understand
and predict other nano-structures for photo-catalysts.
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Fiscal Year (FY) 2012 Primary Objectives

*  Develop and optimize aerobic, high solar-to-hydrogen
(STH) photobiological systems for the production of H,
from water by:

— engineering a H,-producing catalyst ([FeFe]-
hydrogenase) that has an extended half-life
following exposure to O,

—  introducing a more O,-tolerant hydrogenase into the
green alga, Chlamydomonas reinhardtii

e Further optimize and utilize an anaerobic, limited STH
working platform to study biochemical and engineering
factors that affect H, photoproduction by biological
organisms; focus on the effect of an altered chloroplast
adenosine triphosphate (ATP) synthase on the rates of H
photoproduction.

2

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.

(AH) Rate of H, production

(AI) Continuity of H, production

FY 2012 Annual Progress Report

Technical Targets

TABLE 1. Progress toward Meeting Technical Targets for Photobiological
Hydrogen Production

Parameters Current 2013 Maximum
Status Targets | Potential
Duration of continuous
photoproduction:
— Aerobic, high STH (O,-tolerant) | 4.5 min 30 min 12 hours
— Anaerobic, low STH 50-150 days Indefinite
(S-deprivation)
— Aerobic, low STH 10 days Indefinite
(S-deprivation)
Cost ($/kg H,)
— Aerobic, high STH $2.99
— Anaerobic, low STH $6.02

FY 2012 Accomplishments

*  Successfully expressed a more O,-tolerant clostridial
hydrogenase (Cal) in a double hydrogenase knock-out
mutant of Chlamydomonas reinhardtii and observed in
vivo H, photoproduction.

*  Reached a No-Go decision concerning a mutagenesis
approach to generate targeted random mutants in
Chlamydomonas.

*  Demonstrated long-term H, photoproduction by sulfur-
deprived algal cultures immobilized into alginate films,
using cycles of +S/-S or continuous flow of medium with
low concentrations of sulfate.

*  Successfully generated an inducible system for
expression of chloroplast genes and tested its efficacy in
expressing an Orange Fluorescent Protein.

»  Tested transformants containing altered atpE genes using
immobilized cells under sulfur-deprivation conditions.

S e R

Introduction

Green algae can extract electrons from water and
generate H, under illumination, using the concerted
activities of the photosynthetic electron transport chain
and the enzyme [FeFe]-hydrogenase. This pathway
evolves O, as a by-product, which irreversibly inhibits the
[FeFe]-hydrogenase catalytic center. The continuity of H,
photoproduction is one of the major technical barriers to
developing photobiological H,-production systems that use
water as the source of electrons (technical barrier Al). A
second major barrier to efficient algal H, production is the
low rate of the reaction (technical barrier AH), which is
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dependent on many intracellular regulatory factors, including
the down-regulation of photosynthetic electron transport
from water under H,-producing conditions.

Our current project addresses the O, sensitivity and low
rates of algal H,-production by using molecular engineering
to alleviate these barriers and testing the results through the
sulfur-deprivation platform. The latter allows us to measure
the effects of molecular engineering on sustained hydrogen
production, although at low STH conversion levels.

Approach

Task 1. Molecular Engineering Approaches to Increase
the O, Tolerance of H, Photoproduction

This task has two major objectives: (a) the engineering
of increased O, tolerance in [FeFe]-hydrogenases through
random mutagenesis, targeted to regions that control O,
access to the catalytic site; and (b) the expression of a
functional, more O,-tolerant clostridial [FeFe]-hydrogenase in
Chlamydomonas reinhardtii.

The targeted mutagenesis approach is guided by
extensive computational studies of gas diffusion in the
Clostridium pasteurianum Cpl [FeFe]-hydrogenase (that has a
solved crystal structure). These studies previously identified a
hydrophobic cavity separated from the catalytic H-cluster by
a high-energy barrier. However, site-directed mutagenesis of
barrier residues designed to reduce O, transport did not yield
enzymes with higher O -tolerance. Alternative computational
and mutagenesis approaches were devised in order to target
residues present in the regions around the diffusion barriers
(but not in the barrier per se), and high-throughput assays
were developed in FY 2012 to test the hypothesis. However,
due to the complexity of the O, effect on hydrogenases as
observed by our previous efforts, combined with a limited
budget for FY 2012, we concluded that, in order to meet
programmatic milestones for increased oxygen tolerance it
would be more feasible to focus on introducing known, more
O,-tolerant enzymes into Chlamydomonas. If an additional
budget is available in the future, we will return to pursuing
the targeted random mutagenesis approach for engineering.

Our studies aimed at expressing a more O -tolerant
hydrogenase from Clostridium acetobutylicum (Cal) in
C. reinhardtii have benefited enormously from recent
findings from a DOE Office of Science project under Dr.
Ghirardi, which provided us with a Chlamydomonas strain
that lacks the two native algal hydrogenases. This strain,
together with our efforts at optimizing Cal gene expression
in Chlamydomonas during FY 2012, has been used in our
current efforts to demonstrate in vivo H, photoproduction by
a transformant expressing only Cal. The availability of this
transformant will allow us to observe the effects of a more
O,-tolerant hydrogenase in algal H, production and overall
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physiology and guide further studies aimed at developing
hydrogenases with even higher O, tolerance.

Task 2. Use of the Sulfur-Deprivation Platform to Test
Additional Biochemical and Engineering Barriers to H,
Photoproduction

To induce sustained H, photoproduction, we collaborated
with the University of California in 2000 and developed a
physiological switch that is based on removing sulfate from
the algal growth medium. This procedure has become a
platform for testing the performance of a variety of algal
mutants, growth conditions, immobilization surfaces and
other engineering factors that may affect the overall H, yield.
In FY 2012, our efforts focused on (a) increasing the duration
of H, photoproduction using immobilized algal cells; and (b)
developing inducible mutants that express an altered ATP
synthase gene that prevents down-regulation of electron
transport rates during H, photoproduction.

Results

Task 1. Molecular Engineering Approaches to Increase
the O, Tolerance of H, Photoproduction

Computational simulations identified differences in
the geometries and energies of the gas diffusion barriers
protecting the H-cluster of [FeFe]-hydrogenases, indicating
that diffusion itself may not be the limiting step for
inactivation. Based on these studies, we identified targets for
mutagenesis that may increase the energy barriers and allow
diffusion to become the rate-limiting step, without affecting
the maturation of these hydrogenases. In order to test the
validity of this hypothesis, we developed a chemochromic,
high-throughput assay, based on the oxidation of methyl
viologen by H -producing algae and adapted it to a microwell
format. The assay was tested with Escherichia coli strains
expressing hydrogenase mutants that are unable to produce
H, and it was further optimized. The selected E. coli
strain, Rosetta-2 (DE3) was chosen as a host for mutated
hydrogenases due to its low background endogenous
hydrogenase activity (which is catalyzed by native [NiFe]-
hydrogenases) and it was shown to successfully express the
mutated [FeFe]-hydrogenases upon IPTG (isopropyl -D-1
thiogalactopyranoside) induction.

More recently, we successfully expressed the clostridial
Cal hydrogenase in wild-type Chlamydomonas, using a
psaD promoter and terminator based-expression system.
The data obtained from these transformed strains, however,
have been challenging to interpret. Low expression
levels of Cal relative to the native algal hydrogenases
(HYDAI and HYDA2) made testing the resulting effects
of Cal expression on O, sensitivity highly variable, and
thus difficult to interpret. However, O,-inhibition assays
revealed double decay kinetics, suggesting that the more
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O,-tolerant Cal enzyme was expressed and active in the
transformed alga. At the beginning of FY 2012, we shifted
our transformation experiments to a new host, a double
hydrogenase knock-out strain of C. reinhardtii that has
recently been developed (Meuser et al. 2012. Biochem.
Biophys. Res. Commun. 417:704) through a project funded
by the DOE’s Office of Science Basic Energy Sciences
Program. We have since demonstrated successful genome
incorporation and expression of Cal (Figure 1). At this point,
we have postponed our random mutagenesis efforts in order
to allocate our resources to pursue this more promising
approach.

Although successful Cal transformants have been
obtained to date, the expression levels are low and may
been less stable. As a consequence, we have been unable
to accumulate enough cells to test their O, tolerance. We
have since generated additional transformants and will be
measuring their O, tolerance to complete milestone 3.3.5 by
the end of September 2012.

A Cal transformants
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FIGURE 1. (A) Polymerase chain reaction of positive transformants
demonstrating the incorporation of the Ca1 gene into the Chlamydomonas
genome; (B) Reverse-transcriptase polymerase chain reaction of ribo nucleic
acid extracted from positive transformants for Ca1, demonstrating that the Ca1
gene is transcribed in the transformants; (C) Initial rates of H, production by one
of the transformants (upper curve) upon illumination, as measured by the Clark
electrode; control curves represent, respectively, H,-production activity of the
transformant in the dark, and H, production by the parental strain, the double
hydrogenase knock-out mutant upon illumination.
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Task 2. Use of the Sulfur-Deprivation Platform to Test
Additional Biochemical and Engineering Barriers to H,
Photoproduction

Sulfur-deprived algal cells immobilized into alginate
films in the presence of 0.1% polyethylenimide (PEI) have
previously been shown to photoproduce H, for a total
period of about 10 days. In order to increase the period
of H, photoproduction, we used two approaches that
had been proven successful in extending H, production
by cells in suspension: (a) perform cycles of +S/-S; and
(b) continuously add low concentrations of sulfate to the
medium. Figure 2 demonstrates that approach (a) resulted
in H, photoproduction for a total period of about 150 days,
with a total H, accumulation of ~0.56 mol/m?. Approach
(b) proved more successful when applied to strain EJ12F3
(Figure 3A), a mutant on the ATP synthase subunit atpE that
is constitutively expressed in the host strain (see following).
The process resulted in H, photoproduction for a period of
about 53 days, with a total H, accumulation of 0.8 moles/m”
(for comparison, the wild-type accumulated 0.32 moles
Hz/mz). The longest period of H, photoproduction was
detected in the wild-type strain supplied continuously with
TAP-S—P medium containing only the residual amounts
of sulfates and phosphates. In this case, the alginate film
produced 0.27 moles Hz/m2 for about 92 days (Figure 3B).
Under these conditions, EJ12F3 also demonstrated the
highest H, photoproduction rate (Figure 3B). In the absence
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FIGURE 2. Continuous hydrogen photoproduction by sulfur/phosphorus-
deprived C. reinhardtii cultures entrapped in alginate films. All films were pre-
treated for 5 min with 0.1% PEI at the beginning of the experiment, washed in
distilled water and transferred to anaerobic vials containing TA-S-P medium. At
the beginning of each cycle (except the first one), alginate films were transferred
into aerobic vials containing normal tandem affinity purification medium. After

3 days (~72 h), the films were transferred back to anaerobic vials with TA-S-P
medium. For better stability, some films were additionally treated with 0.1% PEI
for 5 min at the end of the first aerobic phase (~385 h, blue circles). In addition,
acetate was re-added back to a third set of vials in the end of the first H,
photoproduction cycle (at t = 334 h), and the vials were sparged with argon for
20 min. In these vials, the experimental medium was not replaced but acetate
was re-added in the concentration equal to its initial concentration in the tandem
affinity purification medium.
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FIGURE 3. Continuous hydrogen photoproduction by sulfur-deprived C.
reinhardtii wild-type (CC124) and ATP-synthase mutant (EJ12F3) cultures
entrapped within thin alginate films. (A) Additional sulfate was added to the
cultures at different points, as shown by the arrows. (B) Experiments were done
under continuous flow of TAP —S —P medium without re-addition of sulfates,
except the experiment marked «only Ar» where only argon was supplied to the
bioreactor.

of continuous TAP —S —P flow, the alginate film produced
only 0.17 moles/mz.H2 gas for about 48 days.

The sulfur-deprivation process is being used to test the
performance of ATP synthase mutants designed to dissipate
the proton gradient that is established during electron
transfer from H,O to H, and that is known to down-regulate
electron transfer (and thus H, production). Mutants in the
atpE subunit defective in its C-terminal were expressed
in Chlamydomonas strain FUD17 that lacks native E
subunit. The expression of atpE in these initial strains was
constitutive, which resulted in lower or no growth under
photoautotrophic conditions. The H -photoproduction activity
of a series of slow-growing mutants was tested under sulfur-
deprivation conditions and two different light intensities,

90 and 150 uE m™s™. The results demonstrate that (i) the
host strain FUD, when complemented with a non-mutated
atpE subunit (wtF) produces substantially more H, than the
usual wild-type strain used in our laboratory, CC124; (ii) all
mutants that were tested showed H,-production levels similar
to the wild-type when cultivated under 90 pE m™ s™ but lower
H,-production levels when exposed to 150 pE m™ s™; and
(iii) the decrease in H, production at higher level intensity
compared to wtF was a function of the number of amino

acid residues that were mutated. The results suggest that the
mutations may have affected other cellular activities as well.

DOE Hydrogen and Fuel Cells Program

New mutants were designed and are being tested to
function under regulation of an inducible promoter, to allow
the dissipation of the proton gradient to occur only under H,-
producing conditions. The inducible promoter was tested with
an Orange Fluorescent Protein and was shown to efficiently
express this protein as a function of its expression level.

Conclusions and Future Direction

Task 1. Continue the characterization of C. reinhardtii
transformants harboring the Cal expression construct, and
improve the expression of the heterologous gene through
random mutagenesis of promoter, transit peptide and linker,
as needed.

Task 2. Will be discontinued due to budget restrictions.
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Presentations

1. Presentation to the research group at the Institute for Marine and
Environmental Technology (IMET) at the University of Maryland
(June 2011, Johnson).

2. Presentation at the Natural and Artificial Photosynthesis meeting
(November 2011, King).

3. Seminar presentation at the Colorado State University, in Fort
Collins, CO (November 2011, Ghirardi).

4. Oral presentation at the Western Photosynthesis Conference in
Pacific Grove, CA, (January 2012, Ghirardi).
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5. Invited talk to the Department of Life Sciences and Systems
Biology at the University of Torino (March 2012, King).

6. Invited Talk at the Metal Hydrides in Biology Meeting-Oxford
UK (March 2012, King).

1. Invited talk to the CEA Bioenergy Conference in Paris (February
2012, King and Ghirardi).

8. Organization and presentation at a joint symposium between
NREL and French researchers working on algal biohydrogen and
biofuels at NREL (April 2012, Ghirardi).
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Fiscal Year (FY) 2012 Objectives

*  Optimize sequencing fed-batch parameters in converting
cellulose to hydrogen by the cellulolytic bacterium
Clostridium thermocellum; aimed at lowering feedstock
cost.

*  Improve plasmid stability in C. thermocellum; aimed
at metabolic pathway engineering to improve hydrogen
molar yield via fermentation.

*  Complete analysis of fermentation effluent as the
first step in examining gas production from an actual
fermentation effluent.

*  Generate hydrogen without an external energy input in a
microbial reverse-electrodialysis electrolysis cell (MREC).

Technical Barriers

This project supports research and development on
DOE Technical Task 6, subtasks “Molecular and Systems
Engineering for Dark Fermentative Hydrogen Production”
and “Molecular and Systems Engineering for microbial
electrolysis cell (MEC)” and it addresses barriers AX, AY,
and AZ.

