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NOTICE

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



PROLOGUE

Prologue
Dear Colleague:

This document summarizes the comments provided by peer reviewers on hydrogen and fuel cell projects
presented at the fiscal year (FY) 2017 U.S. Department of Energy (DOE) Hydrogen and Fuel Cells
Program Annual Merit Review and Peer Evaluation Meeting (AMR), held in conjunction with DOE’s
Vehicle Technologies Office Annual Merit Review, on June 5-9, 2017, Washington, DC. In response to
direction from various stakeholders, including the National Academies, this review process provides
evaluations of the DOE-funded projects in applied research, development, demonstration, and analysis of
hydrogen and fuel cell technologies. Acting Assistant Secretary for the Office of Energy Efficiency and
Renewable Energy (EERE) Daniel Simmons opened the joint plenary session with more than 1,000
attendees, followed by keynote addresses and a fireside chat hosted by Deputy Assistant Secretary
Reuben Sarkar with Jon Lauckner (Chief Technical Officer, Vice President of Research & Development,
and President, GM Ventures, General Motors) and Joseph Powell (Chief Scientist — Chemical
Engineering, Shell). The joint plenary also included overview presentations from the Fuel Cell
Technologies Office and the Vehicle Technologies Office.

DOE values the transparent public process of soliciting technical input on its projects and overall
programs from relevant experts with depth and breadth of knowledge across a number of broad areas. The
recommendations of the reviewers are taken into consideration by DOE technology managers in
generating future work plans. The table in this report lists the projects presented at the review, evaluation
scores, and the major reviewer recommendations to be considered during the upcoming fiscal year
(October 1, 2017-September 30, 2018). The projects have been grouped according to sub-program and
reviewed according to the appropriate evaluation criteria. To furnish principal investigators (PIs) with
direct feedback, all of the evaluations and comments are provided to each presenter; however, the authors
of the individual comments remain anonymous. The PlIs are instructed by DOE to fully consider these
summary evaluation comments, along with any other comments by DOE managers, in their FY 2018
plans. In addition, DOE managers contact each PI individually and discuss the comments and
recommendations as future plans are developed.

In addition to thanking all participants of the AMR, I would like to express my sincere appreciation to the
reviewers for your strong commitment, expertise, and dedication in advancing hydrogen and fuel cell
technologies. You make this report possible, and we rely on your comments, along with other
management processes, to help make project decisions for the new fiscal year. We look forward to your
participation in the FY 2018 AMR, which is tentatively scheduled for June in Washington, DC. Thank
you for participating in the FY 2017 AMR.

Sincerely,

Sunita Satyapal

Director

Hydrogen and Fuel Cells Program
U.S. Department of Energy
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Hydrogen Production and Delivery

Project Title
Principal Investigator
Name & Organization

Project
Number

Final Score
Continue

Hydrogen Refueling
Analysis of Heavy-Duty
PD-014 Fuel Cell Vehlclv'e Fleet 34 X
Amgad Elgowainy;
Argonne National

Laboratory

Discontinue/
Further Review

Completed

Summary Comments

Reviewers were supportive of the project’s
approach and praised the accomplishments to
date, particularly noting the importance of
working on hydrogen heavy-duty vehicles.
Reviewers suggested collaborating with
industry on the analysis results and ensuring
that European work is referenced and
incorporated as appropriate.

Fatigue Performance of
High-Strength Pipeline
Steels and Their Welds
PD-025 in Hydrogen Gas 2.9 X
Service

Joe Ronevich; Sandia
National Laboratories

The overall approach and objectives of this
project were commended by reviewers.
However, the reviewers questioned the delays
in the project schedule and expressed concern
about how time will be made up. Reviewers
were also interested in seeing additional
information on the detailed input and
contributions of collaborators, particularly
NIST.

Renewable Electrolysis
Integrated System
Development and
PD-031 Testing 3.2
Michael Peters;
National Renewable
Energy Laboratory

Reviewers commended the project for the
thoroughness of the approach, including
analysis and validation of technologies from
leading electrolyzer industry members.
According to reviewers, the project enabled
clear, open, and comprehensive interaction
between the U.S. Department of Energy (DOE)
and industry stakeholders. It was further
noted by reviewers that this project provided
robust data on electrolyzer performance and
capabilities with a rigorous, independent
assessment of electrolyzer technologies.

Biomass to Hydrogen
(B2H2)

PD-038 Pin-Ching Maness; 3.7 X
National Renewable
Energy Laboratory

Reviewers agreed that this project has been
successful in identifying and addressing the
barriers of biohydrogen production. Reviewers
identified the progress made in the genetic
engineering of the C. thermocellum enzyme to
yield increased hydrogen production as a
major success. The principal investigator (Pl)
was commended for successfully leveraging
collaborations, given that the project tasks
cover a wide range of areas, including
chemistry, process engineering, and molecular
biology. The reviewers mentioned that they
would like to see how the progress more
directly connects to the overall cost of
hydrogen.
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Project
Number

Project Title
Principal Investigator
Name & Organization

700 bar Hydrogen
Dispenser Hose

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers praised the project approach and
overall accomplishments, although they noted
that testing has been limited in cycles and

Reliabilit
abfiity numbers of hoses. Reviewers would like to see
PD-100 Improvement 3.4 X e . .
. . additional scenarios for fueling and hose
Kevin Harrison; . . .
. pressurization covered in the testing to ensure
National Renewable .
laboratory results are representative of real-
Energy Laboratory .
world operations.
There was broad reviewer consensus that the
technoeconomic analyses performed in this
project are extremely important to DOE
Hydrogen Production objectives, particm-JIarIy in identification of the
. long-term potential and bottlenecks of
and Delivery Cost hydrogen production and deliver
PD-102 | Analysis 34 | X ycrogen proc Y .
Brian James: Strateaic pathways. Reviewers noted that the project
. ’ g has exhibited strong collaboration with DOE,
Analysis, Inc. .
industry stakeholders, and technology
providers. Reviewers recommended that the
analyses should be more transparent in key
assumptions and sensitivities used.
Hydrogen Compression Reviewers supported this project’s approach
Application of the and importance, but they would like to see
Linear Motor additional detail on technology comparisons
Reciprocating and how targets align with DOE goals.
PD-108 3.1 X . A - .
Compressor Reviewers praised existing collaborations and
Eugene Broerman; suggested collaborating with additional
Southwest Research suppliers to avoid project delays in the future.
Institute
Reviewers were generally pleased by the
Low-Cost Hydrogen project’s progress, collaborations, and
Storage at 875 bar contributions to meeting DOE goals.
PD-110 Using Steel Liner and 3 X Reviewers had a number of technical

Steel Wire Wrap
Amit Prakash;
Wiretough Cylinders

guestions on details presented and expressed
the need for additional technical information
to enable a complete assessment of the
approach’s technical merits and potential.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Monolithic Piston-Type
Reactor for Hydrogen
Production through
Rapid Swing of

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers praised this project for its
straightforward approach and innovative
design. They noted that despite missing
scheduled project milestones, the project
showed reasonable progress in increasing the

PD-111 Reforming/Combustion 3.2 X hydrogen production rate through
Reactions improvements in both sorbent and catalyst
Kenneth Rappe; Pacific formulations. Reviewers suggested
Northwest National incorporating additional cost data to better
Laboratory evaluate the impact of system optimization on
capital cost.
Reviewers commended the project for its
High-Efficiency Solar innovative approach and its work on reactor
Thermochemical design. However, they felt that the project’s
Reactor for Hydrogen scope was too broad and not enough
PD-113 . 3.1 X . . . .
Production attention was paid to the material screening
Tony McDaniel; Sandia and development process. Overall, the
National Laboratories reviewers were impressed with the project
team’s extensive collaborations.
The reviewers praised this project for its
rogress in the on-sun reactor demonstration
Flowing Particle Bed prog I . ’ . !
and for meeting the hydrogen production
Solarthermal ., .
. N targets. The project’s excellent collaboration
Reduction—-Oxidation . o
PD-114 . 3.1 X | with partners was highlighted. However,
Process to Split Water . .
. . . reviewers felt that the project scope was too
Al Weimer; University . .
broad to meet all of its milestones and that
of Colorado Boulder . )
the project would have benefitted from
additional technoeconomic analysis.
Reviewers commended the project’s approach
to improving efficiency, which yielded a new
High-Efficiency Tandem world record in solar-to-hydrogen conversion
Absorbers for efficiency. The project was praised for its
Economical Solar careful attention to benchmarking the device
PD-115 Hydrogen Production 3.5 X | accurately. However, reviewers were

Todd Deutsch; National
Renewable Energy
Laboratory

concerned that the project was unlikely to
meet its durability goals, specifically
emphasizing key durability challenges for the
device when exposed to 10x solar
illumination, a future goal.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Wide-Bandgap
Chalcopyrite
Photoelectrodes for

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers appreciated the significant progress
being made toward the project goals with
successful integration of synthesis,
characterization, and theory. They highlighted
the excellent collaboration with university and

PD-116 Direct Solar Water 3.2 X national lab partners that comprise a team
Splitting well suited to achieve the project goals.
Nicolas Gaillard; However, the reviewers expressed concern
University of Hawaii over the project’s ability to meet all final
targets relating to open circuit voltage,
durability, and solar-to-hydrogen efficiency.
The reviewers commended the project for
developing an innovative system for
photoelectrochemical hydrogen production,
Tandem Particle-Slurry highlighting the excellent synergy between
Batch Reactors for theory and design. The Pl was encouraged to
PD-125 Solar Water Splitting 3.1 X place additional emphasis on photoactive
Shane Ardo; University materials discovery and development relative
of California, Irvine to the extensive work on reactor design.
Reviewers agreed that meeting the DOE solar-
to-hydrogen efficiency targets will be a key
challenge to this approach.
Reviewers praised this project for its progress
Sweet Hydrogen: High- in increasing hydr.ogen prodection' rates from
Vield Production of enzyme englheerlng an'd for its unique
approach to incorporating several parallel
Hydrogen from
Biomass Sugars research thrusts. I’F Yvas noted, how_ever, that
PD-127 3.2 X | there was not sufficient cost analysis

Catalyzed by in vitro
Synthetic Biosystems
Y-H Percival Zhang;
Virginia Tech

performed to gauge the practicality of this
approach. Reviewers also emphasized that
further attention should be given to scale-up
efforts to determine the project approach’s
feasibility.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Novel Hybrid Microbial
Electrochemical System
for Efficient Hydrogen

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

According to reviewers, the project has a
strong and comprehensive approach, with a
focus on evaluating both system and
feedstock costs to provide critical guidance in
the design of the bio-reactor. Reviewers
praised the overall progress of the project

PD-129 Generation from 3.7 X toward meeting milestones and cost targets as
Biomass well as the collaboration between partners. A
Hong Liu; Oregon State specific project strength cited was the use of,
University and cost analysis on, wastewater as a money-
saving feedstock. Reviewer recommendations
emphasized that further work is needed to
address the electrocatalyst stability.
Reviewers praised the project’s innovative
Improved Hydrogen L
. . approach, potential impact, and progress to
Liquefaction through . . . .
. date, while recognizing specific project delays
Heisenberg Vortex . s .
. resulting from the reported facility failure.
Separation of Para- and . . .
PD-130 33 X Reviewers expressed confidence in the
Orthohydrogen . ., . I
. . collaborative partnership’s collective abilities,
Christopher Ainscough; . ; . .
. but would have liked additional information
National Renewable - e
explicitly detailing the partner roles and
Energy Laboratory Lo
contributions.
Reviewers were supportive of this project’s
innovative approach to hydrogen liquefaction
Magnetocaloric and novel implementation. They praised
Hydrogen Liquefaction current collaborations but encouraged adding
PD-131 Jamie Holladay; Pacific 3.2 X collaborators as the project and technology
Northwest National progress. Reviewers suggested that the
Laboratory project could be presented more clearly to
better explain the project steps in developing
this complex technology.
Reviewers praised the relevance of this
Hydrogen Fueling project, highlighting its importance to industry
Infrastructure Research stakeholders. They also commended the
and Station Technology excellent leveraging of the project’s
PD-133 (H2FIRST) — 37 X collaborative efforts in successful project

Consolidation
Christopher Ainscough;
National Renewable
Energy Laboratory

execution. Reviewers were particularly
supportive of the combination of analytical
and experimental work implemented to
achieve project targets in support of broader
DOE goals.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Liquid Hydrogen
Infrastructure Analysis

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

While this project has just started, reviewers
provided positive feedback on the approach
and scope of the project, as well as the

PD-135 Guillaume Petitpas; 3.2 X collaborations. Reviewers emphasized the
Lawrence Livermore importance of this work, noting that liquid
National Laboratory delivery may become critical to hydrogen
infrastructure in the future.
Reviewers praised the accomplishments made
Electrochemical by the project team in the short time since the
Compression project started. They were also broadly
PD-136 .. 3.4 X . .
Monjid Hamdan; supportive of the project approach,
Giner, Inc. importance to DOE goals, and project
partners.
Overall, reviewers were pleased with this
project’s approach, importance, goals,
Hybrid creativity, and accomplishments to date.
Electrochemical-Metal Recommendations included increasing the
PD-137 Hydride Compression 33 X focus on technoeconomic analysis of the
Scott Greenway; hybrid approach to determine at an earlier
Greenway Energy, Inc. stage whether the hybrid approach can be
cost-competitive. Clarifying the collaborators'
roles was also encouraged.
While reviewers praised the relevance of this
work and its coordination with other
compressor projects, they questioned
Metal Hydride whet.her additiona}I work should go into metal
. hydride compression. They recommended
Compression . .
PD-138 . 2.9 X development of a solid value proposition to
Terry Johnson; Sandia S . . .
. ) justify this specific implementation of the
National Laboratories .
technology. Reviewers also suggested the
project add additional collaborations in this
area, particularly to assist with cost projection
analysis.
Reviewers praised this project for its
contributions to the understanding of station
. design and cost drivers. Also commended
Reference Station ., . .
Desien. Phase Il were the project’s collaborations, potential
PD-139 &n, 33 X impact, and future plans. Reviewers

Ethan Hecht; Sandia
National Laboratories

emphasized the critical importance of
continuing to focus on market-relevant station
advancements, given the rapidly changing
context for station designs.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Dispenser Reliability
Christopher Ainscough;

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers provided positive feedback on the
accomplishments to date and the impact and
relevance of this project to DOE objectives.
However, reviewers expressed concern that

PD-140 . 3.2 X . .
National Renewable the component-testing part of the project may
Energy Laboratory not be the best or most cost-effective

approach. They also encouraged partnership
with component manufacturers.
Reviewers commended the project for its
novel concept and progress, given its recent
start. They also noted that this project has
significant potential to reduce the cost of
electrolytic hydrogen production. However,
High-Temperature . YHE hycrogen p .u I . wev
. reviewers felt that the project will face
Alkaline Water . . .
PD-143 Electrolvsis 3.2 X daunting technical challenges as the project
. y . progresses, including electrolyte and
Hui Xu; Giner, Inc. . . . .
interfacial stability, and suggested that it
would benefit from enhanced collaboration.
There was also concern that the project’s
efficiency and current density goals might be
overly ambitious.
The reviewers noted that the project has a
Multiscale Ordered Cell strong team with significant potentla'l to '
reduce the cost of hydrogen production via
Structure for Cost- . . .

. . high-temperature electrolysis. Reviewers were
Effective Production of o . . .
Hvdrogen by High- critical of the device architecture, noting that

PD-144 ydrog yHig 3.1 X it will be very complex to assemble, given the
Temperature Water . -

Solittin constraints of the electrode fabrication
P g methods and the seals with which it will
Elango Elangovan; . . .
interact. Reviewers were also critical of the
Ceramatec . .
lack of durability testing and power and
efficiency targets.
Reviewers were impressed by this project and
Advancing Hydrogen praised its innovative approach, progress to
Dispenser Technology date, and effective leveraging of
PD-146 by Using Innovative 36 X collaborations. The potential impact and

Intelligent Networks
Darryl Pollica; Ivys
Energy Solutions Inc.

relevance to DOE goals were also
commended. Reviewers suggested expanding
collaborations in the future to include an
automotive original equipment manufacturer.
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Project
Number

PD-147

Project Title
Principal Investigator
Name & Organization

Economical Production
of Hydrogen through
Development of Novel,
High-Efficiency
Electrocatalysts for
Alkaline Membrane
Electrolysis

Kathy Ayers; Proton
Onsite

Final Score

3.5

Continue

Discontinue/

Further Review

Completed

Summary Comments

The project was commended for its
demonstrated progress toward lowering costs
and expanding hydrogen production options.
Reviewers praised the project approach,
noting that improved alkaline exchange
membranes (AEMs) are critical to hydrogen
production from AEM-based water
electrolysis. Reviewers noted that while
replacing Ir with Rr will result in cost savings,
this is a short-term solution, as Ru is also a
platinum group metal. Suggestions included
validating the initial durability testing on
longer timescales and placing more emphasis
on performing detailed technoeconomic
analysis.
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Hydrogen Storage

Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

According to the reviewers, the project
approach is sound, and the independent
assessment of hydrogen storage systems and
. materials is useful. The reviewers felt that the
System-Level Analysis . . . .
project effectively applies strong physical and
of Hydrogen Storage . . . . .
Obtions chemical modeling and analysis while providing
ST-001 p. . 3.1 X sensitivity studies to understand tradeoffs for
Rajesh Ahluwalia; .
. hydrogen storage system materials and
Argonne National .
performance. The reviewers noted that the
Laboratory .
assessment of cryogenic-compressed hydrogen
storage systems were of high technical quality,
but questioned the focus of this year’s effort
on bus applications.
Hydrogen Storage The reviewers stated that the models the
System Modeling: project is providing and improving are an
Public Access, important resource for the hydrogen storage
Maintenance, and community. They commended the makeup of
ST-008 2.9 X
Enhancements the team and the approach. However,
Matt Thornton; reviewers also added that there are additional
National Renewable metrics beyond gravimetric and volumetric
Energy Laboratory capacities that should be addressed.
This project was completed in fiscal year (FY)
Formation and 2017. Reviewers stated that the impact coming
Regeneration of Alane from the project’s progress on the production
ST-063 Ragaiy Zidan; 2.8 X | of alane will be relevant to non-automotive
Savannah River and portable power applications. The team’s
National Laboratory effort in scaling up the quantities of material
was commended.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Hydrogen Storage Cost
Analysis

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

The reviewers noted that the project team
provides quality results to address the primary
barrier of cost for hydrogen storage system
technology development. The reviewers felt
that the project team has very good
collaboration with external researchers to
provide increased technical background for
more accurate cost analyses, and the