(AX) H, Molar Yield
(AY) Feedstock Cost

(AZ) System Engineering

DOE Hydrogen and Fuel Cells Program

Technical Targets

TABLE 1. Progress toward Meeting DOE Technical Targets in Dark
Fermentation

Characteristics Units Current | 2015 2020
Status | Target | Target
Yield of H, from glucose Mole H,/mole 2-3.2 6"
glucose

Feedstock cost Cents/lb glucose 13.5 10 8
Duration of continuous Time 17 days | 3 months
production (fermentation)
MEC cost of electrodes $/m? $2,400 | $300 $50
MEC production rate L-H,/L-reactor-d 1 1

*Yield of H, from glucose: DOE has a 2015 target of an H, molar yield of 6 (4 from
fermentation and 2 from MEC) from each mole of glucose as the feedstock, derived
from cellulose.

Feedstock cost: The DOE Biomass Program is conducting
research to meet its 2015 target of 10 cents/Ib biomass-derived
glucose. NREL’s approach is to use cellulolytic microbes to
ferment cellulose and hemicellulose directly, which will result
in lower feedstock costs.

FY 2012 Accomplishments

*  Conducted sequencing fed-batch reactor experiments
and demonstrated scalability of the system, with
both total hydrogen output and volumetric rate of
hydrogen production proportional to the amount of
cellulosic substrate added in the bioreactor containing
the cellulose-degrading bacterium C. thermocellum.
The improved rates of H, production were realized via
retaining those microbes that were adapted to degrade
cellulose.

»  Plasmid stability was improved by approximately
150-fold by ensuring the compatibility of the
deoxyribonucleic acid (DNA) restriction profiles
between C. thermocellum and the plasmid used for its
transformation. This finding will serve as the foundation
for a future genetic engineering effort with this microbe.

»  Fermentation wastewater produced from NREL
(from a sequencing fed-batch fermentation reactor
fed with 5 g/L cellulose) was analyzed in terms of
volatile fatty acids (VFAs), alcohols, carbohydrates,
and proteins. In the soluble chemical oxygen demand
(COD) (10,810 + 21 mg/L), protein (33%) was a main
component, with fewer carbohydrates present (12%).
Alcohols and VFAs accounted for 18% and 28% of the
soluble COD, respectively. Only 9% of the soluble COD
could not be identified.
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*  Hydrogen gas was successfully produced without an
external electrical energy input in an MREC using
salinity gradient energy. In order to generate salinity
gradient energy, we used ammonium bicarbonate salts,
which can be regenerated using low-temperature waste
heat as a saline solution in the reverse electrodialysis
(RED) stack. The maximum hydrogen production rate
was 1.6 m* H,/m*d, with a hydrogen yield of 3.4 mol
H,/mol acetate at an essentially infinite salinity ratio
(SR) (distilled water as the low concentration solution).

R R

Introduction

Biomass-derived glucose feedstock is a major operating
cost driver for economic H, production via fermentation. The
DOE Fuel Cell Technologies Program is taking advantage of
the DOE Biomass Program’s investment in developing less
expensive glucose from biomass to meet its cost target of
10 cents/Ib by 2015. Meanwhile, one alternative and viable
approach to addressing the glucose feedstock technical
barrier (AY) is to use certain cellulose-degrading microbes
that can ferment biomass-derived cellulose directly for H,
production. One such example is the cellulose-degrading
bacterium Clostridium thermocellum (C. thermocellum),
which was reported to exhibit one of the highest growth
rates using crystalline cellulose [1]. Another technical
barrier to fermentation is the relatively low molar yield of
H, from glucose (mol H,/mol sugar; technical barrier AX),
which results from the simultaneous production of waste
organic acids and solvents. Biological pathways maximally
yield 4 moles of H, per 1 mole of glucose (the biological
maximum) [2]. However, most laboratories have reported a
molar yield of 2 or less [3,4]. Molecular engineering to block
competing pathways is a viable option toward improving H,
molar yield. This strategy had resulted in improved H, molar
yield in Enterobacter aerogenes [5].

A promising parallel approach to move past the
biological fermentation limit has been developed by a team
of scientists led by Prof. Bruce Logan at Pennsylvania State
University (PSU). In the absence of O,, and by adding a
slight amount of negative potential (250 mV) to the circuit,
Logan’s group has produced H, from acetate (a fermentation
byproduct) at a molar yield of 2.9-3.8 (versus a theoretical
maximum of 4) in a modified microbial fuel cell called an
MEC [6]. It demonstrates for the first time a potential route
for producing eight or more moles of H, per mole glucose
when coupled to a dark fermentation process. Indeed, in FY
2009 the team reported a combined molar yield of 9.95 when
fermentation was coupled to MEC in an integrated system
[7]. Combining fermentation with MEC could therefore
address technical barriers AX and improve the techno-
economic feasibility of H, production via fermentation.

FY 2012 Annual Progress Report

Approach

NREL’s approach to addressing feedstock cost is
to optimize the performance of the cellulose-degrading
bacterium C. thermocellum. To achieve this goal, we are
optimizing the various parameters in a sequencing fed-batch
reactor to improve longevity, yield, and rate of H, production.
To improve hydrogen molar yield, we are selectively
blocking competing metabolic pathways in this organism
via genetic methods. Through a subcontract, PSU is testing
the performance of an MEC using both a synthetic effluent
and the real waste stream from lignocellulosic fermentation
generated at NREL.

Results

Lignocellulose Fermentation

Cellulose is a solid substrate, and with continuous
feeding the system will eventually suffer from clogging
of feed lines and over-exhaustion of the feed pump. A
more feasible strategy for cellulose fermentation is to
feed the substrate at a predetermined interval in lieu of
continuous feeding. This strategy can be realized via the
use of a sequencing fed-batch bioreactor. This method
also simultaneously retains the acclimated microbes to
increase the rate of hydrogen production. We carried out
the experiment in a Sartorius bioreactor with a working
volume of 2 L. The medium was continuously sparged
with N, at a flow rate of 16 ccm and agitated at 100 rpm.
The hydraulic retention time (HRT) tested was 48 h with
a daily carbon loading of 2.5, 5.0, or 10.0 g/L of cellulose,
four cycles each. The reactor was initiated by running the
fermentation using cellulose at 2.5 g/L for 24 h, turning off
the agitation for 1 h during which the unfermented substrate
along with the attached microbes settled, then removing
1 L of the clear supernatant and adding back 1 L of fresh
medium replenished with cellulose (2.5, 5.0, or 10.0 g/L). We
completed a total of 12 cycles, four cycles for each carbon
loading condition (Table 2).

Initial results indicate that when cellulose substrate
loading was increased from 2.5 g/L to 5.0 g/L, both total
hydrogen output and volumetric rate of hydrogen production
increased proportionally. This finding demonstrates the
scalability of the system between two substrate loadings,

a very important criterion in a scale-up process. However,
proportionally less hydrogen is produced with cellulose at

10 g/L compared to the other loadings; largely this is because
not all the substrate was consumed at this loading. The
operating principle of sequencing fed-batch fermentation is

to have a small amount of excess cellulose substrate to retain
acclimated microbes during each cycle of draining and feeding.
The excess substrate hence lowers both the total hydrogen
output and the hydrogen molar yield (Table 2), as the latter is
calculated based on substrate added, not substrate consumed.
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TABLE 2. Rate and Yield of Hydrogen Production in Sequencing Fed-Batch
Bioreactor with Clostridium thermocellum Fermenting Cellulose Substrate

TABLE 3. E. coli and Clostridium thermocellum Conjugation Efficiencies

Metabolic Engineering

The ultimate goal of this approach is to develop tools to
inactivate genes encoding competing metabolic pathways,
thus redirecting more cellular flux to improve H, molar yield.
Transformation in this organism has been challenging, likely
due to either an inefficiency of the plasmids used or an active
restriction system in the host thus destroying the incoming
plasmid. NREL established an active collaboration with the
researchers from the University of Manitoba, Canada. Using
their proprietary plasmid along with optimized protocols,
in 2011 we successfully generated via conjugation two
mutant lines in C. thermocellum harboring the plasmid.
However, we discovered later that the plasmids were lost
in the C. thermocellum transformants after several sub-
culturings, likely attributed to an incompatibility of the
DNA restriction system between the host and the plasmid
[8]. To circumvent this issue, we (1) tested the effect of
dcem gene knockout in E. coli S17-1; and (2) compared two
recipient hosts of C. thermocellum: ATCC 27405 and DSM
1313. The E. coli dem gene encodes a DNA methylase that
specifically methylates the internal cytosine residues of
DNA in the sequences of CCAGG and CCTGG at the C’
position. Results of colony formation in different strains
are summarized in Table 3. When using DSM 1313 as the
recipient, conjugating with a Adem E. coli mutant results
in a more than 150-fold increase in the number of colonies
growing on a chloramphenicol (Cm, 30 mg/mL) plate
(comparing rows 2 and 3, Table 3). While using the same
Adcem E. coli strain for conjugation, DSM 1313 conjugants
formed more than 450 colonies on a Cm plate, whereas wild-

type ATCC 27405 conjugants formed only five colonies on the

same plate (comparing rows 1 and 3, Table 2). Based on our
data, we concluded that Adem E. coli and DSM 1313 render
better conjugation efficiency for future metabolic engineering
efforts. This finding also confirmed the observation reported
by Guss et al. [8].

Microbial Electrolysis Cell

Fermentation wastewater produced from NREL
was analyzed and found to be composed of proteins,

DOE Hydrogen and Fuel Cells Program

Conjugation Pair | Cm (pg/mL) | Growth (Colonies)
Cellulose Amount of H, Max H, H, Yield H,/CO, 1. E. coli (dom-)/ATCC 27405 30 5
Concentration produced production -
rate 2. E. coli (dcm+)/DSM 1313 30 3
(g/LIday) (mmol) (mmol/L-h) (mol H,/ 3. E. coli (dem-)/ DSM1313 30 >450
mol
hexose)
25 185 12 12 12 carbphydrates, alcohols, VFAs, and some organic
5 53 0 Iy 3 particulates. The total COD of the fermentation effluent was
i i : i 11,035 £ 5 mg/L and the soluble COD was 10,810 + 21 mg/L,
10 51.9 3.5 0.84 14 which means that 98% of the effluent consists of soluble

organic matter. The soluble COD portion was analyzed

in terms of VFAs, alcohols, carbohydrates, and proteins
(Figure 1A). Soluble COD contained high concentrations

of protein (3,600 mg/L, 33% of the soluble COD) and
carbohydrates (1,250 mg/L, 12%). Alcohols and VFAs
accounted for 46% of the soluble COD (alcohols 1,974 mg/L,
VFAs 3,047 mg/L). Alcohols and VFAs were mainly ethanol
(1,915 mg/L) and acetate (2,338 mg/L) (Figure 1B). Only 9%

(A)

Bz Carbohydrates

= Protein
Bl Alcohols
== VFAs
I Other
Acetone ] (B)
Methanol -
Ethanol -
Propanol -
Lactate { ]
Formate {]
Acetate |
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Butyrate {]
0 500 1000 1500 2000 2500

mg COD/L

FIGURE 1. (A) Composition of the soluble COD (10,810 + 21 mg/L) and (B)
each alcohol and VFA concentration

FY 2012 Annual Progress Report

11-110



Maness — National Renewable Energy Laboratory

I.G Hydrogen Production and Delivery / Biological

of the soluble COD was not identified by this analysis. Due to
the various techniques used and measurement errors in each
technique, it is possible that this value could be smaller.

Salinity-gradient energy from ammonium bicarbonate
(NH,HCO,) salts was used as the voltage source for making
hydrogen gas in an MEC. A RED stack of alternating
ion exchange membranes was placed between the anode
and the cathode chambers, producing an MREC. A high
concentration (HC) NH,HCO, solution was added into the
RED stack, with alternating membrane chambers containing
a low concentration (LC) solution of this chemical. The HC
solution contained 1.4 M NH,HCO,, and the LC solution of
NH,HCO, was adjusted to produce different salinity ratios
(SRs) of 100, 200, 400, 800, and infinite (distilled water in
the LC solution). Current and hydrogen gas were successfully
generated in the MREC using only the NH,HCO, solution
and no external power supply. The MREC performance
was relatively insensitive to the SRs. The peak volumetric
current densities varied over a small range of 137 + 8 A/m’ to
152 + 8 A/m’ for the different SRs. Total hydrogen generation
ranged from 27 mL H, (Y = 2.8 mol H,/mol acetate, SR =
200) to 30 mL H, (¥ = 3.4 mol H,/mol acetate, SR = infinite)
over each fed-batch cycle. Energy recovery was 10% based
on total energy applied, with an energy efficiency of 22%
based on the consumed energy in the reactor. A reduction
in the HC solution (1.4 M to 0.1 M) with a fixed LC solution
(SR = infinite) decreased current generation and increased
the time needed to complete a fed-batch cycle (Figure 2A).
The coulombic efficiency substantially decreased with HC
solution, from 7, = 72% using the 1.4 M HC solution to 17 .,
= 50% using the 0.1 M HC solution. The reduction in current
decreased the recovery of hydrogen gas from 30 mL H, to
17 mL H, (93%-94% H,, 6%-7% CO,) and decreased the
gas production rate from 1.6 m’ H,/m’d to 0.5 m’ H,/m"-d
(Figure 2B).

Conclusions and Future Direction

*  Using cellulose as the substrate, we successfully
demonstrated scalability of cellulose fermentation in
the sequencing fed-batch mode. We determined that
both hydrogen output and volumetric rate of hydrogen
production doubled when the cellulose substrate loading
was increased from 2.5 g/L to 5.0 g/L with a HRT of 48 h.

*  We knocked out the dcm gene in E. coli S17-1 (the
conjugation host) to have a more compatible DNA
methylation system with C. thermocellum (both strains
become demr’). This improved plasmid transfer and
maintenance in C. thermocellum by at least 150-fold. The
outcome should aid in future site-directed mutagenesis
of competing pathways to improve hydrogen molar yield.

e The fermentation wastewater was mostly composed of
soluble organic matter including proteins, carbohydrates,
alcohols, and VFAs. The fact that most of the material is
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FIGURE 2. MREC performance with different HC concentration: (A) current
generation and (B) gas production

soluble will help in converting this material into current
and hydrogen gas in the MEC.

*  Hydrogen gas was successfully produced without
an external energy input in an MREC using salinity
gradient energy.

In the future, we will continue to optimize sequencing
fed-batch fermentation by testing HRTs of 4 h, 8 h, 12 h,
and 24 h. Depending on the HRT, various volumes of liquid
replacement will be tested (up to 50% of working volume)
aimed at improving both rates and output of hydrogen
production as well as cellulose consumption. We will
continue to develop genetic tools for molecular engineering
in C. thermocellum to alter its metabolic pathway to improve
H, molar yield. We will redesign the plasmid by reducing its
size (removing non-essential features) and replacing origin of
replication suitable for an electroporation protocol to improve
transformation efficiency. In future MEC tests, fermentation
wastewater will be supplied to the prototype MEC in order
to examine hydrogen production from an actual fermentation
effluent. The MEC will be operated in continuous flow mode
with the optimum operation conditions that were obtained
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with synthetic wastewater (sodium acetate). Also, increased
power (more positive anode potentials) will be evaluated

in order to enhance treatment efficiency of fermented
wastewater. The MREC will be redesigned to examine the
scalability of the MREC without an external energy input,
and operating conditions such as hydraulic retention times,
salinity ratios, and concentrations of the saline solution will
be optimized.
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Fiscal Year (FY) 2012 Objectives

Develop an O,-tolerant cyanobacterial system for
sustained and continuous light-driven H,-production from
water.