ST-100 . . 3.4 X transparency of assumptions and technical
Brian James; Strategic . .
. rigor was commended. The reviewers
Analysis, Inc. . .
suggested that the project consider new
hydrogen storage materials that are being
commercialized for other applications, such as
alane, and identify key cost drivers for new
hydrogen storage materials where research
and development could lead to cost
reductions.
The reviewers commented that the project’s
combination of computational and empirical
Innovative activities to identify novel hydrogen-
Development, compatible materials is a good approach to
Selection, and Testing providing lower-cost balance-of-plant material
to Reduce Cost and alternatives. It was noted that the project
Weight of Materials for could benefit from more consideration of
ST-113 3.0 X . .
Balance-of-Plant whether discovered materials are able to be
Components manufactured into balance-of-plant
Jon Zimmerman; components. The reviewers highlighted the
Sandia National project’s interactions with industrial partners
Laboratories and recommended that the project team seek
more collaboration with original equipment
manufacturers (OEMs).
This project was completed in FY 2017. The
reviewers stated that the project’s cost model
is strong and takes into account key areas
Low-Cost a-Alane for relevant to the material’s synthesis and
ST-116 Hydrogen Storage 2.9 X | recovery processes. However, the reviewers

Tibor Fabian; Ardica

stated that the approach should have a greater
focus on higher yield of adduct and on
optimizing the regeneration process using
spent AlH;.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Improving the Kinetics
and Thermodynamics
of Mg(BH,), for

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

This project was completed in FY 2017. The
reviewers stated the insights gained on the
reaction pathways and properties of
magnesium borohydride at the nanoscale level
are valuable. Reviewers commended the
team’s ability to leverage collaborations to

ST-118 Hydrogen Storage 3.2 X | produce concrete results that benefit the
Brandon Wood; hydrogen storage materials community.
Lawrence Livermore However, the reviewers stated that it is not
National Laboratory clear how insights gained throughout the
project could be translated into strategies to
develop new and novel hydrogen storage
materials.
This project is planned to be discontinued after
FY 2017. Reviewers commended the project’s
use of mechanochemistry as the means to gain
High-Capacity a fundamental understanding of complex metal
Hydrogen Storage hydrides. However, the project’s link between
Systems via applying the fundamental understanding
ST-119 . 2.9 X . . e .
Mechanochemistry gained and identifying practical hydrogen
Vitalij Pecharsky; Ames storage materials with the potential to meet
Laboratory the targets was described as weak. Reviewers
also stated the project has little to no
collaboration with the Hydrogen Materials—
Advanced Research Consortium (HyMARC).
The project was given high marks for its
approach to determining how pore chemistry
Design and Synthesis of can control binding energies and its potential
Materials with High impact on the Hydrogen and Fuel Cells
Capacities for Program. The reviewers commended the
ST-120 Hydrogen 3.2 X upcoming collaborations with project partners
Physisorption to generate large-scale reproducible carbons.

Brent Fultz; California
Institute of Technology

However, reviewers also commented that
several aspects of the synthetic processes,
both in the accomplishments to date and in the
proposed future work, lacked sufficient detail.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Hydrogen Adsorbents
with High Volumetric
Density: New Materials

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

The reviewers were complimentary of the
computational screening approach used in this
project to direct synthetic targets. It was felt
that the project has made excellent progress
toward linking structural properties and

ST-122 and System Projections 31 X capacities. Reviewers also noted that the
Don Siegel; University project should place more emphasis on higher-
of Michigan temperature adsorption by addressing binding
enthalpies, as well as potential volumetric
capacity losses through low packing densities.
Reviewers noted that this project presents a
promising concept for conformable hydrogen
storage, with potential high impact if
successfully demonstrated. It was also noted
how progress was made in identifying a
Conformable Hydrogen reinforcement fiber for burst requirements.
Storage Coil Reservoir However, the reviewers observed that the
ST-126 Erik Bigelow; Center for | 2.7 X project’s main challenge continues to be
Transportation and the finding a suitable barrier liner material with
Environment low enough permeability to prevent hydrogen
leakage. Recommendations for the project
team included seeking out more collaborations
with materials experts to assist in finding
suitable liner materials to meet the
permeability requirements.
The reviewers were impressed by the progress
Hydrogen Materials— made in several aspects of the consortium’s
Advanced Research work, including the overall coordination of the
Consortium (HyMARC) effort, communication of and justification for
— A Consortium for its goals, engagement with the seedling
ST-127 Advancing Solid-State 3.4 X projects, and integration of theory with

Hydrogen Storage
Materials

Mark Allendorf; Sandia
National Laboratories

experiments. According to reviewers, it will be
important going forward to provide clarity as
to how the foundational knowledge gained
through model system studies will be applied
to develop more complex, relevant systems.
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Project

Number

Project Title
Principal Investigator
Name & Organization

Final Score

Hydrogen Materials—
Advanced Research
Consortium (HyMARC)
—Sandia National

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers commended the level of
collaboration between all the HyMARC/
Hydrogen Storage Characterization and
Optimization Research Effort (HySCORE)
laboratories and the seedling projects. Much of

ST-128 , . 3.3 X the consortium’s modeling work for both
Laboratory’s Technical . .
Effort sorbents and hydrides was described as a
Mark Allendorf: Sandia sign'ificant success over the past ygar. .
. . Reviewers suggested that the topics of reaction
National Laboratories S L .
kinetics and additives/catalysts be enhanced in
future work.
Hydrogen Materials— Reviewers were.very compll-mentary of the
many computational modeling
Advanced Research accomplishments presented by the project
Consortium (HyMARC) P pre y the project.
. The reviewers were impressed by the quality of
— Lawrence Livermore .
. , the team, the results, and the high level of
ST-129 National Laboratory’s 3.3 X . . . .
. collaboration with the seedling projects.
Technical Effort .
However, reviewers were concerned that there
Brandon Wood; . . _
. is not enough experimental validation of the
Lawrence Livermore . .
. modeling work and hoped that this would be a
National Laboratory .
focus in future work.
Reviewers were particularly satisfied with
advancements on modeling of metal—organic
Hydrogen Materials— frameworks in conjunction with other HyMARC
Advanced Research partners and with the progress on the metal
Consortium (HyMARC) hydride encapsulation work. The reviewers
— Lawrence Berkeley indicated that the capabilities at the Advanced
ST-130 National Laboratory’s 3.0 X Light Source are unique and very important to
Technical Efforts the consortium’s overall efforts. A few specific
Jeffrey Urban; concerns were raised involving the integration
Lawrence Berkeley of the encapsulation effort with the HyMARC
National Laboratory computational work, as well as the nature of
the graphene oxide coating in these
composites.
The reviewers had a very positive view of the
Hydrogen Storage . o
. organization and coordination of the HySCORE
Characterization and o
o group within HYMARC. They were extremely
Optimization Research . . .
supportive of the interlab round-robin study
Effort (HySCORE) — . . L
. and believe it is of great significance to the
National Renewable . .
ST-131 3.4 X hydrogen storage community. The reviewers

Energy Laboratory’s
Technical Efforts
Thomas Gennett;
National Renewable
Energy Laboratory

also commended many of the other
characterization tools for sorbent
investigations. Collaborations within HyMARC
were noted, but some reviewers felt that these
could be stronger or broader.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Hydrogen Storage
Characterization and
Optimization Research
Effort (HySCORE) —
Pacific Northwest

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

The project’s in situ nuclear magnetic
resonance (NMR) capabilities were noted by
reviewers as being essential to the overall
consortium and the Hydrogen Storage sub-
program. Reviewers were complimentary of
the project’s collaboration on work related to
magnesium borohydride with several other

ST-132 . 3.2 X . . .
National Laboratory’s core consortium laboratories and seedling
Technical Efforts projects. However, some concerns were
Tom Autrey; Pacific expressed about the liquid organic carrier
Northwest National component of the project. Reviewers noted
Laboratory this work was an outlier among the overall

consortium efforts and that the goals of future
work on these materials are unclear.
Reviewers commended progress made in
several areas of the project, specifically the
installation and utilization of the diffuse
Hydrogen Storage . .
o reflectance Fourier transform infrared
Characterization and .
o spectroscopy (DRIFTS) instrument for hydrogen
Optimization Research .. L .
binding characterization, the technoeconomic
Effort (HySCORE) — . .
Lawrence Berkele analysis performed for metal—organic

ST-133 . y , 3.2 X framework synthesis, and the continued

National Laboratory’s . . .
. experimental and computational work in
Technical Efforts . . L
pursuit of materials capable of binding several
Jeffrey Long; Lawrence . .
. hydrogen molecules at a single open metal site.
Berkeley National . . .
Some reviewers questioned the importance of
Laboratory .
the calcium oxalate work and recommended
that it be either discontinued or more focused
to align with the overall goals of the project.
The approach and achievements presented by
the project were strongly praised by the
reviewers, who were impressed by the
L . innovative design of the unmanned
Investigation of Solid- .
. underwater vehicle systems. They commended
State Hydrides for .
the collaboration between U.S. Department of
Autonomous Fuel Cell Defense and U.S. Department of Energy (DOE)
ST-134 | Vehicles 33 | X > Uep gy

Joseph Teprovich;
Savannah River
National Laboratory

groups to demonstrate an important extension
of fuel cell technology to a new type of mobile
application. While some reviewers pointed out
that the design choices were ideal for this
application, others mentioned that this would
ultimately require a scaled-up alane production
process to lower material costs.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Hydrogen Materials—
Advanced Research
Consortium (HyMARC)
Seedling: “Graphene-
Wrapped” Complex

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

The reviewers stated that the project is a novel
and innovative approach to addressing the
important kinetic barriers present in complex
metal hydrides. They noted that advancements
in material performance over what was
reported in the original publication have not
been that significant, but did acknowledge that

ST-136 Hydrides as High- 3.0 X the project is still at a very early stage. Some
Capacity, Regenerable reviewers were troubled by what they viewed
Hydrogen Storage as disconcerting or confusing NMR results.
Materials With regard to future work, suggestions
Di Jia Liu; Argonne included expanding the scope of complex
National Laboratory hydrides beyond sodium borohydride, as well

as carrying out more mechanistic studies in

conjunction with HyMARC.