Technical Barriers

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

(AH) Rate of Hydrogen Production

(AI) Continuity of Photoproduction

FY 2012 Annual Progress Report

Technical Targets

Characteristics Current 2011 Target 2018 Target
Status
Duration of Zeroto 30 | Produce a H, production
continuous H, seconds cyanobacterial in air for

photoproduction in air recombinant evolving 30 min
in air H, through an O,-
tolerant hydrogenase

FY 2012 Accomplishments

JCVI

*  Re-engineered transcriptional regulation of hydrogenase
to achieve four-fold higher activity (from 0.5 to 2 nmol
H,*mg protein™*h™).

»  Examined the effect of transcriptional modifications on
hydrogenase maturation and found that proper regulation
of accessory genes is essential for optimal hydrogenase
maturation.

*  Created mutants of the environmentally-derived
hydrogenase small subunit with four-fold improved
activity that is biased toward hydrogen evolution.

NREL

*  Determined that the putative maturation genes
hypABCDEF likely are involved in the maturation of the
Casa Bonita strain (CBS) O,-tolerant hydrogenase. This
is supported by similar expression profiles in response
to CO for both maturation genes and the hydrogenase
structural genes.

* A Synechocystis recombinant harboring 10 CBS genes
was constructed (including four hydrogenase genes and
six maturation genes), with the expression of both HypE
and HypF verified by protein immunoblots. A very low
level of in vitro hydrogenase activity was detected in the
recombinant compared to zero-hydrogenase activity in
the untransformed control.

R T

Introduction

Photobiological processes are attractive routes to
renewable H, production. With the input of solar energy,
photosynthetic microbes such as cyanobacteria and green
algae carry out oxygenic photosynthesis, using sunlight

DOE Hydrogen and Fuel Cells Program
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energy to extract reducing equivalents from water. The
resulting reducing equivalents can be fed to a hydrogenase
system yielding H,. However, one major difficulty is that
most hydrogen-evolving hydrogenases are inhibited by O,,
which is an inherent byproduct of oxygenic photosynthesis.
The rate of H, production is thus limited. Certain
photosynthetic bacteria are reported to have an O,-tolerant
evolving hydrogenase, yet these microbes do not split water,
and require other more expensive feedstocks.

To overcome these difficulties, we propose to construct
novel microbial hybrids by genetically transferring O,-
tolerant hydrogenases from other bacteria into cyanobacteria.
These hybrids will use the photosynthetic machinery of the
cyanobacterial hosts to perform the water-oxidation reaction
with the input of solar energy, and couple the resulting
reducing equivalents to the O,-tolerant bacterial hydrogenase,
all within the same microbe. By overcoming the sensitivity
of the hydrogenase enzyme to O,, we address one of the key
technological hurdles to cost-effective photobiological H,
production which currently limits the production of hydrogen
in algal systems.

Approach

Our goal is to construct a novel microbial hybrid
taking advantage of the most desirable properties of both
cyanobacteria and other bacteria, to serve as the basis for
technology to produce renewable H, from water. To achieve
this goal, we use the following two approaches. The first
approach is to transfer known O,-tolerant hydrogenases
from anoxygenic photosynthetic bacteria Thiocapsa
roseopersicina and Rubrivivax gelatinosus to cyanobacteria.
Since only a very limited number of O,-tolerant hydrogenases
are available, our second approach is to identify novel
O,-tolerant hydrogenases from environmental microbial
communities and transfer them into cyanobacteria.

Results

JCVI

Previously, we reported the successful expression
in cyanobacteria of active, oxygen-tolerant NiFe
hydrogenases. These NiFe hydrogenases included the
stable hydrogenase from Thiocapsa roseopersicina and a
novel, environmentally-derived NiFe hydrogenase, HynSL,
(previously named HyaAB). Although active hydrogenases
were expressed indicating co-expression of all required
accessory proteins, the activity was low. We hypothesized
that improved plasmid design may increase activity.
The original expression plasmid, pRC41, expressed the
environmentally-derived hydrogenase under the regulation
of one promoter at the beginning of the 13 gene construct
(Figure 1A). With such a long transcript (~13-kb), genes

DOE Hydrogen and Fuel Cells Program

encoded at the end of the operon, such as the hyp genes, may
not be expressed in sufficient quantity to allow for maximal
activity of the environmental hydrogenase in cyanobacteria.
These genes at the end of the operon are required for
maturation of the hydrogenase and must be transcribed at the
optimal level.

In order to achieve higher expression throughout the
gene cluster, we have re-engineered the expression plasmid
to create an additional three promoters spaced throughout the
operon (Figure 1A). We also inserted a sequence encoding
the Strepll peptide tag onto the N-terminus of the last gene in
the cluster, hypE, so that we could monitor expression at the
end of the gene cluster.

The presence of one additional promoter preceding the
last three genes in the cluster, Nstrep3 (Figure 1A) did not
significantly improve hydrogenase activity in cyanobacteria,
but it did increase expression of the last gene in the cluster,
hypE (Figure 1C). The redesigned plasmid with three
additional promoters spread throughout the gene cluster,
Nstrep3, had approximately four-fold increase in activity
over the single promoter version, Nstrepl. This increase in
activity was consistent with an increase in total abundance
of HynL and HypE protein (Figure 1C). Overall, in both
Nstrepl and Nstrep 5 constructs, most of the HynL protein
was found in the pre-processed or immature form, suggesting
that optimization of hydrogenase maturation remains a
key challenge for heterologous expression. One surprising
result was that construct Nstrep3 had increased processing
of PreHynL to HynL without a corresponding increase in
activity (Figure 1C). This suggests that relative strengths of
the promoters we employ to achieve optimum expression
must be optimized.

In a parallel approach to increasing activity in the
environmentally-derived hydrogenase, we made three
mutants that differ in the amino acids that ligate the iron-
sulfur clusters to the hydrogenase small subunit. In the
first mutant (Figure 2A diagram 2), an amino acid near the
proximal cluster was modified from histidine to cysteine
which is expected to change the ligation of the cluster to
the protein. In the second mutant (Figure 2A diagram 3), an
amino acid near the medial cluster was changed from proline
to cysteine. This is expected to change the cluster from 3Fe4S
to 4Fe4S. Research in other labs suggests that this mutation
will remove energy barriers in the flow of electrons from
the electron transfer site to the catalytic center. The third
mutant combines both of these single mutations into one
single strain (Figure 2A diagram 4). We found that neither
of the single mutations increased activity individually, but
when combined, hydrogen evolution activity increased by
approximately four-fold (Figure 2B). To determine if this was
a specific change in enzyme bias or a more general increase
in the activity of the enzyme, we also measured hydrogen
uptake activity. We found that while uptake activity was
slightly elevated in constructs 2 and 3, the increase was not
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FIGURE 1. Transcriptional re-engineering of the environmentally-derived hydrogenase: (A) Diagram of hydrogenase structural and accessory genes, terminator/
promoter cassettes (red hexagon/green triangle), and hypE N-terminal Strepll-tag (orange square). (B) In vitro hydrogen evolution activity of transcriptionally-modified
constructs described in A. (C) Western blots of cyanobacterial extracts from B using anti-HynL or anti-Strepll antisera.

significant and the uptake activity of the mutants was similar
to wild type (Figure 2C).

NREL

The overarching goal of the NREL work is to construct
a cyanobacterial recombinant harboring the O -tolerant
hydrogenase from Rubrivivax gelatinosus CBS (hereafter
“CBS”) using Synechocystis sp. PCC 6803 as a model host
for sustained photolytic hydrogen production. A prerequisite
for success is to gain better understanding of the CBS
hydrogenase and its underlying maturation machinery to
ensure transfer of the correct genes into Synechocystis
to confer hydrogenase activity. One strategy to probe the
function of the six putative hypA BCDEF maturation genes
is to test if their expression follows the same induction
profile as the CBS hydrogenase genes (cooMKLXUH), the
latter is specifically induced by CO. RT-qPCR was used to
examine transcript levels and fold changes of these genes
under various conditions. In this case, we chose to grow
CBS in three gaseous conditions: with argon gas (un-induced
condition), with CO (induced condition), or with CO, (a
product of CO oxidation). As seen in Figure 3, the hypA,
B, and D genes are specifically induced in the presence of

FY 2012 Annual Progress Report

CO, by as high as ~450 fold (hypB) compared to the argon
gas control, and the cooH gene was used as a positive
control. Very little transcript abundance was detected in CO,
atmosphere. While 4ypC, E, and F are not shown in Figure 3,
transcription of these genes was also specifically induced

by CO; however, the fold change in mRNA level could

not be calculated because the hypC, E, and F transcripts
were not abundant enough to be detected in the un-induced
condition (in argon gas). Protein immunoblots also confirmed
the expression of both HypE and HypF proteins only upon
induction by CO (data not shown). These results clearly show
that the hypABCDEF genes are specifically induced in the
same condition in which the CBS O,-tolerant hydrogenase

is induced (both by CO), and strongly suggests that these six
hyp genes are involved in the production of an active CBS
O,-tolerant hydrogenase and should therefore be transferred
into Synechocystis host along with the CBS hydrogenase.

Working toward building the cyanobacterial
recombinant, we have generated a Synechocystis strain
containing the four codon-optimized CBS hydrogenase
genes (cooLXUH). Using this strain as the recipient, we first
transformed five codon-optimized 4#ypABCDE genes into its
genome. Correct gene insertion was verified by polymerase

DOE Hydrogen and Fuel Cells Program
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FIGURE 2. Modification of activity bias in mutants of hydrogenase small subunit: (A) Diagram of point mutations. Construct 1 shows the wild type, 2 shows a His to
Cys mutation in the proximal cluster, 3 shows a Pro to Cys mutation in the medial cluster, and 4 shows the double mutant with both mutations from 2 and 3. (B) In
vitro hydrogen evolution activity in extracts from E. coli strains expressing the wild type environmental hydrogenase or strains containing the point mutants. (C) In
vitro hydrogen uptake activity in extracts from E. coli strains expressing the wild type environmental hydrogenase or strains containing the point mutants.
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FIGURE 3. Expression profiles of the CBS hydrogenase maturation genes. RT-
qPCR was used to detect changes in hypABCDEF gene transcript abundance.
An un-induced control under argon gas was used to calculate fold change of
transcripts using the AACt method. The cooH gene, encoding the hydrogenase
catalytic subunit, was used as a positive control.

chain reaction (data not shown) and the expression of HypE
was verified by protein immunoblot (Figure 4A). This was

DOE Hydrogen and Fuel Cells Program

then followed by transforming the codon-optimized CBS
hypF gene into the above recombinant, with HypF expression
also confirmed via immunoblot (Figure 4B). A schematic

of the genotype of the Synechocystis strain heterologously
expressing 10 CBS genes is illustrated in Figure 4C. The
recombinant yielded very low level of hydrogenase activity,
in vitro, when assayed using methyl viologen reduced by
sodium dithionite. Albeit low, the untransformed control
exhibited no hydrogenase activity.

Conclusions

JCVI

* By increasing the frequency of promoters driving the
expression of hydrogenase genes, we have achieved four-
fold higher activity from the environmentally-derived
hydrogenase expressed in cyanobacteria.

*  We mutated the DNA sequence of the hydrogenase
small subunit to change the ligation of FeS clusters. The
resulting mutant has increased activity in the direction of
hydrogen production.

FY 2012 Annual Progress Report
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FIGURE 4. (A) Expression of HypE in the recombinant Synechocystis strain harboring cooLXUH and hypABCDE as revealed by
immunoblot. (B) Expression of HypF in the recombinant Synechocystis strain harboring cooL XUH, hypABCDE, and hypF, as revealed
by immunoblot. (C) Schematic of CBS hydrogenase genes integrated into the genome of Synechocystis. Red arrows denote promoters,
green arrows are the CBS hydrogenase structural genes cooL XUH, and blue arrows represent the putative hydrogenase maturation

genes, hypABCDEF.

NREL

*  Using both RT-qPCR and protein immunoblots, we
successfully demonstrated that the CBS hyp4BCDEF
genes are likely involved in the assembly and maturation
of the CBS O,-tolerant hydrogenase. The maturation
genes and hydrogenase genes display similar induction
profiles upon the addition of CO, but not in the argon and
CO, gas controls.

*  We constructed a Synechocystis recombinant harboring
all ten CBS genes: four hydrogenase genes and six
maturation genes. The recombinant displayed low levels
of hydrogenase activity when assayed with methyl
viologen reduced by sodium dithionite. Albeit low, its
untransformed control displayed no hydrogenase activity.

Future Directions

JCVI

*  We will continue to modify the environmentally-derived
hydrogenase by using additional promoters and by
varying the relative promoter strengths throughout the
gene cluster to optimize maturation of the enzyme.

*  We will combine transcriptional modification approaches
and point mutant approaches to further increase
hydrogenase activity.

FY 2012 Annual Progress Report

NREL

*  We will identify additional hydrogenase maturation
genes using the sequenced genome of CBS. Following
initial characterization of gene expression and function,
candidate maturation genes will be transferred into
Synechocystis host to express a functional O -tolerant
hydrogenase.

*  We will engineer stronger promoter and shorter
transcript size, and optimize growth conditions
to maximize the expression of the heterologous
hydrogenase in Synechocystis.

FY 2012 Publications/Presentations

1. Carrieri, D., K. Wawrousek, C. Eckert, J. Yu, and P.C. Maness.
2011. The role of the bidirectional hydrogenase in cyanobacteria.
Biores. Technol. 102: 8368-8377.

2. Hu, P, J. Lang, K. Wawrousek, J. Yu, P.C. Maness, and J. Chen.
2012. Draft genome sequence of Rubrivivax gelatinosus CBS.
J. Bacteriol. 194: 3262.

3. 2012 DOE Hydrogen Program Annual Merit Review —
Washington, DC, May 2010, Oral Presentation PD039 (Weyman
and Maness).

4. Noble, SL, Wawrousek K, Yu J, Maness PC. (2012 June) “Genetic
Engineering of Synechocystis sp. PCC 6803 for Sustained Hydrogen
Production” Poster presentation at Gordon Research Conference on

[ron-Sulfur Enzymes, Mount Holyoke College, MA (Noble).

DOE Hydrogen and Fuel Cells Program

-117



I1.G.4 Maximizing Light Utilization E
Microalgal Cultures

fficiency and Hydrogen Production in

Tasios Melis

University of California, Berkeley
Dept. of Plant & Microbial Biology
111 Koshland Hall

Berkeley, CA 94720-3102

Phone: (510) 642-8166

Email: melis@berkeley.edu

DOE Managers

HQ: Eric Miller

Phone: (202) 287-5829

Email: Eric.Miller@ee.doe.gov

GO: Katie Randolph
Phone: (720) 356-1759
Email: Katie.Randolph@go.doe.gov

Contract Number: DE-FG36-05G015041

Start Date: December 1, 2004
End Date: November 30, 2013

Approach

»  Perform Chlamydomonas reinhardtii genomic
deoxyribonucleic acid (DNA) mapping at the site of
plasmid DNA insertions, followed by identification of
open reading frames (ORFs = putative genes) that have
been affected by the plasmid insertion.

*  Perform complementation-type transformations of the
tla mutant with each of the affected ORFs to rescue the
mutation and, thus, identify the gene that confers a TLA
property.

*  Clone and characterize the gene(s) that affect the “Chl
antenna size” property in Chlamydomonas reinhardtii.