As this project had been underway for only a

few months at the time of the presentation,
Hydrogen Materials— the reviewers found it difficult to rate progress;

however, they commended the novelty of the
Advanced Research -

. project’s approach and the strength of the
Consortium (HyMARC) . . .
seedling: Electrolvte team. Looking forward, the reviewers believed

ST-137 . & v 2.7 X that the project may find solvents or
Assisted Hydrogen . L

. electrolytes that will enhance kinetics, but
Storage Reactions .
. . were somewhat skeptical that any system
Channing Ahn; Liox . N
would provide significant progress toward the
Power . . . .
storage targets. Multiple reviewers identified
the ionic liquid and eutectic tasks as being the
most promising future work.
The reviewers all agreed that the project is
addressing a very relevant problem in the
Hydrogen Materials— .storage' materials field by foc'usmg on' '
improving the thermodynamics and kinetics of
Advanced Research . . .
. magnesium borohydride. They believe that the
Consortium (HyMARC) - o
. project has made good progress in its early
Seedling: Development stages and commended the level of integration
ST-138 of Magnesium Boride | 33 | X & &

Etherates as Hydrogen
Storage Materials
Godwin Severa;
University of Hawaii

it displays with the HyMARC and HySCORE
laboratory teams. The reviewers were also
supportive of the planned future efforts and
tasks, but did state that going forward it will be
important to utilize the computational
capabilities of the core teams to assist with the
elucidation of reaction mechanisms.

FY 2017 Merit Review and Peer Evaluation Report | xviii



PROLOGUE

Project
Number

Project Title
Principal Investigator
Name & Organization

Final Score

Hydrogen Materials—
Advanced Research
Consortium (HyMARC)
Seedling: Fundamental
Studies of Surface-
Functionalized
Mesoporous Carbons

Continue

Discontinue/
Further Review

Completed

Summary Comments

The reviewers found the project’s approach to
be a novel and innovative method of altering
the thermodynamics of high-capacity hydrides.
Reviewers commended the expertise of the
project team and the amount of collaboration
with the HyMARC core team at this early stage
of the project. According to the reviewers,

ST-139 for Thermodynamic 3.2 X knowledge gained through this work may have
Stabilization and impact on other efforts and projects. However,
Reversibility of Metal concerns were raised about whether the
Hydrides materials developed in this project could
Eric Majzoub; ultimately meet the DOE storage targets. There
University of Missouri— were also questions raised regarding alane as
St. Louis the best choice for the infiltration material.
Hydrogen Materials— Reviewers commended the overall approach of
Advanced Research the project and said that the targeted materials
Consortium (HyMARC) are promising. The project was seen as having
Seedling: Developing a the potential for high impact on the hydrogen
Novel Hydrogen storage field in terms of quantifying the effects
Sponge with Ideal of boron sites on adsorption behavior.
ST-140 Binding Energy and 3.1 X However, the reviewers were somewhat
High Surface Area for concerned with the isotherms shown in the
Practical Hydrogen presentation and suggested that the project
Storage leverage the program’s existing adsorption
Mike Chung; The validation and characterization capabilities to
Pennsylvania State accelerate the understanding of the material
University properties.
The reviewers noted that the project’s system-
level approach is well suited to addressing key
challenges associated with maintaining thermal
Integrated Insulation vacuum insulation quality for cold/cryo-
System for Automotive compressed hydrogen storage systems. The
Cryogenic Storage reviewers highlighted the project’s structure of
ST-141 3.0 X . . .
Tanks modeling and experimental activities for
Barry Meneghelli; identifying heat leakage pathways and
Vencore potential system improvements. Also

highlighted were the project team'’s strong
collaborations, but it was noted that the team
could benefit from collaboration with OEMs.

FY 2017 Merit Review and Peer Evaluation Report | Xix




PROLOGUE

Fuel Cells

Project Title
Principal Investigator
Name & Organization

Project
Number

Fuel Cell System
Modeling and Analysis

Q
S
o
O
w
©
=
ic

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers widely agreed that the approach to
the analysis was sound and that the results
would be useful to the fuel cell original
equipment manufacturer (OEM) community-
at-large. Reviewers also expressed approval
of the results achieved since the last review

Fe-o17 Rajesh Ahluwgha; 3:5 X and said that they will be key to the
Argonne National
Laboratory development of the U.S. Dfapa-rtment of
Energy’s (DOE’s) future objectives and targets
for fuel cells. It was noted that future work
could be better focused on validating
durability of stack- or system-level models.
Neutron Imaging Study
of the Water Transport
in Operating Fuel Cells Based on the fiscal year (FY) 2018 Budget, no
FC-021 David Jacobson; 3.1 X further DOE funding is requested for this
National Institute of project at this time.
Standards and
Technology
Technical Assistance to Based on the FY 2018 Budget Request’s focus
Developers on early-stage applied energy research and
FC-052 Tommy Rockward; 2.9 X | development (R&D) activities, no further DOE
Los Alamos National funding is requested for this project at this
Laboratory time.
Fuel Cell Technol_ogy Based on the FY 2018 Budget Request’s focus
Status: Degradation . A
FC-081 | Jennifer Kurtz; 30 X on early-stage applied energy R&D activities,

National Renewable
Energy Laboratory

no further DOE funding is requested for this
project at this time.
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Project Title
Principal Investigator
Name & Organization

Project

Summary Comments
Number y

Final Score
Continue
Discontinue/
Further Review
Completed

Reviewers generally agreed that while the
project was in its early stages, initial progress
in modifying the deposition process was
satisfactory. Reviewers also said that the
approach was based on sound cost analysis
Novel Structured Metal and testing partnerships were well
. structured. There was some concern about
Bipolar Plates for Low- .
Cost Manufacturing Yvhether spray-coating on pre—stamp'ed plates
FC-105 C. H. Wang; 3.2 X is scalable. It was noted that the project’s
’ origins as a Small Business Innovation
TreadStone . . .
. Research Program (SBIR) project has given it a
Technologies, Inc. .
clear understanding of challenges and goals
related to bipolar plate R&D. Reviewers
affirmed that future work should adjust
primary targets and timelines, including
scaled-up system analysis and
characterization.
Reviewers noted that recent progress has
been promising. They agreed that, with
further rigorous degradation testing and
Advanced Hybrid analysis, the new membrane has the
Membranes for Next- potential to outperform others and to meet
Generation Polymer several critical DOE targets. However, they
Electrolyte Membrane expressed mixed approval of the overall
FC-110 Fuel Cell Automotive 3.2 X | design of the project, noting that there is a
Applications need for proper balance between testing of
Andrew Herring; membranes in fuel cells and fundamental
Colorado School of understanding of the novel membranes.
Mines Additionally, questions were raised about the
collaboration and proposed work with certain
partners. Reviewers proposed more attention
be paid to meeting cost and durability targets.
Reviewers viewed the project’s approach as
sound and remarked that it is addressing key
Facilitated Direct Liquid barriers to commercialization. Reviewers
Fuel Cells with High- widely noted that there was still a lack of
Temperature demonstration of the focused catalyst,
Membrane Electrode PtRuPd, and that the team remains short of
FC-128 . 3.1 X
Assemblies stated targets. They urged greater
Emory DeCastro; collaboration on imaging techniques and
Advent Technologies, agreed that the potential applications for
Inc. liquid-fueled high-temperature direct
dimethyl ether (DME) cells were generally
beneficial to DOE’s strategic goals.
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Project

Number

Project Title
Principal Investigator
Name & Organization

Development of
Platinum-Group-Metal-
Free Catalysts for
Hydrogen Oxidation

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers commended the project’s
approach to testing a platinum-group-metal
(PGM)-free anode for alkaline membrane fuel
cells (AMFCs). However, some reviewers
noted a lack of clear rationale for some tested
material combinations. They were clear that
the project has met its stated goals but that
the catalyst was still not performing highly.

FC-130 Reaction in Alkaline 33 X Reviewers were generally optimistic about
Media potential future work and breakthroughs, but
Alexey Serov; it was noted that the project was nearing
University of New completion and any additions to scope or
Mexico future work may not be able to happen.

Reviewers raised the possibility of a no-cost
extension of the project while project
partners continued to optimize carbon-
supported NiCu.
Reviewers mostly agreed that the approach
toward membrane fabrication is reasonable
and well integrated into existing testing
systems. According to reviewers, the project’s
switch to a polybenzimidazole (PBI) backbone
. . demonstrated improvements in stability and
Highly Stable Anion- improv . I ity
progress toward the project targets, although
Exchange Membranes . .
for High-Voltage Redox- further work is needed to improve overall
FC-131 & . 8 3.0 X | membrane conductivity. Reviewers said it was
Flow Batteries e
difficult to assess the relevance to DOE goals
Yushan Yan; L .
. , and potential impact, given that the focus
University of Delaware .
was on redox flow batteries, but the work
could yield benefits in advancing hydroxide-
exchange membrane technology. Finally, they
suggested the future focus be on testing and
making improvements at high temperatures
to better assess performance in fuel cells.
Reviewers expressed wide approval for the
Innovative Non- approach in testing PGM-free catalysts,
Platinum-Group-Metal noting its innovative work in related durability
Catalysts for High- studies and performance. Additionally, the
FC-132 Temperature Polymer 35 X strength of the wide collaboration between

Electrolyte Membrane
Fuel Cells

Sanjeev Mukerjee;
Northeastern University

university and industry partners was noted.
Reviewers agreed that future work should
include longer durability testing periods with
a focus toward commercialization of the
catalyst.
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Project Title
Principal Investigator
Name & Organization

Project

Summary Comments
Number y

Final Score
Continue
Discontinue/
Further Review
Completed

Reviewers spoke highly of the consortia
approach, which allows the project to
collaborate with complementary projects.
Reviewers pointed to this collaboration and
facilitation of inter-laboratory work as a key
strength of the project. They pointed to clear
and measured progress in the 1.5 years the
project has been underway, highlighting

FC-PAD: Fuel Cell
Consortium for
Performance and

FC-135 23;352;2;_ 3.0 X modeling and degradation analysis work.
/ . According to reviewers, the project is critical
Los Alamos National .
to meeting DOE targets. It was noted that one
Laboratory - . L .
risk is an increased level of administration
that gets in the way of progress. For future
work, reviewers suggested an increased focus
on model quantification and extrapolation of
results leading to new stack designs.
Reviewers observed that the project has
made significant progress in its role in
supporting other work, such as the
FC-PAD: Fuel Cell characterization and quantification of PtCo
Consortium for catalyst degradation through use of state-of-
Performance and the-art techniques. There was strong
Durability — agreement that the dissemination of this
FC-136 Components and 3.4 X work is very beneficial for the fuel cell
Characterization industry as well. One weakness identified was
Karren More; the lack of wider industry participation in the
Oak Ridge National project’s characterization efforts. Reviewers
Laboratory were supportive of the project’s future work

in developing new characterization methods
and increasing understanding of fuel cell
performance and durability issues.

Reviewers affirmed that significant progress
has been made in characterization and
diagnostic methods for optimization.
Reviewers thought the project’s relevance
was dependent on achieving a better

3.3 X understanding of ionomer structure
conditions, which will have a greater impact
on DOE targets. Several reviewers also
encouraged further collaboration with
projects focused on studying novel structures
for enhanced performance and durability.

FC-PAD: Fuel Cell
Consortium for
Performance and
Durability — Electrode
Layers and Optimization
Adam Weber;
Lawrence Berkeley
National Laboratory

FC-137
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Project

Number

Project Title
Principal Investigator
Name & Organization

Tailored High-
Performance Low-
Platinum-Group-Metal

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers enthusiastically approved of the
project’s approach, design, state-of-the-art
methods, and aggressive targets for low-PGM
novel catalysts. They agreed, however, that
progress has slowed since 2016 and that
while more catalysts had been developed,
performance remains low. They agreed that

FC-140 Alloy Cathode Catalysts 3.3 X the project will align well with DOE goals if
Vojislav Stamenkovic; catalyst activity can be improved within the
Argonne National membrane electrode assembly (MEA),
Laboratory demonstrating potential for significant cost

reductions for polymer electrolyte membrane
fuel cells (PEMFCs). Finally, several reviewers
noted that future work for the project
remained unclear.
Reviewers generally approved of the project’s
approach to addressing key barriers and
including proper MEA testing. They
specifically pointed to MEA testing of
Pt/PdNiN/C systems as an important part of
the project. These tests, in their view, are
critical to meeting the goals of PEMFC cost
Platinum Monolayer ref:I.uctl.on ;.and could significantly mprove Pt
utilization in fuel cells; more effort is needed
Electrocatalysts to understand limiting factors. However
FC-141 | Radoslav Adzic; 31 | X ! g : ’
. reviewers noted that catalyst performance
Brookhaven National .
needs to be improved. They feel that the new
Laboratory

catalyst synthesis and characterization shows
potential but that it runs the risk of moving in
too many directions. They believe that there
may be advantages to focusing more on a
single catalyst. Reviewers suggested future
work should include scale-up of materials
with collaboration with MEA OEMs and
FC-PAD.
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Project
Number

FC-142

Project Title

Principal Investigator
Name & Organization

Extended-Surface
Electrocatalyst
Development

Bryan Pivovar;
National Renewable

Final Score

3.0

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers were in agreement that the
approach to low-PGM nanowire was relevant
and appropriate for the project. They noted
that some moderate progress has been made
in atomic layer deposition activities and in
improving batch sizes. There was concern
about remaining issues regarding durability,
stability of the Ni core, and catalyst

Energy Laboratory performance. Suggestions included focusing
future work on improving the mechanical
integrity of the catalyst and demonstrating

scaled-up performance at MEA levels.

For this project, reviewers expressed mixed
support for the dual approach to thin-film
catalysts, unitized thin film and nanoporous
thin film, noting that performance of one was
clearly superior to the other. Reviewers
recognized that pursuing both does mitigate
risk. They pointed to performance progress
through extensive testing on nanostructured
thin-film (NSTF) catalysts as important to
meeting 2020 targets for catalyst mass
activity. The reviewers affirmed that both
approaches generally support DOE goals and
that only one will meet final project goals,
which should define future work. The focus of
this future work should include an increased
focus on optimizing the catalyst layer
structure for improved performance.

Highly Active, Durable,
and Ultra-Low-
Platinum-Group-Metal
Nanostructured Thin-
FC-143 Film Oxygen Reduction 3.0 X
Reaction Catalysts and
Supports

Andrew Steinbach; 3M

Reviewers thought the project’s approach to
addressing varying causes of performance
degradation of PEMFCs was relevant and
appropriate. They praised the work to
develop high-performing PtCo catalysts on
porous supports and investigate Pt-
electrolyte interactions. This work was seen
as having potential to significantly increase
the understanding of degradation and make
key improvements in durability, which could
lead to new approaches in PEMFCs. The
project was viewed as having a strong mix of
technical expertise and avenues to achieve
stated goals. Reviewers also felt that further
work was needed to better understand the
interactions of ionic liquids in the catalyst
layer.

Highly Accessible
Catalysts for Durable
High-Power
Performance

Anu Kongkanand;
General Motors

FC-144 3.2 X
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Project Title

Principal Investigator
Name & Organization

Corrosion-Resistant
Non-Carbon
Electrocatalyst Supports
for Proton Exchange

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers commended the results attained
using density functional theory modeling.
There was disagreement as to whether the
approach is appropriate, specifically in regard
to support stability of a platinum catalyst and
whether a better understanding is required.

FC-145 Fuel Cells 2:5 X Reviewers showed some doubts on the
Vijay Ramani; relevance of the project and suggested more
Washington University clarity was needed around fuel cell testing.
in St. Louis Reviewers felt that collaboration could focus
on catalyst supplier and automotive OEM
interactions to help meet requirements.
Reviewers agreed that the innovative
approach to studying alkaline membranes will
most effectively help determine stability and,
Advanced Materials for by extension, practicality for commercial
Fully Integrated application. They also affirmed that the
Membrane Electrode project has made solid progress in reaching
Assemblies in Anion- milestones and in situ testing of membranes
FC-146 Exchange Membrane 3.4 X under basic conditions of the AMFC, with the
Fuel Cells exception of the milestone of a downselect
Yu Seung Kim; Los ionomer. Collaborations were seen to be well
Alamos National structured. Reviewers thought that the work
Laboratory on alkaline membrane stability was aligned
with DOE goals and that future work should
focus on PGM-free rather than low-PGM
catalysts.
Reviewers were generally supportive of the
project’s approach to developing stable
AMEFCs, specifically in regard to eliminating
sulfonamide linkage, which reviewers believe
will result in a more stable membrane. They
Advanced lonomers and .
Membrane Electrode did, however, conclude that there could be'
. . more of a focus on cost and performance, in
Assemblies for Alkaline ddition to stability. Th zed th
FC-147 | Membrane Fuel Cells 33 | X adaition to stability. 1 hey recognized the

Bryan Pivovar;
National Renewable
Energy Laboratory

project’s potential to fulfill relevant DOE
targets for an alkaline membrane for
automotive applications, and to advance
general understanding of new membranes. As
a result, the reviewers felt that future work
should focus on the limitations preventing the
project from meeting the targets at a fuel-
cell-system level.
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FC-154

Name & Organization

Regenerative Fuel Cell
System (Small Business
Innovation Research
Phase Il)

Paul Matter;

pH Matter LLC

Final Score

3.1

Continue

Discontinue/
Further Review

Completed

Reviewers stated that, while the benefits of a
regenerative fuel cell were obvious, the
approach was perhaps too broad and
optimistic to reach certain targets. It was
observed that certain cost and performance
targets are already being met by other
dedicated systems, but that the niche-
application potential of the regenerative fuel
cell makes the targets more reasonable.
Reviewers thought future work should focus
on the individual technology readiness levels
of components and cost-effectiveness of the
system to ensure market relevance and a
clear business case, which would broadly help
meet DOE goals.

FC-155

Novel lonomers and
Electrode Structures for
Improved Polymer
Electrolyte Membrane
Fuel Cell Electrode
Performance at Low-
Platinum-Group-Metal
Loadings

Andrew Haug; 3M

3.4

Reviewers agreed that both the approach for
ionomer characterization and the NSTF
performance were well designed and have
high potential for results. Additionally, they
felt that good progress has been made in the
short time the project has been active,
particularly in catalyst layer and ionomer
activities. It was clear to reviewers that the
project was well leveraged within FC-PAD and
that the team communicated well between
project partners, with the dispersion
capabilities being a particular strength of the
effort. Reviewers stressed that the
characterization work was relevant to both
FC-PAD objectives and Multi-Year Research,
Development, and Demonstration Plan
targets and that the project should continue
to focus on those aspects over developmental
efforts.
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Project
Number

FC-156

Project Title
Principal Investigator
Name & Organization

Durable High-Power
Membrane Electrode
Assemblies with Low
Platinum Loading
Swami Kumaraguru;
General Motors

Final Score

3.2

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers agreed that the project’s initial
approach to developing state-of-the-art (SOA)
MEAs was comprehensive and followed DOE
guidelines, which will help to integrate with
FC-PAD activities. It was noted that this
should produce results in line with targets in
the project’s first year. According to
reviewers, the project partners’ MEA
expertise will ensure appropriate access to
SOA materials and will contribute to the
development of a durable, high-performance
electrode. Reviewers suggested feedback
from first-year results guide MEA
optimization in the second project year.