FY 2012 Accomplishments (TLA1-MOV34/MPN
effort)

»  Bioinformatic analysis tentatively identified the
truncated light-harvesting chlorophyll antenna-1 (TLAT)
protein as a variant of the MOV34/MPN containing

Fiscal Year (FY) 2012 Objectives

*  Publish the work on the 7LA2 gene and show its modus
operandi as to how it confers a truncated Chl antenna
size in Chlamydomonas reinhardtii.

*  Provide physiological and genetic characterization of the
tla3 mutant, including mapping of the plasmid insert site
and cloning of the gene affected in the #/a3 mutation.

Technical Barriers

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

(AG) Light Utilization Efficiency

Technical Targets

The Fuel Cell Technologies Program Multi-Year Plan
technical target for this project was to reach a truncated Chl
antenna size of about 150 Chl molecules in unicellular green
algae by 2015. Progress was achieved ahead of schedule
enabling us to reach this goal by 2012.

DOE Hydrogen and Fuel Cells Program

proteins.

FY 2012 Accomplishments (TLA2-AFTSY effort)

»  Physiological characterization of the tla2 mutant was
completed.

*  Genetic analysis and multiple crosses of the tla2 mutant
were completed.

*  Mapping of the plasmid insert site in the tla2 mutant was
completed.

»  Of the five genes adversely affected by the plasmid
insertional mutagenesis, gene Cre05.g241450 encoding
the CpFTSY protein complemented the mutation.

*  The unique functional role of the CpFTSY protein in
algae was elucidated.

»  Patent application on the function of the TLA2-CpFTSY
gene filed.

FY 2012 Accomplishments (TLA3 effort)

»  Physiological and genetic characterization of the tla3
mutant was completed.

*  Mapping of the plasmid insert site in the tla3 mutant was
completed.

*  The gene affected in the tla3 mutation is known.

* A Western blot analysis remains to be done for project
completion.

FY 2012 Annual Progress Report
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TABLE 1. Chlamydomonas reinhardtii cellular chlorophyll content,
photosystem chlorophyll antenna size and energy utilization efficiency in wild
type, tla1, tla2 and tla3 mutant strains, as determined by spectrophotometric
kinetic analysis (n = 5, £SD).

wild tla1 tla2 tla3 Long-

type term goal
Chl/cell 24 +0.5 | 0.940.06 | 0.93+0.1 | 0.7 0.1
mol x10™
Chl-PSlI 222426 | 115+36 80+30 50£30 | 37
Chl-PSI 2404 160412 11510 105410 | 95
Light Utilization | ~3% ~10% ~15% ~25% ~30%
Efficiency
(Solar to
Chemical)

SRR RS S
Introduction

The goal of the research is to generate green algal
strains with enhanced photosynthetic productivity and H,-
production under mass culture conditions. To achieve this
goal, it is necessary to optimize the light absorption and
utilization properties of the cells [1-4]. A cost-effective way
to achieve this goal is to reduce the number of Chl molecules
that function in the photosystems of photosynthesis.

The rationale for this work is that a truncated light-
harvesting Chl antenna size in green algae will prevent
individual cells at the surface of the culture from over-
absorbing sunlight and wastefully dissipating most of it
(Figure 1). A truncated Chl antenna size will permit sunlight
to penetrate deeper into the culture, thus enabling many
more cells to contribute to useful photosynthesis and H,-
production (Figure 2). It has been shown that a truncated Chl
antenna size will enable about 3-4 times greater solar energy
conversion efficiency and photosynthetic productivity than
could be achieved with fully pigmented cells [5].

Approach

The focal objective of the research is to identify genes
that control the Chl antenna size of photosynthesis and,
further, to elucidate how such genes confer a truncated
Chl antenna size in the model green alga Chlamydomonas

reinhardtii. 1dentification of such genes in Chlamydomonas
will permit a subsequent transfer of this property, i.c.,
“truncated Chl antenna size”, to other microalgae of interest
to the DOE Fuel Cell Technologies Program. This objective
has been successfully approached through DNA insertional
mutagenesis/screening and biochemical/molecular/genetic
analyses of Chlamydomonas reinhardtii cells.

Results

The tla2 mutant plasmid insert site has been cloned
and the nuclear-encoded and chloroplast-localized FTSY
gene (TLA2-CpFTSY) was identified as causing the /a2
mutation. The TLA2-CpFTSY gene deletion, causing the
tla2 phenotype, was cloned by mapping the insertion site and
upon successful complementation with the C. reinhardtii
TLA2-CpFTSY gene, whose occurrence and function
in green microalgae has not hitherto been investigated.
Functional analysis showed that the nuclear encoded and
chloroplast-localized CrCpFTSY protein specifically operates
in the assembly of the peripheral components of the Chl a-b
light-harvesting antenna. Figure 3 shows TLA2-CpFtsY

The green algae
Chlamydomonas reinhardtii

Example:
Fully Pigmented H

Bright
Sunlight

Heat dissipation

‘ Fully pigmented cells over-absorb and wastefully dissipate bright sunlight. ‘

FIGURE 1. Schematic presentation of the fate of absorbed sunlight in fully
pigmented (dark green) algae. Individual cells at the surface of the culture
over-absorb incoming sunlight (i.e., they absorb more than can be utilized by
photosynthesis), and ‘heat dissipate’ most of it. Note that a high probability of
absorption by the first layer of cells would cause shading of cells deeper in the
culture.

TABLE 2. Progress achieved vs the DOE targets. Chlorophyll antenna size in wild type and mutants (minimum possible = 130 Chl molecules).

Year | 2000 | 2003 2005 | 2008 | 2010 200 | 202 | 2015
Targets (Chl Antenna Size) 600 (wild 300 200 150
type)
TLA strain identified 600 (wild 300 195 150
type) tla1 tla2 tla3
Gene cloning and functional TLA2- TLA3
elucidation Mov34-MPN CpFTSY

FY 2012 Annual Progress Report
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Example: Truncated
Chl Antenna Size

H, 2 H, H,

Bright
Sunlight

Truncated Chl antenna cells permit greater transmittance of light and
overall better solar utilization by the culture.

FIGURE 2. Schematic of sunlight penetration through cells with a truncated
chlorophyll antenna size. Individual cells have a diminished probability of
absorbing sunlight, thereby permitting penetration of irradiance and H2-
production by cells deeper in the culture.

protein amino acid sequence and polypeptide structure
revealing domains that are critical for its function [6].

In higher plants, a cpftsy null mutation inhibits assembly
of both the light-harvesting complex and photosystem

complexes, thus resulting in a seedling-lethal phenotype.

The work shows that cpftsy deletion in green algae, but not in
higher plants, can be employed to generate tla mutants. The
latter exhibit improved solar energy conversion efficiency and
photosynthetic productivity under mass culture and bright
sunlight conditions. This molecular and genetic analysis has
been completed and results have been published.

Work further described the isolation and biochemical
and physiological characterization of a new mutant of
Chlamydomonas reinhardtii, termed tla3. Properties of the
tla “truncated Chl antenna size” strains so far isolated are
summarized in Tables 1 and 2, and Figure 3. The t/a3 mutant
has the smallest yet Chl antenna size known in green algae.

Future efforts will be directed toward the cloning and
characterization of gene(s) responsible for the tla phenotype
in the #/la3 mutant, as well as tla-type cyanobacteria.

Conclusions

»  Significant progress was achieved in terms of
characterization of “truncated Chl antenna size”
mutants, cloning of the respective 7LA genes, and
elucidation of the properties of the proteins encoded by
these genes.

*  Results and analyses on the molecular mechanism for the
regulation of the Chl antenna size by the 7LA/ gene [7]
and by the TLA42 gene [6] were published.

TLA2-CpFtsY amino acid sequence and protein structure

MQTTVGRKCVASSAAGRSRNVTVFRRCSRGGPVKVVANAGGEAGPGFLQRLGRVIKEKA

AGDFDFFAGTSKTRERLGLVDEMLALWSLEDYEDSLEELEEVLISADFGPRTALKIVD

RIREGVKAGRVKSAEDIRASLKAAIVELLTARGRSSELKLQGRPAVVLIVGVNGAGKTT
TVGKIAYKYGKEGAKVFLIPGDTFRAAAAEQLAEWSRRAGATIGAFREGARPQAVIASN
LDDLRQRTCKDASDVYDLILVDTAGRLHTAYKLMEELALCKAAVSNALPGQPDETLLVL
DGTTGLNMLNQAKEFNEAVRLSGLILTKLDGTARGGAVVSVVDQLGLPVKFIGVGETAE

DLOPFDPEAFAEALFPKVKEPATAGTK

¢ :nucleotide binding domains; cTP: chloroplast transit peptide;
HB: helical bundle domain

FIGURE 3. Top, Amino acid sequence of the C. reinhardtii chloroplast-localized FTSY protein. Domains of the
CrCpFTSY protein are defined as follows: amino acids 1 to 36, transit peptide (green font). Amino acids 66 to 147,
helical bundle domain (Pfam), SRP54-type protein (blue font). Amino acids 162 to 370, GTPase domain (Pfam),
SRP54-type protein (orange font). Amino acids 164 to 183, P-loop nucleotide binding motif. Amino acids 170 to
176, 258 to 262, and 322 to 325, homologous nucleotide binding (red underlined). Bottom, Domain presentation of
the CrCpFTSY protein. CpTP, Chloroplast transit peptide; HB, helical bundle domain; GTPase, GTPase domain.

(From [6])
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e Completion of the work on the 7243 gene is nearly at
hand.

Future Directions

*  Complete the Western blot analysis for the #/a3 mutant
and proceed to peer-reviewed publication of the results.

*  Demonstrate feasibility of the TLA concept in
cyanobacteria. (Currently in progress.)

*  Advance the exploration of the “extended
photosynthetically active radiation” (ePAR) concept.
(Proprietary design not disclosed.)

FY 2012 Publications/Presentations

Peer Reviewed Publications

1. Blankenship RE, Tiede DM, Barber J, Brudvig GW, Fleming G,
Ghirardi ML, Gunner MR, Junge W, Kramer DM, Melis A, Moore
TA, Moser CC, Nocera DG, Nozik AJ, Ort DR, Parson WW, Prince
RC, Sayre RT (2011) Comparing photosynthetic and photovoltaic
efficiencies and recognizing the potential for improvement. Science
332:805-809 .

2. Mitra M, Ng S, Melis A (2012) The TLAI protein family
members contain a variant of the plain MOV34/MPN domain.
Amer J Biochem Mol Biol. 2(1): 1-18.

3. Melis A (2012) Photosynthesis-to-Fuels: From sunlight to
hydrogen, isoprene, and botryococcene production. Energy
Environ. Sci. 5(2): 5531-5539.

4. Kirst H, Garcia-Cerdan JG, Zurbriggen A, Melis A (2012)
Assembly of the light-harvesting chlorophyll antenna in the green
alga Chlamydomonas reinhardtii requires expression of the 7LA42-
CpFTSY gene. Plant Physiol 158: 930—945.

5. MitraM, Dewez D, Garcia-Cerdan JG, Melis A (2012) Polyclonal
antibodies against the TLA1 protein also recognize with high
specificity the D2 reaction center protein of PSII in the green alga
Chlamydomonas reinhardtii. Photosynth Res 112:39-47.
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Patent Application Filed

1. Melis A and Kirst H (2012) Suppression of 7LA2-CpFTSY gene
expression for improved solar energy conversion efficiency and
photosynthetic productivity in algae.
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Fiscal Year (FY) 2012 Objectives

e Detail design and demonstrate subsystems for a unitized
electrolyzer system for residential refueling at 5,000
psi to meet DOE targets for a home refueling appliance
(HRA)

»  Fabricate and demonstrate unitized 5,000 psi system

o Identify and team with commercialization partner(s)

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

Technical Targets

Giner Progress toward Meeting DOE Targets for Distributed Electrolysis
Hydrogen Production

Characteristics Units 2017-2020 Giner

Targets Status

Hydrogen Cost $/kg H, 2.00-4.00 2.99*
Electrolyzer Capital Cost $/kg H, 0.30 0.99
Electrolyzer Energy Efficiency % (LHV) 74 TBD

*Using H2A model rev 2.1.1; LHV - lower heating value

DOE Hydrogen and Fuel Cells Program

FY 2012 Accomplishments

Membrane

*  Developed high-pressure, high-strength membranes
compatible with 5,000 psi operation

Completed Electrolyzer Stack Fabrication for 5,000 psi
Operation

» Innovative design to reduce stack material costs:
—  Cell Frames

- Completed cell frame stress analysis and
method for high pressure reinforcement

- Utilizes thermoplastics vs. metal (high-cost)

— Reduce parts count/cell

—  Carbon cathode support structures
- Multi-functional part
- Eliminates 20+ component parts
- Enables high pressure operation

—  Single piece separator
- Eliminates hydrogen embrittlement

»  Evaluated overboard and crossover sealing to 1.25X
operating pressure (6,250 psi)

Electrolyzer System Fabrication Initiated, Near
Completion

* Integrated electrolyzer subsystems to minimize the
number of balance-of-plant (BOP) components

* Improved safety and reliability

S R R

Introduction

U.S. automakers have invested significant resources in
the research and development of hydrogen fuel cell vehicles.
However, to enable the widespread use of fuel cell vehicles,
an additional major investment will be required to construct
an infrastructure for hydrogen production and delivery to
fueling stations. In order to facilitate this transition, it has
been recommended that high-pressure hydrogen, generated
at 5,000 psig for home refueling of fuel cell vehicles, be
implemented as an intermediary approach. An improved,
low-cost process for producing high-pressure hydrogen
from water by electrolysis will significantly advance
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the development of the hydrogen economy, providing
hydrogen for fuel cell vehicles at a price competitive with
that of gasoline on a per-mile basis. The ability to produce
hydrogen economically, the relatively low capital cost of the
electrolyzer unit, and the low maintenance cost of the unit
will allow widespread distribution of hydrogen home fueling
appliances deemed necessary for the introduction of fuel cell
vehicles.

The project focuses on the development of high-pressure,
low-cost electrolyzer stack and BOP components. Giner
has a matured proton exchange membrane (PEM)-based
electrolyzer technology 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 anode (O,) side of the electrolyzer at near
atmospheric pressure; high-pressure hydrogen is removed
from the cathode or product side. In addition to reliability,
and long maintenance intervals, safety is also a primary
concern in this design due to the flammability and reactivity
concerns of hydrogen and oxygen.

Approach

Giner is currently conducting a multi-year development
project for DOE that aims to reduce commercial electrolyzer
costs while simultaneously raising the efficiencies of the
PEM-based water electrolyzer units operating in the range of
400 psi. Future extension of this technology to pressures of
5,000 psig is feasible with modifications to the electrolyzer
stack, providing the ability to safely operate in a differential
hydrogen/oxygen pressure mode. Based on an innovative
electrolyzer stack concept and recent developments in high
strength membrane, Giner has designed a PEM-based water
electrolyzer system for home refueling applications that
will be able to deliver hydrogen at pressures of 5,000 psi.
High-pressure hydrogen can be generated in low-cost
moderate-pressure electrolyzer stacks by means of external
reinforcement to the individual cell frames. Utilizing
external cell reinforcement eliminates the need for bulky
and costly stack parts and facilitates a method for fabricating
an electrolyzer stack and system that can safely operate at
a high pressure. In addition, a reduction of major system
components and system cost is realized.

Results

Membrane Evaluation: PEM electrolyzer gas permeation
models developed by Giner and based on single-cell testing
at various operating pressures, temperatures, and membrane
thicknesses, show that improved stack efficiency is obtained
while operating the electrolyzer stack in a differential
pressure mode (hydrogen pressure over oxygen pressure)
as opposed to balanced pressure in which both hydrogen
and oxygen gases are generated at the same pressure. As
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illustrated in Figure 1, Faradaic losses, in terms of current
density, during differential pressure operation of a 10 mil
thick 1100 equivalent weight (EW) perfluorosulfonic acid
(PFSA) membrane, is lower than that of a similar membrane
tested at balanced pressure. Although not shown, this is
true for all membrane thicknesses, operating pressures,

and temperatures. The decrease in efficiency at balanced
pressure operation is directly related to increased oxygen
concentrations gradients across the membrane. Utilizing
engineered membranes developed at Giner, the performance
of the electrolyzer is optimized for the selected operating
pressure (and temperature).

Electrolyzer Stack Fabrication: The HRA has been
designed for on-demand operation. The system is designed
with a small 2-kWe electrolyzer stack, providing a vehicle
tank fill of 0.5 kg of hydrogen over a 12 hour period. This
will provide 30 miles of driving range based on current
fuel cell vehicle fuel economy estimates of 60 miles/kg-H,.
Differential pressure operation required redesign of the
electrolyzer stack hardware. Giner’s initial design included
the use of a pressure containment dome; the gas pressure
in the pressure dome is matched to that of the electrolyzer’s
hydrogen and oxygen product streams to provide external
stack reinforcement. In 2012, Giner developed a modified
stack design that utilizes a metal containment ring externally
attached to the electrolyzer-stack’s cathode (H,) cell frames.
The simplified design eliminates the need for a containment
dome; in addition, this technique enables high pressure
operation with the use of low- and moderate-pressure PEM-
based electrolyzer stacks without the need for expensive
internal cell reinforcement or metal frames. Low-cost is
maintained by utilizing previously designed injection molded
thermoplastic cell frames and cell components.
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FIGURE 1. Faradaic Losses: Balanced vs. Differential Pressure Operation
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In addition to the use of external cell-frame
reinforcement, the electrolyzer stack includes several
modifications developed under a separate DOE project
(PEM Electrolyzer Incorporating an Advanced Low-Cost
Membrane) that further reduce stack cost. This includes
(1) an overall decrease in the parts count per cell (2) a 75%
reduction in anode and cathode catalyst loadings, (3) molded
thermoplastic cell frames, resulting in a cost reduction
of 95% as compared to machining this component,

(4) a reduction in cell frame thickness, thus reducing the
anode and cathode support materials and costs, and (6) and
a modified anode membrane support material that enables
high-pressure operation that can exceed 5,000 psi. The
design and fabrication of the electrolyzer stack, utilizing the

FIGURE 2. High Pressure Electrolyzer Stack with Reinforced Cell Frames

external cell reinforcement, has been completed and is shown
in Figure 2. The electrolyzer stack was successfully proof
pressure tested to 6,250 psi.

Preliminary Design of a 5,000 psi “Unitized”
Electrolyzer System for Home Refueling: The HRA depicted

in Figure 3 features: (1) a 2-kW differential pressure
electrolyzer stack that produces hydrogen at up to 5,000 psi
and oxygen at ambient pressure, (2) a water tank, sized for
approximately 12 hours of electrolyzer operation at rated
power levels, (3) an integrated deionized water loop used
to maintain water purity and temperature control of the
electrolyzer stack during operation, (4) a small hydrogen
dryer to maintain a hydrogen gas dew point of <-40°C,

(5) sensors for monitoring the production gases to prevent/
detect formation of flammable mixtures, and (6) the
integration, where feasible, of electrolyzer subsystems to
minimize the number of BOP components. An automated
control system also provides safe automated operation.

The reactant water is supplied to the anode side of the
electrolyzer stack at ambient pressure. Oxygen generated
on the anode side of the electrolyzer stack is then separated
from water in the oxygen gas separator which also serves
as the water reservoir. Water is circulated from the oxygen
gas separator to the anode of the electrolyzer stack and back
to the oxygen gas separator. The circulating pump operates
at low differential pressure, as it must only overcome the
pressure drop in the feed loop. During electrolyzer operation
water is transferred from the anode side of the electrolyzer
stack to the cathode side due to electrically-osmotic
transport. Water loss due to electro-osmotic drag is collected
in the hydrogen gas phase separator and returned to the
electrolyzer feed loop after it has been degassed. Cooling
to the electrolyzer stack is provided by the heat exchanger
located in the electrolyzer water feed loop. The cooling loop
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FIGURE 3. Electrolyzer (HRA) System Layout
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and the heat exchanger are common between the electrolyzer
stacks and the de-ionized water loop. Hydrogen generated
on the cathode side is separated from crossover water in the
hydrogen gas phase separator prior to entering the drying
hydrogen unit.

At the end of the electrolysis cycle, which occurs
when the water in the HR A system is nearing depletion,
power is no longer available, or at a predetermined time
or pressure, the electrolyzer subsystem is shut down. In
addition to the normal end-of-cycle operation, the control
system automatically shuts down electrolyzer operation
when abnormal conditions are detected. The conditions
that trigger electrolyzer subsystem shut down include: low
water in the electrolyzer feed loop, low water flow rate, high
temperatures (>80°C), over pressure (>5,000 psig), and gas
detection alarms. In addition, any cell in the electrolyzer
stack exhibiting a low or high voltage will activate a system
shutdown.

Performance: The specific energy consumption of the
electrolyzer stack, based on a 10-mil membrane is shown
in Figure 4. Although Figure 4 includes the affect of a
Nernstian voltage penalty due to pressurization from 300 psi
to 5,000 psi, the higher power consumption is largely due to
faradaic losses related to hydrogen permeation. As shown
in Figure 4, an additional 5 kWe per kg of H, is required
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FIGURE 4. Specific Energy Consumption of Electrolyzer Stack
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when operating the electrolyzer stack from 300 to 5,000 psi
with a 10-mil thick 1100 EW PFSA membrane. At operating
current densities above 500 mA/cm?, internal resistance
losses become dominate. This can be reduced by properly
engineering the membrane thickness for pressure and
temperature conditions. Giner’s current membrane design is
expected to result in an electrolyzer stack power consumption
of 51-52 kWh /kg-H, at an operating at a current density of
between 1,000 and 1,500 mA/cm?

Conclusions and Future Directions

The technology will be able to provide onsite residential
hydrogen refueling at a cost that meets the DOE target of
$2.00-$4.00/kg-H, by 2017. In addition to unitizing the
major components, the design incorporates numerous cost-
saving (and reliability enhancing) simplifications. These
design features eliminate the need for bulky and costly stack
and system parts, and facilitate a method for producing a
low-cost electrolyzer system that can safely operate at a
hydrogen pressure of 5,000 psi in a residential setting. Future
objectives are:

»  Complete fabrication of the full-scale HRA system sized
for a hydrogen production rate of 0.5 kg H, (at 5,000 psi)
per 12-hour operational period

»  Conduct performance and durability testing of HRA
prototype

»  Conduct optimization studies: stack and system

»  Complete a preliminary design and economic analysis of
a future commercial HRA system

*  Develop marketing strategy and partnerships for wide
scale adoption of technology.

FY 2012 Publications/Presentations

1. T. Norman, and M. Hamdan, Unitized Design for Home Refueling
Appliance for Hydrogen Generation to 5,000 psi. 2012 Hydrogen
Annual Program Merit Review Meeting, Presentation #pd_065
norman, May 15, 2012.
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Fiscal Year (FY) 2012 Objectives

*  Develop enabling technologies for 350-bar hydrogen
home fueling

*  Design key electrolysis cell stack and system components
»  Fabricate, inspect and assemble prototype components

*  Demonstrate prototype 350-bar hydrogen generation

*  Demonstrate prototype 350-bar home fueling technologies

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 Cost
(H) System Efficiency

Technical Targets

TABLE 1. Progress towards Meeting Technical Targets for Hydrogen
Production via Distributed Water Electrolysis

Characteristics | Units | 2012 Target | 2012 Status
Hydrogen Cost $/gge’ 3.70 5.99°
Electrolyzer Capital Cost $/gge 0.70 2.62?
Electrolyzer Energy Efficiency | % (LHV?) 69 57

'gge - gasoline gallon equivalent

2Based on H2A model modified for residential (non-commercial) application

®LHV - lower heating value

*Includes generation and compression to 350 bar with stack efficiency of 66% LHV

DOE Hydrogen and Fuel Cells Program

FY 2012 Accomplishments

*  Completed prototype and final design of cell and stack
components.

*  Verified design of cell stack embodiment hardware.

*  Completed full-scale stack pressure testing to 520 bar
(7,500 psig).

»  Verified gas diffusion at full differential pressure.

*  Completed system component procurement and
fabrication.

*  Completed hydrogen phase separator fabrication and
proof pressure testing.

*  Completed system integration and system checkout.

*  Demonstrated 350 bar (5,000 psig) differential pressure
electrolysis.

S R R

Introduction

Based upon the results of the Phase 1 study, the
fundamental requirements for a hydrogen home fueling
appliance have been defined. The conclusion of the Phase
1 study indicated that an overnight-fill proton exchange
membrane (PEM) electrolysis device that fills the vehicle
directly to a maximum of 350 bar with no mechanical
compressor or secondary hydrogen storage can cost-
effectively supply the daily hydrogen for a typical commuter
operating a fuel cell vehicle. The case for including the
hydrogen home fueling concept in the overall mix of
fueling infrastructure is strong. The home fueler can grow
in production volume and geographic distribution with
individual vehicles as they are placed in the market with
more flexibility than centralized fueling stations. Existing
utility infrastructure (water, electricity) can be utilized within
their existing capacities to cover the distribution aspect of the
fueling infrastructure.

The goal of this Phase 2 project was to design and
demonstrate the key hardware for 350-bar hydrogen home
fueling based on PEM electrolysis. Proton Energy Systems
has previously demonstrated durable PEM electrolysis
equipment generating hydrogen at 165 bar. In addition,
Proton has also demonstrated the ability of sub-scale
prototypes to seal at the required proof pressure for 350-bar
operation. Building upon this past work, designs have been
developed utilizing Proton’s reliable PEM electrolysis cell
stack and system technologies for hydrogen generation and
vehicle fueling at 350-bar.

FY 2012 Annual Progress Report
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Approach

The approach to the Phase 2 project was threefold. First,
utilize the data and modeling results from the Phase 1 project
to provide approximate sizing for the hydrogen generation
rate. Second, build upon Proton’s proven cell stack design
and development experience to undertake the designs
required for 350-bar operation. Third, utilize Proton’s strong
engineering processes that rely on a phased approach, with
stage reviews, key written guidelines, and design output
documentation to guide the successive levels of design
refinement and demonstration. To that end, the project was
organized into four main tasks: (1) Prototype System Design
and Fabrication, (2) Prototype Stack Design, (3) Prototype
Component Verification, and (4) Prototype System Testing.

Task 1 utilized engineering best practices to design
and fabricate the prototype fueling system. This includes
producing the plumbing and instrumentation diagram,
electrical schematics, bill of materials, control schemes
and component specifications for the prototype system. In
addition, Task 1 included the procurement, fabrication, and
acceptance testing of the prototype system. Task 2 included
producing the component designs and assembly models for
the cell stack in three-dimensional computer-aided design
format. Moreover, it included completing design feasibility
pressure testing using both sub-scale and full-scale active
area components. Task 3 incorporated work on verifying
the functionality of key components within the cell stack
design and one or two custom components within the system
design. Task 4 included assembling and checking the first
electrolysis-ready version of the new prototype stack design.
Furthermore, it includes integrating the prototype stack into
the prototype system and operating in electrolysis to generate
hydrogen at 350 bar.

Results

Now in the second year of this project, the team has
made excellent progress toward the overall goals of the
project. At the time of writing, the team has completed all of
Tasks 1, 2 and 3. Task 4 is also 80% complete and the overall
project is on schedule to meet the deliverables at the end of
Year 2.

Within Task 1, Prototype System Design and Fabrication,
activities in Year 2 first focused on completion of the system
bill of materials which allowed ordering and subsequent
receipt of all the major components for the prototype
system. The prototype system design is based upon Proton’s
commercial HOGEN® HP high pressure hydrogen generator
which delivers hydrogen at pressures of up to 2,400 psi. This
high pressure system is also derivative of Proton’s highly
successful HOGEN S-series product with over 400 units now
in operation. Based upon the completed prototype design
review, the system was assembled and after completion
fully checked out to verify operational status. The final
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programming of the system’s programmable logic controller
and data acquisition system was also completed and verified
including identification and verification of all input/output
communication channels. A picture of the completed system
is shown in Figure 1. The plumbing and instrumentation
diagram and electrical schematics were updated concurrently
with assembly to reflect the final system configuration. A
key development effort as part of the system design was the
350-bar hydrogen/water phase separator. The final phase
separator configuration was fully fabricated and proof
pressure tested (Figure 2). The phase separator was then
integrated into the system and its testing completed during
the full system checkout. System acceptance testing included
leak checking, ground continuity testing, and hi-pot testing.

Within Task 2, Prototype Stack Design, the design of the
350-bar cell stack was completed during this past year. Based
upon work completed in Year 1, cell frame and embodiment
components were procured and full pressure testing of the
stack design was achieved at proof pressures above the
required 520 bar (7,500 psig). The design work then moved
to cell active area design and was supported by component
and full pressure testing during the verification work outlined
in Task 3. The prototype and final design reviews were

FIGURE 2. Phase separator design and fabricated unit
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subsequently completed as the iterative design process honed
and refined the final 350-bar cell stack design.

Activities in Task 3 involved the detailed design
verification inspections and tests of the components.
Non-operational stacks were built to verify sealing to
proof pressure and proper distribution of load through the
components. Pressure imaging in the sealing as well as the
active area of the cell was used to verify uniform load within
allowable margins of safety. Flow testing of single- and
multiple-cell stacks was conducted and compared to similar
lower pressure cell designs to confirm acceptable pressure
drop. Proton exchange membrane materials suitable for
use in the membrane electrode assembly component were
also characterized at differential pressures up to 350 bar
(Figure 3). Final activity during this task was the fabrication
of an operational single-cell stack suitable for integration and
testing in the prototype test bed.

The activities completed during Task 4 started with
testing of the water circulation pump and system power
supply. Final integration of the thermal management and data
collection equipment was also completed. A key element of
the system control is the management of the high pressure
water collected from the production of 350-bar hydrogen.

A hydrogen/water phase separator simulator was developed
to mimic the operation of an actual phase separator in order
to set the programmable logic control parameters without
actually generating 350-bar hydrogen. This ultimately
enabled rapid integration of the operating cell stack into the
system with minimal premature shutdowns and adjustments.
Finally, the single-cell 350-bar stack was installed, the
system testing initiated and the milestone of hydrogen

High Pressure Diffusion Testing

10 T

1oo 1 /
080

0.60

Diffusion Rate ([normalized]

—@—2,900 psi Froduct
0.20 1,800 psi Froduct

——E 000 psi Frototype

0.00 1 |
0 1000 2000 3000 1000 5000 6000

Pressure (psid)

FIGURE 3. Cross-cell diffusion testing at up to 350-bar differential pressure

DOE Hydrogen and Fuel Cells Program

280
260 |
i
8 240 |
=)
o . |
-
b=
8
a —— 350 bar, 50C
o —— 13 bar, 50¢C
U
120 |
1.00 - ,
0.0 05 10 15 20 15

Current Density (A/cm?)