FC-157

High-Performance
Polymer Electrolyte
Fuel Cell Electrode
Structures

Mike Perry; United
Technologies Research
Center

3.1

Reviewers agreed overall with the high-level
focus and the experimental design to further
understand transport losses in low-PGM
electrodes. However, it was noted that
project partners could have provided more
clarity on metrics to validate results for mass
transport losses. Early results, according to
reviewers, showed satisfactory progress in
the development of a model for getting
insight on the catalyst at the rotating disk
electrode (RDE) layer. They indicated that the
challenge will be transferring those findings
to useful results at the MEA level. Reviewers
concurred that future work needs to aim
toward ensuring SOA performance and to
streamline thin-film catalyst activities by
approaching project partners.
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Project Title

Principal Investigator
Name & Organization

Fuel Cell Membrane
Electrode Assemblies
with Ultra-Low-

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers widely commended the project’s
novel approach in using electrospun
nanofibers to address key barriers to MEA
commercialization. They indicated
electrospun catalyst results showed good
progress in catalyst performance and mass
activity in a short amount of time, especially
within the PtCo/C nanofiber cathode.
Reviewers were confident that the approach
and the diversified team of experts showed
high potential for reaching DOE 2020 targets

FC-158 Platinum Nanofiber 33 X .
Electrodes and that, as the project moves forward,
. FC-PAD laboratories will be able to
Peter Pintauro; .
. . . collaborate further. Reviewers thought the

Vanderbilt University . .
project could do a better job of
understanding the correlation between
electrospun nanofiber MEAs and
performance improvements. It was suggested
that future efforts include work to increase
characterization of electrospun electrode
transport properties, with comparison to SOA
MEAs.
Reviewers widely agreed that the approach to
PGM-free catalysts was sound and
comprehensive. Reviewers expressed
approval of the electrode performance

ElectroCat progress achieved thus far but indicated that

(Electrocatalysis further progress was needed to improve

Consortium) catalyst stability. They agreed that the

FC-160 . 3.1 X .

Piotr Zelenay; laboratory collaboration structure worked

Los Alamos National well, especially with the consortium’s strong

Laboratory technical team. Some reservations were

expressed about the lack of any outside
partners. Reviewers agreed future work
should increasingly address catalyst stability
and durability.
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Advanced
Electrocatalysts through
Crystallographic

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers stated that the alloying approach
to catalyst improvements in stability and
activity was appropriate and will address
major barriers to commercialization. The
project was observed to have shown good
initial results, particularly in the mass activity
of the face-centered tetragonal (fct)-CoPt
catalyst. Also praised were the level of

FC-161 Enhancement 3.2 X collaboration and no-cost involvement of
Jacob Spendelow; project partners. Reviewers agreed that the
Los Alamos National project is focused on all key catalyst target
Laboratory barriers identified by DOE, though some felt it
was unclear whether they could reach such
aggressive one-year targets. Reviewer
recommendations for future work included
additions of go/no-go decision points for
catalyst activity and stability.
Reviewers expressed skepticism in the
project’s methodology, pointing to poor RDE
results and the choice of component
materials. Reviewers observed that these
Vapor Deposition issues were reflected in the lack of progress
Process for Engineering but understood that the project is new and
of Dispersed Polymer further characterization and testing of Pt/C is
Electrolyte Membrane needed. They maintain that the project will
FC-162 Fuel Cell Oxygen 3.0 remain relevant if it can reach the

Reduction Reaction

Pt/NbO,/C Catalysts
Jim Waldecker; Ford
Motor Company

performance targets for this component
material, though it is not clear based on initial
results whether the project will be able to.
Reviewers recommended that the team
better characterize Pt/C and develop risk
mitigation strategies with go/no-go decision
points in the event the material is not able to
meet targets.
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Fuel Cell Systems
Analysis

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers widely agreed that the design for
manufacture and assembly approach in cost
estimation is sound and will be extremely
helpful in setting realistic cost targets at DOE
in the future. Reviewers pointed to the work
in high-power-density automotive
applications as particularly good progress. It

FC-163 , . 3.4 X was also noted that the project accurately
Brian James; Strategic .
. captured cost benefits of recent catalyst
Analysis, Inc. . .
developments in other DOE projects. It was
clear to reviewers that collaboration was
strong, making good use of a wide range of
supplier sources for analysis. Suggestions for
future work included using OEM data for
model validation.
Reviewers agreed that the use of corrosion-
resistant carbon support is logical and builds
Development of soundly upon previous work, if perhaps
Corrosion-Resistant lacking a little detail. They remarked that
Carbon Support for encouraging progress has been made so far in
Ultra-Low-Platinum- carbon scale-up and that this work
Group-Metal Catalysts demonstrated satisfactory stability.
FC-164 . 3.2 X . . .
(Small Business Reviewers approved of the integration of
Innovation Research project partners to enhance capabilities of
Phase I) resistant carbon supports, which are highly
Prabhu Ganesan; relevant to DOE goals. It was felt that future
Greenway Energy, LLC work should focus on expanding this work,
along with fundamental analysis on impacts
of pore size, durability, and stability.
Reviewers agreed that the project is relevant
to DOE goals and on track to reach the first
set of targets. Reviewers expressed some
Mesoporous Non- -
doubt about the project’s approach. They felt
Carbon Catalyst .
that, while novel, the approach presented
Supports of Polymer . . L
concerns about selecting and investigating
Electrolyte Membrane . .
Fuel Cells metal carbides and made them question
FC-165 2.9 X whether the work would result in lower Pt

(Small Business
Innovation Research
Phase I)

Jacob Coppage-Gross;
Certaintech, Inc.

loadings or higher catalyst stability. Reviewers
also noted that meeting performance and
durability targets will be challenging. For
future work, they thought the project should
focus more on substrates in Phase |, with
clear and measurable goals or milestones
before Phase Il and MEA testing.
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Project Title
Principal Investigator
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Development of
Durable Active Supports
for Low-Platinum-
Group-Metal Catalysts

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers stated that early progress in
durability testing has been noteworthy.
However, they expressed some skepticism of
the techniques, normally used for PGM-free
catalyst supports, to create low-PGM
catalysts. Reviewers stated that there is a
need for further work regarding catalyst

FC-166 (Small Business 3.3 X support stability to justify these techniques.
Innovation Research There was also agreement that the project’s
Phase I) durability testing addresses DOE’s goals to
Barr Halevi; reduce Pt loading and PEMFC durability.
Pajarito Powder Reviewers identified improvement of support

stability as potential future work and agreed
that the project is on the right path for MEA
development.
Reviewers generally agreed that using PGM-
free carbon catalysts as supports for low-Pt
electrodes was appropriate and will address
Multi-Functional cost anq performance targets, but questions
were raised about overall impact on
Catalyst Support . . .
. durability. Reviewers largely thought it was
(Small Business too early in the project to judge progress, but
FC-167 Innovation Research 29 X y . prol . Judge prog ’
Phase I) early accomplishments in RDE performance
. with Pt deposits were viewed as encouraging.
Minette Ocampo; . .
Reviewers did note the apparent lack of
pH Matter LLC . . .
collaboration but said that it may be due to
the nature of the SBIR project. Reviewers
stressed the need to validate RDE data with
MEA fabrication and fuel cell tests.
Reviewers expressed approval of the project’s
novel, durability-focused approach in using an
overcoat on the catalyst. They were less clear
Highly Robust Low- on how the project would ensure a carbon-
Platinum-Group-Metal only coating. Reviewers also agreed that the
Membrane Electrode project is a sound translation of
FC-168 Assemblies Based upon 3.0 X demonstrated gas-phase catalysis to

Composite Supports
Arrelaine Dameron;
Forge Nano

electrocatalysis technology that will address
key DOE durability targets. It was thought
that future work could include clearer targets
for each project phase, including conductivity
of the overcoat material, activity, and
durability.
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PROLOGUE

Manufacturing R&D

Project
Number

Project Title

Principal Investigator

Name & Organization

Fuel Cell Membrane
Electrode Assembly
Manufacturing
Research and

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Based on the fiscal year 2018 Budget Request’s
focus on early-stage applied energy research

MN-001 3.3 NA and development activities, no further U.S.
Development Department of Energy (DOE) funding is
Michael Ulsh; National P . gy. . &

requested for this project at this time.
Renewable Energy
Laboratory
Reviewers approved of the project’s approach
to developing technical exchange centers and
leveraging other relevant DOE projects, which
also received positive feedback from attendees
at the exchange centers. However, reviewers
expressed that further metrics are needed to
Clean Energy Supply . ) .
. determine the actual efficacy and impacts of
Chain and . .
. matchmaking events. Several reviewers shared
Manufacturing .
- concerns about the industry brochure
Competitiveness deliverable timetable and its apparent
MN-012 | Analysis for Hydrogen 2.9 X . . PP
decrease in scope, which has not been
and Fuel Cell . s
. reflected in the project in the budget.
Technologies .
. Reviewers suggested that future exchanges
Pat Valente; Ohio Fuel -
. focus on more specific themes, such as
Cell Coalition o oo
standardization of specific components, as the
supply chain is not yet mature. They also
highlighted the continued need for increased
industry and trade group collaboration. This
project was funded through prior year funds
and will continue to completion.
Reviewers commented favorably on the
project’s approach and effective presentation
of industry participants via the Hydrogen Fuel
Cell (HFC) Nexus website. Several reviewers
Fuel Cell and Hydrogen raised questions about the extent of
Opportunity Center collaboration with outside groups and the
MN-013 | Alleyn Harned; Virginia 3.1 X | international community, which is viewed as

Clean Cities at James
Madison University

critical. Additionally, some doubts were
expressed about project sustainability,
specifically maintenance. Reviewers urged that
a plan be put in place to address this concern.
This project was funded through prior year
funds and will continue to completion.