FIGURE 4. Polarization data during 350-bar (5,000 psig) hydrogen generation
compared with 13-bar hydrogen generation

production at 350-bar pressure and full differential pressure
was achieved during this period (Figure 4). This achievement
sets the stage for additional testing and optimization of
operational protocols during the remainder of the project.

Conclusions and Future Directions

All of the diligent design and development work of
the project team resulted in achievement of the initial
demonstration of a 350-bar capable electrolysis stack and
system. This accomplishment creates a foundation from
which the hydrogen output and pressure can be scaled up
and also design improvements can be made to improve the
efficiency and economics of this small-scale high-pressure
hydrogen generator system.

In summary, the following tasks have been completed
for the 350-bar electrolysis fueling system development effort
and the parallel 350-bar electrolysis cell stack development:

»  All prototype system components have been ordered and
procured.

*  The prototype system is complete, including full system
operational checkout.

*  The high pressure cell stack design is finalized including
overboard seal testing to proof pressures above 500 bar.

*  All prototype cell and stack embodiment components
have been ordered and procured.

*  Design and verification of cell stack components is
completed, including seal and active area full differential
pressure testing.

*  The operational prototype cell stack has been assembled
and acceptance tested.

*  The prototype system and operational stack have been
integrated and operationally tested.

e 350-bar hydrogen generation from water electrolysis at
full differential pressure has been achieved.
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of mechanical compressors using PEM-based electrochemical
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[11.0 Hydrogen Delivery Sub-Program Overview

INTRODUCTION

The Hydrogen Delivery sub-program supports research and development (R&D) of technologies that
enable low-cost, efficient, and safe delivery of hydrogen to the end-user in order to achieve a threshold cost of
$2-3%4 per gallon gasoline equivalent (gge) of hydrogen (produced, delivered, and dispensed), which represents
the cost at which hydrogen fuel cell electric vehicles (FCEVs) are projected to become competitive on a cost-
per-mile basis with competing vehicles (gasoline-powered hybrid-electric vehicles) in 2020." The Hydrogen
Delivery sub-program addresses all hydrogen distribution activities from the point of production to the point
of dispensing. R&D activities address challenges to the widespread adoption of hydrogen technologies in the
near term through development of tube trailer and liquid tanker technologies as well as forecourt compressors,
dispensers, and bulk storage, and in the mid- to long-term through development of pipeline technologies.
Strategic analysis is used by the sub-program to identify cost, performance and market barriers to commercial
deployment of hydrogen technologies, and to inform program planning and portfolio development.

GOAL

The goal of this sub-program is to reduce the costs associated with delivering hydrogen to a point at which
its use as an energy carrier in fuel cell applications is competitive with alternative transportation and power
generation technologies.

OBJECTIVES?

The key objective of this sub-program is to develop low-cost, efficient, and safe technologies for delivering
hydrogen from the point of production to the point of use-including stationary fuel cells and FCEVs. This
objective applies to all of the possible delivery pathways. Interim and ultimate targets for various delivery
components are being updated in the Fuel Cell Technologies Program Multi-Year Research, Development, and
Demonstration Plan (MYRD&D Plan). Key objectives for specific delivery components include:

*  Tube Trailers: Reduce the cost of compressed gas delivery via tube trailer by increasing vessel capacity
and lowering trailer cost on a per-kilogram-of-hydrogen-transported basis.

¢ Pipeline Technology: Develop mitigation strategies for combined material fatigue and hydrogen-induced
embrittlement in steel pipelines; advance the development and acceptance of alternative composite pipe
materials that can reduce installed pipeline costs; and develop lower-cost, higher-reliability compression
technology for hydrogen transmission by pipeline.

¢ Liquefaction: Reduce the capital and operating costs of hydrogen liquefiers and bulk liquid storage vessels.

¢ Forecourt Technologies:
— Compression: Develop lower-cost, higher-reliability hydrogen compression technology for terminal

and forecourt applications.

— Storage: Develop lower-capital-cost off-board bulk storage technology.

e Analysis: Conduct comprehensive analyses on potential near- and longer-term hydrogen delivery options,

comparing the relative advantages of each and examining possible transition scenarios between the two
timeframes.

"Hydrogen Threshold Cost Calculation, Hydrogen and Fuel Cells Program Record #11007, US Department of Energy, 2012,
http://www.hydrogen.energy.gov/pdfs/11007 _h2 threshold costs.pdf

*Note: Targets and milestones were recently revised; therefore, individual project progress reports may reference prior targets. Some
targets are still currently under revision, with updates to be published in Fiscal Year (FY) 2013.

FY 2012 Annual Progress Report DOE Hydrogen and Fuel Cells Program
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FY 2012 STATUS AND PROGRESS

In FY 2012 the Delivery sub-program published updated hydrogen delivery scenario analysis models
(HDSAM) version 2.3 and version 2.3.1. In addition, updated cost and performance targets for delivery
technologies were developed and published in the Delivery chapter of the MYRD&D Plan, which was released
in September 2012. The Delivery chapter is organized by technology pathway: tube trailers and bulk storage,
pipeline technology, and forecourt technology, followed by pathway analysis work.

The projected 2011 costs for the delivery of hydrogen by currently available technologies range from
$2.50/gge to $9/gge, depending on the quantity and distance transported.’ These projections include the costs
of compression, storage, and dispensing at the refueling site and are based on HDSAM assumptions. In order
to achieve the threshold cost of $2—$4/gge, the goal of the Delivery sub-program is to reduce the delivery cost
of hydrogen to <$2/gge by 2020.* Progress towards current goals and targets to achieve this ultimate goal are
summarized in Table 1.

TABLE 1. Delivery Targets and Status

Delivery Element Targets (2015/2020)° Status®
Tube Trailers Reduce capital cost to <$728/kg by 2015 and <$574/kg Capital cost: $510/kg
by 2020
Increase capacity to 700 kg by 2015 and 940 kg by 2020 | Capacity: 726 kg
Pipelines Reduce cost/mile (8 in. diameter pipe installed) to Installed steel pipeline cost: $3 million/mile
<$735,000 by 2015 and <$710,000 by 2020 Cost contribution: $1.7/kg H,
Compressor cost contribution: $0.1/kg H,
Forecourt Compression | Reduce uninstalled capital cost to $400K/$240k for Capital cost: $530K for 700 bar
(1,000 kg/day station) 700 bar dispensing compression
Pipeline Compression Reduce the uninstalled capital cost for 3,000-kW Capital cost: $2.7 million
compressor to <$2.3 million by 2015 and <$1.9 million
by 2020
Forecourt Storage Reduce high pressure tank cost to $1,200 per kg of stored | Storage tank cost: $1,450 per kg of
(1,000 kg/day station) H, by 2015 and $1,000 by 2020 stored H,

Tube Trailers and Bulk Storage

Tube trailers and bulk storage are a critical near-term technology. Until there is significant expansion of
the hydrogen pipeline infrastructure, truck transport and storage at the forecourt will be the primary means
of distribution to fueling stations. In the last decade, the hydrogen-carrying capacity of tube trailers has more
than doubled and the per-kilogram cost has fallen more than 40%. This year, Lincoln Composites was able to
further improve on this progress.

e A custom-built trailer shown in Figure 2 capable of holding four 40-foot pressure vessels and an additional
30-foot pressure vessel was designed and constructed. This new design has the potential to increase overall
capacity by roughly 18% from about 615 kg in the current Department of Transportation-approved design
to more than 725 kg. A prototype trailer (minus vessels, plumbing, and fire protection) was received this
year. (Lincoln Composites)

» Pathways were identified for steel-lined reinforced-concrete hydrogen pressure vessels to achieve the
DOE 2020 cost target through development of advanced vessel manufacturing technology and materials.

* Hydrogen Delivery Cost Projections, Hydrogen and Fuel Cells Program Record #12022, U.S. Department of Energy, under review in 2012.
* Hydrogen Production and Delivery Cost Apportionment, Hydrogen and Fuel Cells Program Record #12001, U.S. Department of Energy,
under review in 2012.

® Fuel Cell Technologies Program MYRD&D Plan (Section 3.2, Hydrogen Delivery), U.S. Department of Energy, September 2012,
www.hydrogenandfuelcells.energy.gov/mypp/index.html.
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Feasibility of multi-pass, multi-layer friction-stir welding for steel vessel fabrication was demonstrated by
successfully joining a 15-mm-thick (0.6 in.) steel plate, which nearly tripled the thickness of steel that can

be welded by the conventional friction-stir welding. (Oak Ridge National Laboratory)
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FIGURE 1. This chart shows the projected reduction in hydrogen delivery cost for various pathways based

on preliminary analysis (FY 2011-FY 2012) due to technological advancement. Projections are based on
HDSAM V2.31 for a well-established hydrogen market demand for transportation (10% market penetration). The
specific scenarios examined assume central production of hydrogen that serves a city of moderately large size
(population of about 1.5 million).

FIGURE 2. Lincoln Composites carbon fiber composite tube trailer pressure vessel
and International Organization for Standardization container.
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Pipeline Technologies

Pipeline technologies will enable the low-cost delivery of hydrogen in the future. Progress in both the
characterization and development of pipeline materials and centrifugal pipeline compressors has been achieved
through projects funded by the Hydrogen Delivery sub-program. Testing of fiber-reinforced polymer materials
for pipelines is facilitating the adoption of these materials for hydrogen service applications by providing
performance data to inform the development of the codes and standards needed for their commercial use. In
the area of centrifugal compression, advanced seals have been developed which allow for the compression of
hydrogen. Specific accomplishments for this year include:

» Fatigue testing for both flawed and unflawed samples of fiber-reinforced polymer pipe was completed
to address the effects of third-party damage. The 40% through-wall flaws resulted in a 28% lower burst
pressure of the flawed samples than the unflawed samples. (Savannah River National Laboratory)

* A physics-based model for accelerated fatigue crack growth of steels in hydrogen gas with oxygen
impurities was developed. This model enables
the extrapolation of data over a range of hydrogen
pressure, oxygen concentration, load-cycle frequency,
and load ratio (R, ). The model also demonstrates
that the threshold level of oxygen required for
mitigating accelerated fatigue crack growth of X52
steel in 21 MPa hydrogen gas is a function of load-cycle
frequency and R, . (Sandia National Laboratories)

*  The fabrication, assembly and validation testing of a
single-stage, oil-free centrifugal pipeline compressor
system (Figure 3) was completed, and initial validation
tests were performed at 30,000 rpm. The system, which
includes advanced Ti-based rotors to achieve the tip
speeds needed to meet DOE’s 2015 targets for pipeline
compression technology, will be tested in FY 2013 at
60,000 rpm in a dedicated test cell currently under FIGURE 3. MiTi single-stage compressor driven by two
construction. (Mohawk Innovative Technology) 100-kW oil-free motors.

Forecourt Technologies

Improvements in the reliability and cost of forecourt compression and dispensing technologies are needed
for the commercialization of hydrogen technologies. Cost improvements can be realized through efficiency
improvements and reliability improvements as well as through new designs and materials. Progressive
technologies in this area include electrochemical compression and liquid ionic compression. Recent
progress includes:

*  The maximum hydrogen pressure from a single-stage electrochemical compressor was increased to
12,800 psi (880 bar) from 7,000 psi (480 bar), and at the same time, 98% hydrogen recovery was achieved
in a single cell. A 6,000-hour life at an elevated current density of 750 mA/cm® (as compared with
200 mA/cm?) was also demonstrated. (FuelCell Energy)

Analysis

Analysis efforts continue to identify areas in most critical need of R&D advances. Additionally, analysis
is used to optimize technology pathways in order to reduce the final as-dispensed cost of hydrogen. Progress
this year included evaluation of the current cost and power requirement of refueling station compression and
pumping technologies and various configurations of high-pressure tube-trailers (within U.S. Department of

DOE Hydrogen and Fuel Cells Program FY 2012 Annual Progress Report
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Transportation—specified weight and size constraints, including tube fill pressure, tube diameter/thickness,
number of tubes and tube material). Two compression options to reduce station capital cost by at least 15%
were identified: (1) a high-pressure (900-bar) liquid pump to increase pressure, combined with an evaporator
to gasify the hydrogen before dispensing (the combined pump/vaporizer cost is more than 50% lower than
the corresponding gas compressor cost); and (2) a high-pressure tube trailer, which can reduce compression
demand at the station, especially in early markets where the utilization of the station compressor capital is
low (this has the potential to reduce the impact of station capital cost on overall hydrogen cost by up to 20%,
assuming 50% utilization). (Argonne National Laboratory)

BUDGET

The FY 2012 appropriation provided $5.8 million for the Hydrogen Delivery sub-program, and
$4.4 million is planned for FY 2013 (based on the President’s budget request), with an emphasis on reducing
near-term technology costs, increasing tube trailer capacity, and lowering the cost of pipeline delivery
pathways.

Hydrogen Delivery Funding
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2.5
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FY 2013 PLANS

In FY 2013, the Hydrogen Delivery sub-program portfolio will focus on two key areas:

1. Long-term technologies expected to have market impact in 10-20 years. In FY 2013, the Delivery sub-
program portfolio will continue efforts on technologies for transmitting hydrogen as a cold, pressurized
fluid—including magnetic refrigeration and electrochemical compression. Some work will also continue
on the testing and characterization of materials and systems for pipelines and pipeline compression;
however, with the decreased funding scenario, more emphasis will be given to near-term technologies that
can have an immediate impact.

2. Near-term technologies that reduce hydrogen delivery costs for emerging hydrogen and fuel cell
applications (e.g., forklifts and backup power) and early adopter FCEV markets. In FY 2013, the emphasis
will be on development of delivery options to reduce the cost of 700-bar hydrogen compression at light-
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duty vehicle refueling stations, and on identification of material needs and challenges for delivery and
forecourt technologies. New projects in FY 2013 will address technologies to reduce station costs and
improve the reliability of forecourt compression and dispensing technologies.

Erika Sutherland

Hydrogen Production and Delivery Team
Technology Development Manager

Fuel Cell Technologies Program
Department of Energy

1000 Independence Ave., SW
Washington, D.C. 20585-0121

Phone: (202) 586-3152

Email: Erika.Sutherland@ee.doe.gov
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Daniel Dedrick (Primary Contact), Brian Somerday

Sandia National Laboratories
P.O. Box 969

Livermore, CA 94550
Phone: (925) 294-1552
Email: dededri@sandia.gov

DOE Manager

HQ: Erika Sutherland
Phone: (202) 586-3152
Email: Erika.Sutherland@ee.doe.gov

Project Start Date: January, 2007
Project End Date: Project continuation and direction
determined annually by DOE

Fiscal Year (FY) 2012 Objectives

*  Determine the threshold level of oxygen impurity
concentration required to mitigate accelerated fatigue
crack growth of X52 steel in hydrogen at gas pressures
up to 3,000 psi (21 MPa)

*  Measure the fatigue crack growth (da/dN vs. AK)
relationship at constant H, gas pressure in X65 pipeline
girth weld supplied by industry partner

Technical Barriers

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

(D) High Capital Cost and Hydrogen Embrittlement of
Pipelines (Section 3.2.4)
(K) Safety, Codes and Standards, Permitting (Section 3.2.4)

Technical Targets

The principal target addressed by this project is the
following (from Table 3.2.2):

*  Pipeline Reliability/Integrity

The salient reliability/integrity issue for steel hydrogen
pipelines is hydrogen embrittlement. One particular
unresolved issue is the performance of steel hydrogen
pipelines that are subjected to extensive pressure cycling.
One of the objectives of this project is to enable safety
assessments of steel hydrogen pipelines subjected to pressure

FY 2012 Annual Progress Report

cycling through the use of code-based structural integrity
models. This structural integrity analysis can determine
limits on design and operating parameters such as the
allowable number of pressure cycles and pipeline wall
thickness. Efficiently specifying pipeline dimensions such as
wall thickness also affects pipeline cost through the quantity
of material required in the design.