FY 2017 Merit Review and Peer Evaluation Report | xxxiii



PROLOGUE

Project
Number

Project Title
Principal Investigator
Name & Organization

U.S. Clean Energy
Hydrogen and Fuel Cell
Technologies: A
Competiveness

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers provided positive comments on the
project approach, noting the quality of the
team and clear and concise analysis. It was
agreed that clear conclusions could be drawn
from the strength of the competitive analysis
on the manufacturing sector. Reviewers
remarked that most of the work has been
completed and that the remainder of the

MN-014 | Analysis 3.3 X . . .

.y project should focus on reporting activities to
Patrick Fullenkamp; overcome regional and global barriers to
GLWN — Westside . § & .

. . competitiveness. Lastly, several reviewers
Industrial Retention &
. suggested future work could target a broader
Expansion Network . . .
scope internationally or target specific fuel cell
components for analysis. This project was
funded through prior year funds and will
continue to completion.
Reviewers commended the project for its
approach to component materials adjustment
and simple and elegant engineering, and for
meeting the project’s testing targets. It was
agreed that the project will help achieve DOE’s
Continuous Fiber & . _p J. \.NI P I V .
. goals of increasing pipeline safety and integrity.
Composite Reviewers expressed the importance of more
MN-015 | Electrofusion Coupler 3.2 X P . P
. clearly communicating cost factors and
Brett Kimball; . . .
. impacts. They said that future work is
Automated Dynamics . —
straightforward and that the project is properly
focused on fatigue testing and finishing the
prototype. This project was funded through
prior year funds and will continue to
completion.
Reviewers largely agreed that the project’s
approach in optical inspection is appropriate
and expected. They concluded that progress
was evident and significant for targeted
In-Line Quality Control inspection methods. Furthermore, reviewers
of Polymer Electrolyte concluded the project was relevant to DOE’s
MN-016 Membrane Materials 39 X goals for roll-to-roll processing and cost/

Paul Yelvington;
Mainstream
Engineering

performance targets. It was suggested that
future work be focused on real-world detection
and increased collaboration with parallel
projects at the National Renewable Energy
Laboratory. This project was funded through
prior year funds and will continue to
completion.

FY 2017 Merit Review and Peer Evaluation Report | XXXV




PROLOGUE

Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

Reviewers had mixed reactions to the project
approach, specifically in the clarity of
methodologies and the lack of specificity in
guantitative metrics. Reviewers also
commented on the appearance of incomplete
data in some areas such as hydrogen refueling
station rollout and intra-country trade.
Recommendations included completing more
detailed and complete analysis of trade flows.
Citing a lack of actionable results and clarity,
reviewers said that future work should focus
on expanding collaborations, standardization of
refueling station components, and
electrolyzers.

Manufacturing
Competitiveness
Analysis for Hydrogen
MN-017 | Refueling Stations 2.9 X
Margaret Mann;
National Renewable
Energy Laboratory
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PROLOGUE

Technology Validation

Project
Number

Project Title
Principal Investigator
Name & Organization

Fuel Cell Electric
Vehicle Evaluation

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Based on the fiscal year (FY) 2018 Budget
Request’s focus on early-stage applied energy
research and development (R&D) activities, no

Tv-o0L j?znnrgj;fgtl;:rg,;el;lat/onal 3.4 | NA further U.S. Department of Energy (DOE)
Laborator 9 funding is requested for this project at this
y time.
E\Ljsllu(;liloil;s Based on the FY 2018 Budget Request’s focus
TV-008 Leslie Eudy; National 37 | NA on early-stage applied energy R&D activities,
Renewable,Ener ' no further DOE funding is requested for this
Laboratory 9 project at this time.
H tati Dat
CZE(ZE‘EE: 2:dl,?-\:alasii Based on the FY 2018 Budget Request’s focus
TV-017 Sam Sorik: Nationa/y 36 | NA on early-stage applied energy R&D activities,
Renevfablle Ener ' no further DOE funding is requested for this
Laboratory v project at this time.
\H/th.;l(;:izr; Component Based on the FY 2018 Budget Request’s focus
TV-019 Daniel Terlip; National 30 | NA on early-stage applied energy R&D activities,

Renewable Energy
Laboratory

no further DOE funding is requested for this
project at this time.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Performance
Evaluation of Delivered
Hydrogen Fueling

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers said that data collection at hydrogen
stations is an important part of measuring
station maturity and progress toward goals,
and that data gathered will be useful in
estimating hydrogen fuel demand. While
reviewers acknowledged that progress has
been made in installing and collecting data of
value on two stations, concern was expressed
over permitting challenges and having
adequate time for data collection on the
remaining three stations. The experience and
capabilities of the project team and
collaboration between project partners were

TV-025 Stations 3.5 X
commended. Because of concerns about
Ted Barnes; Gas . .
, severely curtailing data, reviewers proposed
Technology Institute . .
having at least four quarters of data provided
(GTI) . ) )
for each of the five stations via a no-cost
extension of the project. Moreover, reviewers
suggested that alternative approaches to
dealing with delays in permitting new stations
be cited, and that a specific plan to
communicate lessons learned on subjects such
as system development, network
communications, and commissioning be
outlined. This project was funded through prior
year funds and will continue to completion.
Performance and
Durability Testing of
Vol trically Efficient
olume .rlca ¥ EHicien Based on the FY 2018 Budget Request’s focus
Cryogenic Vessels and on early-stage applied energy R&D activities
TV-029 High-Pressure Liquid 32 | NA y-stage appiiec energy =
no further DOE funding is requested for this
Hydrogen Pump roject at this time
Salvador Aceves; proj ’
Lawrence Livermore
National Laboratory
Dynamic Modeling and
Validation of ,
. Based on the FY 2018 Budget Request’s focus
Electrolyzers in Real- on early-stage applied energy R&D activities
TV-031 | Time Grid Simulation 36 | NA y-stage app &Y ’

Robert Hovsapian;
Idaho National
Laboratory

no further DOE funding is requested for this
project at this time.
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PROLOGUE

Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

Reviewers saw potential in the findings of this
project, stating that it addresses a critical need
in the medium- and heavy-duty vehicle space
and has the potential to show that the
technology is competitive. The project team
was praised for a well-designed truck platform
and detailed simulations of actual routes and
fuel requirements. However, reviewers
expressed concern over the project’s delayed
start and uncertainty regarding remaining cost
share, which could result in fewer metrics or
less progress. Developing a risk mitigation

Fuel Cell Hybrid Electric strategy for the potential of such a case was

Delivery Van Project suggested. It was also stressed that fueling
TV-034 Jason Hanlin; Center 3.2 X tests should be scheduled, since California

for Transportation and retail hydrogen stations may respond

the Environment differently to the different configuration and

capacity of hydrogen tanks found on medium-
duty delivery trucks (compared to light-duty
fuel cell electric vehicles); reviewers cautioned
against assuming that these delivery trucks can
be fueled without any challenges. A suggestion
for future consideration was to involve more
hydrogen tank suppliers to provide a new "off-
the-shelf” tank choice or to look at a new
design that could be shared among multiple
customers. This project was funded through
prior year funds and will continue to
completion.

Hydrogen Meter

Benchmark Testing Based on the FY 2018 Budget Request’s focus

on early-stage applied energy R&D activities,

Tv-037 M/chael Peters; 3.6 | NA no further DOE funding is requested for this
National Renewable . s
project at this time.
Energy Laboratory
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PROLOGUE

Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

Reviewers saw the mobile fueler developed by
this project as filling infrastructure gaps and
increasing the understanding of local
authorities having jurisdiction. The use of
existing design and equipment was praised by
reviewers, and design features were
considered to be well-thought-out. The
reviewers thought that the next steps were
going to be the most difficult for the project
because of risks related to hardware and safety
testing. Therefore, reviewers suggested that
project partners continue to maintain their
close and strong collaboration to ensure
success. Reviewers suggested that remaining

Innovative Advanced uncertainties regarding siting, permitting, and

Hydrogen Mobile transporting the fueler be considered and
TV-039 3.6 X .