FY 2012 Accomplishments

A physics-based model for accelerated fatigue crack
growth of steels in hydrogen gas with oxygen impurities
was developed that enables the extrapolation of data over
a range of hydrogen pressure, oxygen concentration,
load-cycle frequency, and load ratio (R ). This model
demonstrates that the threshold level of oxygen required for
mitigating accelerated fatigue crack growth of X52 steel in
21 MPa hydrogen gas is a function of load-cycle frequency
andR, .

S R R

Introduction

Carbon-manganese steels are candidates for the
structural materials in hydrogen gas pipelines, however it
is well known that these steels are susceptible to hydrogen
embrittlement. Decades of research and industrial experience
have established that hydrogen embrittlement compromises
the structural integrity of steel components. This experience
has also helped identify the failure modes that can operate
in hydrogen containment structures. As a result, there are
tangible ideas for managing hydrogen embrittlement in
steels and quantifying safety margins for steel hydrogen
containment structures. For example, fatigue crack growth
aided by hydrogen embrittlement is a well-established failure
mode for steel hydrogen containment structures subjected
to pressure cycling. This pressure cycling represents one of
the key differences in operating conditions between current
hydrogen pipelines and those anticipated in a hydrogen
delivery infrastructure. Applying code-based structural
integrity models coupled with measurement of relevant
material properties allows quantification of the reliability/
integrity of steel hydrogen pipelines subjected to pressure
cycling. Furthermore, application of these structural integrity
models is aided by the development of physics-based models,
which provide important insights such as the effects of gas
impurities (e.g., oxygen) and the hydrogen distribution near
defects in steel structures.

DOE Hydrogen and Fuel Cells Program
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Approach

The principal objective of this project is to enable the
application of code-based structural integrity models for
evaluating the reliability/integrity of steel hydrogen pipelines.
The new American Society of Mechanical Engineers
(ASME) B31.12 code for hydrogen pipelines includes a
fracture mechanics-based integrity management option,
which requires material property inputs such as the fracture
threshold and fatigue crack growth rate under cyclic loading.
Thus, one focus of this project is to measure the fracture
thresholds and fatigue crack growth rates of technologically
relevant line-pipe steels in high-pressure hydrogen gas.
These properties must be measured for the base materials but
more importantly for the welds, which are likely to be most
vulnerable to hydrogen embrittlement.

A second objective of this project is to enable
development of physics-based models of hydrogen
embrittlement in pipeline steels. The focus of this effort
is to establish phenomenological models of hydrogen
embrittlement in line-pipe steels using evidence from
analytical techniques such as electron microscopy. These
phenomenological models then serve as the framework for
developing sophisticated finite-element models, which can
provide quantitative insight into the effects of environmental,
material, and mechanical variables. Such predictive materials
science models can enable the extrapolation of material data
inputs required for structural integrity models.

Results

The fatigue crack growth rate (da/dN) vs. stress-intensity
factor range (AK) relationship is a necessary material-
property input into damage-tolerant integrity management
models applied to steel hydrogen pipelines. One such
integrity management methodology for steel hydrogen
pipelines was recently published in the ASME B31.12 code.
The measurements of crack propagation thresholds and
fatigue crack growth relationships in this task support the
objective of establishing the reliability/integrity of steel
hydrogen pipelines.

The X52 line-pipe steel was selected for this task
because of its recognized technological relevance for
hydrogen pipelines. The X52 steel from the round robin
tensile property study (FY 2008) was tested for the following
reasons: (1) some characterization of the material was already
provided from the round-robin study, (2) ample quantities
of material were still available, and (3) the X52 steel was in
the form of finished pipe, which is the most relevant product
form and also allows samples to be extracted from the
electric resistance seam weld.

The hydrogen-affected fatigue crack growth relationship
(da/dN vs. AK) for the structural steel is the basic element in
pipeline integrity management models. The ASME B31.12

DOE Hydrogen and Fuel Cells Program

code requires measurement of the fatigue crack growth
relationship for pipeline steels at the hydrogen gas operating
pressure. Previous results for pipeline and pressure vessel
steels have demonstrated that gas species such as oxygen
can favorably affect the fatigue crack growth relationship

in hydrogen gas [1]. However, these studies have not
systematically examined important variables such as the
impurity partial pressure, hydrogen partial pressure, AK
level, R ratio (K_. /K ), and load-cycle frequency. Since
the retarding effect of oxygen and other gas impurities

on hydrogen-assisted fatigue crack growth may have
technological benefits, the windows of variables that promote
this positive effect need to be defined more quantitatively.

In the fourth quarter of FY 2011 and the first quarter
of FY 2012, the effects of oxygen on the fatigue crack
growth relationship for X52 base metal in hydrogen gas
were measured for three hydrogen/oxygen gas mixtures:
H,/10 vppm O,, H,/100 vppm O,, and H,/1,000 vppm O,, in
which the hydrogen gas partial pressure was approximately
constant at 21 MPa. The da/dN vs AK relationships were
measured at an R ratio (K . /K ) of 0.1 in all environments
and at an additional R ratio of 0.5 in the H,/1,000 vppm
O, environment (Figure 1). Based on these trends, a model
concept was conceived and developed in the second quarter
of FY 2012, in which the onset of hydrogen-accelerated
fatigue crack growth in the different hydrogen environments
could be predicted.

The model was developed based on the following
assumptions: 1) the onset of hydrogen-accelerated fatigue
crack growth is activated by hydrogen uptake at the crack
tip, which is impeded by oxygen adsorption on the crack-tip
surface, 2) the rate of oxygen adsorption on the crack tip
surface is governed by oxygen diffusion in the hydrogen

— 102
% X52 Base Metal
5 21 MPaH,
£ 10% 4 =10 Hz
E R=0.1 A
- 295 K a4
T 10 4 j o
O
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FIGURE 1. Fatigue crack growth rate (da/dN) vs stress-intensity factor range
(AK) data for X52 steel in H,/O, gas mixtures, high-purity hydrogen, and

air. The symbols labeled 1, 2, 3, and 4 represent model predictions for the
mechanical da/dN level required for 6, <1.
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a

FIGURE 2. Schematic depicting the interactions between a mixed hydrogen/
oxygen gas and a crack tip in steel opened at maximum load

gas, and 3) the extent of oxygen adsorption on the crack-

tip surface depends on the area of new crack-tip surface
created during each load cycle. These model elements are
depicted in the schematic displayed in Figure 2. Prior to
hydrogen-accelerated crack growth, the crack propagates in
a manner dictated solely by mechanical driving forces. This
“mechanical” crack growth rate, da/dN, is represented by the
crack growth rates measured in an inert environment, i.e., air
(blue dashed line in Figure 1). During this mechanical crack
growth, the crack advances incrementally each load cycle,
and the crack growth increment is equal to the measured
da/dN. At the maximum load, the assumed relationship
between the crack growth increment (da) and crack tip profile
is shown in Figure 1. The new crack tip surface created
during the load cycle is assumed to have a semicircular
profile. The amount of oxygen adsorbed on this new crack
tip surface is given by a simple mass balance: the adsorbed
oxygen is equal to the flux of oxygen to the crack tip. The
flux of oxygen in the crack channel is calculated using basic
diffusion equations as well as the assumptions of steady state
and a pressure equal to zero at the crack tip. The height of
the crack channel is calculated from a fracture mechanics
relationship between K and the crack opening. Based on
these assumptions and relationships, an analytical expression
was determined that relates the mechanical crack growth
rate, da/dN, to the oxygen surface coverage, 0

o

D,
da _ _Po__pe(1 —vf)i __4K
dN  0,mvRT Eo,\Ja(1-R,)

In this expression, D is the diffusivity of O, in the H,
“matrix”, p,, is the partial pressure of oxygen in the bulk
gas, v is the load-cycle frequency, R is the gas constant, T
is temperature, E is elastic modulus, o, is yield strength,
and a is the crack length. Although the original relationship
was expressed in terms of K, this variable was replaced
by the equivalent quantity AK/(1-R, ) in order to include the
R, ratio.

Assuming that hydrogen uptake into the steel proceeds
when oxygen delivered to the crack tip cannot cover
the entire surface, i.e., 0, < 1, the model can predict the
mechanical da/dN at the onset of accelerated crack growth.

FY 2012 Annual Progress Report

Such predictions are indicated by the symbols labeled 1,

2, 3, and 4 in Figure 1. Considering points 2 and 3, these
predictions represent the mechanical da/dN required for
hydrogen uptake in the cases of bulk oxygen concentrations
equaling 10 vppm and 100 vppm. As shown in Figure 1, the
predicted mechanical da/dN levels are approximately equal
to the levels at the onset of accelerated cracking for these
two cases. Considering point 4, this is the predicted da/dN
for hydrogen uptake when the bulk hydrogen concentration
is 1,000 vppm and the R ratio is 0.5. The model accurately
predicts that da/dN at the point of hydrogen uptake and
accelerated crack growth is beyond the final point in

the measured data set. The correlation between model
predictions and experimental data is consistent with the
notion that the onset of accelerated crack growth is controlled
by the mechanical crack growth rate, which in turn governs
the extent of oxygen adsorption on the freshly exposed
crack tip. The prediction represented by point 1 is for the
case of 1 vppm oxygen. In this case, the mechanical da/dN
for hydrogen uptake is substantially lower than the da/dN
at the onset of accelerated crack growth. The interpretation
here is that thresholds for two mechanical variables must be
exceeded for accelerated crack growth: a threshold level of
da/dN for hydrogen uptake and a threshold level of K to
activate the embrittlement. For the high-purity hydrogen case,
oxygen does not hinder hydrogen uptake, but accelerated
cracking is not activated until a critical K __ is reached.

The oxygen-diffusion model provides insights into the
mechanical variables that dictate the onset of accelerated
crack growth for steel in hydrogen/oxygen environments.
This model can also be used to quantify the mechanical
variables that affect the onset of accelerated cracking for
components such as pipelines that contain hydrogen with
small concentrations of oxygen. For example, the model
demonstrates that higher R, ratios lead to higher mechanical
da/dN for hydrogen uptake and accelerated crack growth.
This indicates that the onset of accelerated crack growth is
displaced to higher mechanical da/dN when the components
operate at higher pressure ratios (p,_. /p, ). Thus, the
reliability/integrity of a component containing hydrogen/
oxygen is enhanced at higher pressure ratios.

The hydrogen diffusion model was developed in
collaboration with Prof. Petros Sofronis (University of
[llinois/International Institute for Carbon-Neutral Energy
Research) and Prof. Reiner Kirchheim (University of
Gottingen/International Institute for Carbon-Neutral Energy
Research).

In the third quarter of FY 2012, fatigue crack growth
specimens were prepared from the girth weld in a section
of X65 steel pipe supplied by ExxonMobil (Figure 3). The
fatigue crack growth rate, da/dN, vs. stress-intensity factor
range, AK, relationship for the girth weld in hydrogen gas
will be measured from these specimens.

DOE Hydrogen and Fuel Cells Program
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FIGURE 3. X65 steel girth weld supplied by industry partner

Conclusions and Future Directions

e The development of a physics-based model for
accelerated fatigue crack growth of steels in hydrogen
gas with oxygen impurities enables the extrapolation
of data over a range of hydrogen pressure, oxygen
concentration, load-cycle frequency, and load ratio
(Ry). This model demonstrates that the threshold level
of oxygen required for mitigating accelerated fatigue
crack growth of X52 steel in 21 MPa hydrogen gas is a
function of load-cycle frequency and R ..

e (future) Measure the fatigue crack growth (da/dN vs AK)
relationship at constant H, gas pressure in X65 pipeline
girth weld supplied by industry partner.

DOE Hydrogen and Fuel Cells Program

Sandia National Laboratories is a multi-program laboratory
managed and operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear Security Administration
under contract DE-AC04-94AL85000

FY 2012 Publications/Presentations

1. “The Effect of Trace Oxygen on Gaseous Hydrogen-
Accelerated Fatigue Crack Growth in a Low-Strength Pipeline
Steel”, B. Somerday, C. San Marchi, K. Nibur, P. Sofronis, and

R. Kirchheim, 2012 TMS Annual Meeting & Exhibition, Orlando
FL, March 2012.

2. “Gaseous Hydrogen-Assisted Fatigue Crack Growth in X52
Linepipe Steel”, B. Somerday, C. San Marchi, and K. Nibur, MS&T
2011, Columbus OH, October 2011.
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Fiscal Year (FY) 2012 Objectives

e Identify cost drivers of current technologies for hydrogen
delivery to early market applications of fuel cells

*  Evaluate role of high-pressure tube-trailers in reducing
hydrogen delivery cost

e Identify and evaluate benefits of synergies between
hydrogen delivery options to various markets (e.g.,
forklift market, fuel cell vehicle market)

Technical Barriers

This project directly addresses technical barrier A
(which implicitly includes barriers B, C, D, F, H and J) in the
Delivery Technical Plan, as well as barriers B, C, D and E
in the Systems Analysis Plan of the Fuel Cell Technologies
Multi-Year Research, Development and Demonstration Plan.
These are:

(A) Lack of Hydrogen/Carrier and Infrastructure Options
Analysis

(B) Stove-Piped/Siloed Analytical Capability

(C) Inconsistent Data, Assumptions and Guidelines

(D) Insufficient Suite of Models and Tools

(E) Unplanned Studies and Analysis

Technical Targets

The project is using a computer model to evaluate
alternative delivery infrastructure systems and components.
Insights from the model are being used to help identify

FY 2012 Annual Progress Report

elements of an optimized delivery system which could meet
DOE’s long-term delivery cost target.

FY 2012 Accomplishments

*  Evaluated current cost and power requirement of
refueling station compression and pumping technologies

*  Evaluated various configurations of high-pressure tube-
trailers within U.S. Department of Transportation (DOT)
specified weight and size constraints, including:

—  Tube fill pressure

—  Tube diameter/thickness

—  Number of tubes

—  Tube material (steel vs. composite)

*  Characterized and examined hydrogen delivery and
refueling cost for forklift markets

R R R

Introduction

Initiated as part of the H2A project, the Hydrogen
Delivery Scenario Analysis Model (HDSAM) is an Excel-
based tool that uses a design calculation approach to estimate
the contribution of individual components of delivery
infrastructure to hydrogen cost, energy use and greenhouse
gas emissions. The model links individual components
in a systematic market setting to develop capacity/flow
parameters for a complete hydrogen delivery infrastructure.
Using that systems level perspective, HDSAM calculates the
full, levelized cost (i.e., summed across all components) of
hydrogen delivery, accounting for losses and tradeoffs among
the various component costs. A graphical user interface
permits users to specify a scenario of interest. A detailed
user’s guide assists users in defining scenarios and running
HDSAM. Users can specify their own inputs to the model
or select default inputs — which are based on data from the
literature, from vendors of specific delivery components or
from stakeholder inputs, or derived from basic engineering
design calculations. The quality of the data and the direction
of the analysis are vetted in formal interaction with partners
from other national laboratories and independent consultants
and via briefings to the hydrogen delivery technical team.

From our previous analyses, the refueling station was
found to contribute about half of total delivery cost in a
mature fuel cell vehicle (FCV) market and refueling station
compression and storage were shown to constitute the bulk
of station capital cost. Thus, the focus of our analysis this
FY was on identifying circumstances that tend to elevate

DOE Hydrogen and Fuel Cells Program

1113



lll. Hydrogen Delivery

Elgowainy — Argonne National Laboratory

fueling station investment and levelized cost in early markets
(e.g., diseconomies of scale, underutilization of capital, and
high risks) and examining the cost and power requirements
of current compression technologies for hydrogen refueling.
We also evaluated different configurations of high-pressure
tube-trailers and their viability for hydrogen delivery to

early markets, hydrogen delivery and refueling for forklift
applications, and potential synergies and differences between
materials handling and FCV markets.

Results

Compression Analysis

Four vendors of piston and diaphragm compressors
were surveyed to obtain information on capital costs
and power requirements as a function of throughput and
dispensing pressure. Figure 1 shows the cost of purchasing
a single compressor unit from each vendor as a function of
throughput for 350-bar and 700-bar dispensing pressures.
The figure reveals an apparent lack of production cost
economy with increased throughput. The figure also shows
a high compression cost per unit of throughput as well as
a large variation in the cost of a single compressor unit
between vendors at the same throughput, especially for
700-bar dispensing. The large variation in compressor
cost between vendors reflects the different compression
technologies but does not address the comparative reliability
of these technologies. This is a subject that requires further
investigation. We also identified that the cost of a high-
pressure (900 bar) liquid pump combined with a vaporizer
is more than 50% less than the cost of an equivalent gas
compressor. However, the liquid pump option shifts much of
the packaging cost to upstream of the refueling station at the
liquefaction plant.

$500,000

$400,000 -

$300,000 -

$200,000 M

$100,000
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High-Pressure Tube Trailer Analysis

Figure 2 shows the relationship between the increase in
hydrogen payload of high-pressure (250 bar) composite tubes
within an International Organization for Standardization
(ISO) container (8 ft wide x 8 ft high x 40 ft long) and the
corresponding increase in the cost of these tubes. The payload
increase is achieved through packaging more tubes in the ISO
container via various inline (NxN) and staggered (NxN-1)
arrangements of smaller tube diameters, thus improving the
volume utilization of the container at any given pressure.

The figure shows that the capital cost of the tubes increase

is nearly linear with the payload increase up to a certain
payload, above which the volume utilization of the container
levels off. We note that the increase in the payload of the
tubes would lead to less frequent deliveries, reduced delivery
cost and smoother operation at the refueling sites. We also
note that improving the volume utilization via packing more
tubes in the ISO container requires that the tubes be made

of light-weight material (e.g., carbon fiber composites) to
comply with the U.S. DOT weight limit of 80,000 lbs. gross
combination weight. Figure 3 shows the maximum payload of
hydrogen in an ISO container at different loading pressures
for steel and composite tubes. While the payload of the
composite tubes increases with pressure up to 430 bar, the
corresponding payload of the steel tubes drops with pressure
to satisfy the aforementioned weight constraint of 80,000 Ib.
We conclude that high-pressure tube trailers require light
weight material to achieve significant increase in hydrogen
payload at increased loading pressure. Furthermore, the high-
pressure tube trailer can reduce the compression demand at
the refueling station, especially in early markets where the
utilization of the station compressor is low. This option has
the potential to reduce the refueling station capital cost by up
to 20% at 50% utilization.

ST g g
=—&—vendorl - 700 bar

==@=vendor2 - 350 har

= vendor2 - 700 bar

—#—vendor3 - 350 bar (w/o controls)
—ip—vendord - 350 bar

wfll=vendord - 700 bar

30 40 50 60

compressor throughput [kg/hr]

FIGURE 1. Cost of Single Unit Hydrogen Refueling Compressors
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FIGURE 3. Effect of Hydrogen Loading Pressure on Tube Trailer Payload
Hydrogen Delivery for Forklift Applications TABLE 1. Forklift Refueling Cost Estimates
Hydrogen delivery for forklift applications was examined Daily Refueling Demand 150 kg/day | 300 kg/day
to 1(.16nt1fy potentlal synergies with hydrogen deh\./ery for. Total installed capital $850,000 $1.300,000
vehicle fueling. Table 1 presents selected results (i.e., capital ———— -
cost, the cost contribution per kg of dispensed hydrogen, Other Capital (including site preparation) $200,000 $400,000
and the monthly lease of installed refueling equipment) Cost contribution of refueling $2.5/kg,,, $2/kg,,,
for two levels of daily forklift refueling demand. With the Monthly Lease of installed equipment $15,000 $20,000
cost contribution of refueling equipment dropping from (recover investment in 7 years)
$2.50 to $2.00 per kg of dispensed hydrogen, results show Monthly Lease of installed equipment $10,000 $15,000
some economies of scale with increases in daily demand (recover investment in 10 years)

for hydrogen refueling. This is in addition to a $6 per kg
“delivery charge” for producing, liquefying and delivering
hydrogen for onsite use.
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The following are some lessons learned from studying
fuel cell forklift fueling:

*  Hydrogen is available and can be delivered at a cost of
~$6/kg

*  Current technology favors high volume delivery in liquid
form

e There is a business case for demand volumes
>150 kg/day

e The desired delivery frequency is ~2-3 deliveries/month
* Lease of the installed equipment is a preferred option

However, there are profound differences between
refueling forklifts and FCVs. The incumbent technology
for fuel cell forklifts is the battery-operated forklift, while
FCVs compete against gasoline internal combustion engine
vehicles. The refueling frequency for forklifts is every
4-6 hours with relatively flat hourly demand, while vehicles
refuel every 300-400 mi with wide variations in desired
refueling times (and locations for vehicles that do not return
to base each day). FCVs also require high pressure fills
at 700 bar with -40°C precooling, while fuel cell forklifts
typically refuel at 350 bar with no precooling requirements.
Finally, the utilization of the refueling capital investment is
expected to be much lower for early deployment of FCVs as
compared with a forklift fleet refueled in a central location.
All of these differences provide additional challenges with
respect to the cost of refueling FCVs.

Conclusions and Future Directions

The hydrogen delivery infrastructure for refueling FCVs

as well as forklifts in early markets has been examined.

The analysis identified synergies and differences between
these two fuel cell applications. Hydrogen is available and
can be delivered to these two markets at a reasonable cost
when refueling demand exceeds 150 kg/day. The preferred
delivery mode for volume deliveries is trucking hydrogen

in liquid form. However, liquefying hydrogen suffers from

a high electric energy requirement for liquefaction, with
potentially high greenhouse gas emissions if the electricity

DOE Hydrogen and Fuel Cells Program

generation mix relies on fossil sources. Our analysis shows
that underutilization of refueling capital and the cost of high-
pressure dispensing present major challenges to reducing

the cost of hydrogen for FCVs. The need for high-pressure
(700 bar) hydrogen for dispensing into FCVs exacerbates

the compression requirement at the refueling sites, which

is the single most significant contributor to refueling cost.
High-pressure tube-trailers can deliver hydrogen with up

to 1,000 kg of payload of may reduce the compression
requirement at the refueling stations in early markets.

For the remainder of FY 2012, efforts will be directed
toward further study of fueling compressor options (the
most costly of all refueling components), particularly large
throughput compressors. The cost and performance of large
throughput compressors will be examined for loading tube
trailers and for storing and dispensing hydrogen at large
refueling stations. Liquid delivery, today’s most favored
mode, will also be examined in detail. HDSAM will be
updated and employed to examine the impact of these
delivery options for early and future markets. Strategies to
optimize refueling station and pathways with the greatest
potential to achieve significant cost reductions for hydrogen
delivery and refueling will be identified for both automotive
and non-automotive fuel cell applications.
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Project End Date: Project continuation and direction
determined annually by DOE

Fiscal Year (FY) 2012 Objectives

*  Develop a high-fidelity cost modeling tool for composite
pressure vessels designed based on relevant industry
standards and codes

*  Quantify the significant cost reduction attainable by
composite vessel technology through the optimal use
of steels and concretes and the optimization of vessel
geometry

*  Demonstrate a novel steel vessel manufacturing
technology based on ORNL-patented multi-pass, multi-
layer friction stir welding (MM-FSW) of thick steel
section

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Delivery section (3.2) of the Fuel
Cell Technologies (FCT) Program Multi-Year Research,
Development and Demonstration Plan:

(F) Gaseous Hydrogen Storage and Tube Trailer Delivery
Cost

(G) Storage Tank Materials and Costs

FY 2012 Annual Progress Report

Technical Targets

This project aims at developing and demonstrating
the novel design and fabrication technology for low-cost
and high-safety composite steel/concrete pressure vessel
for stationary gaseous hydrogen storage. The flexible
and scalable composite vessel design can meet different
stationary storage needs (e.g., capacity and pressure) at
hydrogen fueling stations, renewable energy hydrogen
production sites, and other non-transport storage sites.
As shown in Table 1, the current generation composite
vessel made using the existing design and manufacturing
technology can readily exceed DOE’s 2015 cost target.
Moreover, with the successful development of advanced
manufacturing technology such as the highly-automated
friction stir welding process, the next generation vessel has a
high potential to meet DOE’s 2020 capital cost target.

TABLE 1. Progress towards Meeting Technical Targets for Stationary
Gaseous H, Storage Tanks (for fueling sites, terminals, or other non-transport
storage needs)

Pressure | DOE 2015 Current DOE 2020 | Next generation
Target* generation Target* composite
composite vessel vessel
345 bar $884 per $800 per $735 per $680 per
(5,000 psi) kgofH, kg of H, kgofH, kgof H,

*DOE targets for 345 bar pressure were linearly interpolated between the targets at 160
and 430 bar (cost target data from the draft of 2011 FCT Program Technical Plan for
Hydrogen Delivery, currently being finalized).

FY 2012 Accomplishments

*  Designed a high-pressure composite vessel comprising
inner layered steel tanks and outer reinforcement
pre-stressed concrete for stationary gaseous hydrogen
storage at an estimated capital cost about 10% below the
relevant DOE technical target for 2015.

* Identified the pathways to achieve the DOE 2020 target
through development of advanced vessel manufacturing
technology and materials.

*  Demonstrated the feasibility of MM-FSW for steel
vessel fabrication by successfully joining a 15-mm-thick
(0.6 in.) steel plate, which nearly tripled the thickness of
steel weldable by the conventional FSW.

& > ¢

¢ <

Introduction

Off-board bulk stationary storage of hydrogen is a
critical element in the overall hydrogen production and
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delivery infrastructure. Stationary storage is needed at
fueling stations, renewable energy hydrogen production
sites, central production plants, and terminals, etc. The
capacity and hydrogen pressure of the stationary storage
vessel are expected to vary considerably depending on the
intended usage, the location and other economic and logistic
considerations. For instance, the storage vessel at a hydrogen
fueling station may have a higher pressure but smaller
storage capacity when compared to that at a renewable
energy hydrogen production site. Therefore, it is important
the storage vessel is flexible and scalable to meet different
storage needs (i.e., capacity and pressure). Moreover, as

it provides the surge capacity to handle hourly, daily, and
seasonal demand variations, the stationary storage vessel
endures repeated charging/discharging cycles. Therefore, the
hydrogen embrittlement in structural materials, especially the
accelerated crack growth due to fatigue cycling, needs to be
mitigated to ensure the vessel safety.

In this project, ORNL leads a diverse multidisciplinary
team consisting of industry and academia to develop and
demonstrate an integrated design and fabrication technology
for cost-effective composite steel/concrete high-pressure
hydrogen storage vessel that can meet different stationary
hydrogen storage needs. Safety and economics are two
prevailing drivers behind the composite hydrogen storage
technology.

Approach

A schematic drawing of the composite pressure vessel
in hydrogen fueling station is illustrated in Figure 1, where
the salient design features of the composite storage vessel
technology are highlighted. The particular vessel design
in this figure comprises four inner steel tanks and an outer

reinforcement pre-stressed concrete sleeve. The shell section
of each steel tank is a layered structure. The innermost layer
directly exposed to the high-pressure hydrogen is made of an
austenitic stainless steel (e.g., American Iron & Steel Institute
316L or 304L), which excels as a hydrogen embrittlement
and permeation barrier. The other layers are made of high-
strength low alloy steel (e.g., ASTM SA724), which costs
about four times less than the stainless steel. Finally, the

steel tanks are encased in the pre-stressed concrete sleeve,
which bears the structural loads at an even lower cost when
compared to structural steel. The optimal use of commodity
materials (i.c., stainless steel, structural steel and concrete)

is essential to the cost-effectiveness and safety of composite
pressure vessel. The layered steel vessel technology is proven
and accepted in industry standards and codes (e.g., American
Society of Mechanical Engineers Boiler and Pressure Vessel
Code). It has significant cost and safety advantages over

the conventional single-section steel vessel. Moreover, the
layered steel vessel is amiable to the advanced fabrication
technology based on FSW for further reducing fabrication
cost. Sensors will be embedded into both inner steel tanks
and outer concrete sleeve to ensure the safe and reliable
operation in field. The composite vessel shown in Figure 1
has the modular design with scalability and flexibility for
meeting different storage pressure and capacity needs.

Results

The major tasks in FY 2012 include: (1) development of a
high-fidelity cost modeling tool for composite pressure vessel
and performing the cost optimization study using the model
tool, (2) preliminary assessment of steel/concrete interface
through finite element modeling of stress and displacement,
and (3) demonstration of ORNL-patented MM-FSW for
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FIGURE 1. Schematic of a composite vessel comprising inner layered steel tanks and outer pre-stressed concrete

confinement at hydrogen fueling station
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joining of thick steel sections. The key results from this
year’s substantial development are as follows.

Composite vessel cost modeling and optimization: The
baseline composite vessel is designed to contain 1,500 kg of

H, per system, which is sufficient to refill around 260 fuel
cell passenger cars (based on 5.6 kg H, tank per car). The
design pressure is chosen at 345 bar (5,000 psi) to match the
pressure of Type-1II hydrogen tank used in fuel cell cars
and forklift trucks. It is noted that due to its modular design,
the storage vessel can be flexibly adopted for other pressure
levels, i.e., low (160 bar), moderate (430 bar) and high

(820 bar), and other storage volumes.

To obtain real-world representative cost estimate of
composite vessel, ORNL partnered with Global Engineering
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FIGURE 2. Schematics of manufacturing steps for (a
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and Technology and Ben C. Gerwick, two leading
engineering design firms in the field of steel pressure
vessels and pre-stressed concrete structures, respectively.
The high-fidelity cost modeling tool was developed using
the bottom-up cost estimate approach comprising the
following steps. First, the composite vessel dimensions (e.g.,
thickness of steel and concrete walls) were calculated using
the formula from relevant industry codes for the given user
inputs (e.g., pressure, load carrying ratio between concrete
and steel, and inner diameter). Second, a detailed, step-
by-step manufacturing process flow was established for

the composite vessel. Schematics of manufacturing steps
for layered steel tank and pre-stressed concrete sleeve are
illustrated in Figures 2(a) and 2(b), respectively. Finally, the
component cost for each manufacturing step was calculated

Head to
shell girth
weld

Skirt and
b