Fueler resolved. Suggestions for future enhancements

Sara Odom; Electricore included using an alternative source for on-

board power, investigating whether 24/7
fueling would be possible with the fueler not
connected to onsite power, performing
Hydrogen Station Equipment Performance
(HyStEP) testing to prove fueling performance
per SAE J2601 requirements, engaging
Northeastern Weights and Measures
Association officials with their counterparts in
California, adopting California regulations on
retail sale (metering) of hydrogen for the
fueler, and improving the user interface for the
dispenser to support unattended fueling. This
project was funded through prior year funds
and will continue to completion.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Modular Solid Oxide
Electrolyzer Cell System
for Efficient Hydrogen

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

This project was regarded as well managed, as
having the potential to advance understanding
of high-temperature electrolysis, and as a
significant step change in the ability to meet
hydrogen needs for the medium and long
terms. Reviewers praised the progressive
approach, such as cell-level testing and
exploration of operation range with multiple
parameters. Reviewers highlighted that
progress has been steady and the initial results
have built confidence, but advised that cell
degradation and project economics issues be
moved to the forefront of focus. Concern was
expressed over validation and/or deployment

Tv-041 Production at' High 33 X being at the end of the project and being
Current Density . . .
. poorly defined. Reviewers liked that the
Hossein Ghezel-Ayagh; .
technology leverages previous work, but they
FuelCell Energy .
noted that the role of partners was confusing
and that there was limited outreach to
appropriate end users or low-cost electricity
providers. A third-party validation of system
performance was suggested. Reviewers also
suggested investigating the comparative
advantage of the current work and accounting
for the impact of integration with intermittent
renewable power on system performance and
cost. This project was funded through prior
year funds and will continue to completion.
Optimal Stationary Fuel
Cell Integration and Based on the FY 2018 Budget Request’s focus
Control (Energy on early-stage applied energy R&D activities
TV-042 Dispatch Controller) 33 | NA y-stage appiiec energy >
. no further DOE funding is requested for this
Genevieve Saur; roiect at this time
National Renewable proj '
Energy Laboratory
Integrated Systems
Modeling of the
Inte'ractlons Between Based on the FY 2018 Budget Request’s focus
Stationary Hydrogen, on early-stage applied energy R&D activities
TV-043 | Vehicle, and Grid 30 | NA y-stage app &Y ’

Resources

Samveg Saxena;
Lawrence Berkeley
National Laboratory

no further DOE funding is requested for this
project at this time.
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PROLOGUE

Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

This analysis was seen as an important and
valuable effort in understanding the challenges
and potential impacts of large-scale
deployment of hydrogen technologies.
Reviewers appreciated the comprehensive
evaluation and analysis methodology, while
praising the use of well-established models by
a team with strong analytic capabilities.
Concern was raised that the market potential
H2@ Scale Analysis was overstated a.s a result of double counting
Mark Ruth: National hydrogen needs in some sectors, as well as
TV-045 ’ 3.6 X assuming that there would be high growth in
Renewable Energy .
Laboratory hydrogen dema_nd. Rev1§wers also expressed
concern that this analysis may be too internally
focused and thus encouraged the project team
to seek additional collaborations with industry
to look for synergies between supply and
demand. Additional suggestions for
enhancement were to consider transmission
build-out, include a range of policy decisions as
input, add uncertainty/variability to the
hydrogen market potential numbers, and
analyze nearer-term projects.
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PROLOGUE

Safety, Codes and Standards

Project
Number

Project Title

Principal Investigator
Name & Organization

National Codes and

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers were supportive of the approach,
scope, collaborations, and design of this project

Standards and noted the excellent accomplishments
Deployment and achieved in outreach. However, reviewers would
SCS-001 | Outreach 3.3 X like to see clearer accomplishments and progress
Carl Rivkin; National related to codes and standards development.
Renewable Energy Overall, reviewers were supportive of the
Laboratory importance of this work and praised the
outreach portion in particular.
Research and Beviewers praised.the project’s approach,
impact, collaborations, and progress toward
Development for .
goals. In particular, the focus on performance-
Safety, Codes and . s
. based methods for materials compatibility was
Standards: Materials . .
deemed useful for fuel cell electric vehicles.
SCS-005 | and Component 3.7 X . . .
L Reviewers suggested that additional public
Compatibility .
. . documentation of results through the code
Chris San Marchi;
. . development and standard development
Sandia National o ..
. organizations would be beneficial.
Laboratories
Reviewers had positive feedback overall,
Fuel Quality particularly on the importance of developing an
Assurance Research in-line fuel quality analyzer and on the progress
and Development and made so far. They recognized that the membrane
Impurity Testing in hydration challenge is a significant barrier to
SCS-007 | Support of Codes and 3.3 X overcome and encouraged additional
Standards collaborations to expand the impact of the
Tommy Rockward; Los project. Suggestions included adding deliverables
Alamos National to ensure that the product is moving toward
Laboratory being commercially available to station
developers.
Reviewers praised the interconnections
Research and . . .
between, and importance of, this project and
Development for . . .
others run by Sandia National Laboratories to
Safety, Codes and advance hydrogen safety. A suggestion was
SCS-010 | Standards: Hydrogen 3.6 X yarog v g8

Behavior
Ethan Hecht; Sandia
National Laboratories

made to consider integrating more tests at the
same time to improve project results. Overall,
extremely positive feedback was given on the
progress and accomplishments of this project.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers praised the cross-cutting and unique
nature of this project, as well as the many

Hydrogen collaborations behind it. There was interest in
Quantitative Risk providing additional details on how the Hydrogen
SCS-011 | Assessment 3.4 X Risk Assessment Model (HyRAM) has affected
Katrina Groth; Sandia codes and standards development. Reviewers
National Laboratories would like to see future plans include
incorporating liquid hydrogen models into the
tool.
Hydrogen Safety
Panel, Safety .
Based on the fiscal year (FY) 2018 Budget
Knowledge Tools, and ) .
First Responder Request’s focus on early-stage applle'd 'e'nergy
SCS-019 . 3.9 NA research and development (R&D) activities, no
Training Resources .
Nick Barilo; Pacific further u.s. Depar'Fment' of Energy (POE) funding
Northwest National is requested for this project at this time.
Laboratory
National Renewable
Energy Laboratory Based on the FY 2018 Budget Request’s focus on
Hydrogen Sensor early-stage applied energy R&D activities, no
SCS-021 | Testing Laboratory 3.4 NA further DOE funding is requested for this project
Bill Buttner; National at this time.
Renewable Energy
Laboratory
Fuel Cell & Hydrogen
Energy Association Based on the FY 2018 Budget Request’s focus on
Codes and Standards . .
5C5-022 | Support 36 NA early-stage applle.d e!'Iergy R&D aCtIVItI(?S, no'
further DOE funding is requested for this project
Karen Quackenbush; .
Fuel Cell & Hydrogen at this time.
Energy Association
Reviewers were supportive of this project’s
Enabling Hydrogen approach, collaborations, and accomplishments,
Infrastructure through although they recognized a lack of progress
$CS-025 Science-Based Codes 35 X made in real-world testing due to factors outside

and Standards
Chris LaFleur; Sandia
National Laboratories

of the project team’s control. Reviewers
suggested pursuing additional collaborations to
help move this forward and to increase overall
impact.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Compatibility of
Polymeric Materials
Used in the Hydrogen

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Reviewers stressed the importance of this work
and praised the planned future work. However,
there were some concerns over a lack of

SCS-026 | Infrastructure 3.5 X explanation for the parameters selected for
Kevin Simmons; testing, as well as which stakeholders have been
Pacific Northwest engaged. Reviewers indicated that collaborations
National Laboratory should be more clearly presented in the future.
This project was commended for its importance,
progress made to date, and focused approach.
Diode Laser Sensor for The reviewers’ primary concern was the
Contaminants in development of a cost-effective/practical
SCS-028 | Hydrogen Fuel 3.4 X technology for wide-scale adoption. Reviewers
Mark Paige; also highlighted that additional collaborations
Southwest Sciences with industry will be critical as the project moves
forward. This project was funded through prior
year funds and will continue to completion.
Reviewers stressed that the project is impressive,
Electrochemical both in appr'oach and in progreés so far, g'lven
Hvdrogen that the project commenced this year. This
yarog . project’s significance to the industry’s success
Contaminant was also praised. Reviewers suggested that
$CS-029 | Detection 35 | X 2150 praise. &8 .
additional collaborators be added as the project
Trent Molter; .
. progresses and that adding targets for false
Sustainable . L . .
. detection could be beneficial. This project was
Innovations . .
funded through prior year funds and will
continue to completion.
Reviewers were highly supportive of the
importance of outreach in general and of the
Advancing Fuel Cell approach of this project. They noted that they
Electric Vehicles in would like to see results presented at a national
San Francisco and conference. Reviewers are also eager for the
SCS-030 | Beyond 3.5 X project to consider additional interaction and
Jessie Denver; City and collaboration with technical experts, others
County of San doing outreach in hydrogen and fuel cells, and
Francisco industry stakeholders. This project was funded

through prior year funds and will continue to
completion.
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Market Transformation

Project
Number

Project Title
Principal Investigator
Name & Organization

Hydrogen Energy
Systems as a Grid
Management Tool

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers stated that the strategy for
integration of motive power with grid
management was excellent. However, they
identified some areas that need attention:
utility involvement for controller operation and

MT-008 . .. 3.4 X integration with grid operations, and technical
Mitch Ewan; Hawaii . L .
and economic investigation for design and/or
Natural Energy . .
. selection of energy storage with battery,
Institute . .
capacitor, or hydrogen production and storage.
This project was funded through prior year
funds and will continue to completion.
Reviewers commented that progress from the
bench to prototype and advanced testing is
adequate. According to reviewers, the
emphasis on drop-in-place technology resolves
many of the system design requirements. A
Fuel-Cell-Powered strong emphasis on safety was seen as
Airport Ground demonstrating recognition of moving emerging
Support Equipment technology to the marketplace. Reviewers
MT-011 35 | X N .
Deployment noted that the length of this project points to a
Jim Petrecky; Plug continuing need to reduce the implementation
Power time for this technology’s deployment, adding
that five years into the project, there should be
a complete data collection set and
determination of the value proposition. This
project was funded through prior year funds
and will continue to completion.
Maritime Fuel Cell Based on the fiscal year (FY) 2018 Budget
G aritime Il:e . € Request’s focus on early-stage applied energy
MT-013 enerator rOJ?Ct 2.8 NA research and development (R&D) activities, no
Joe Pratt; Sandia
National Lab . further U.S. Department of Energy (DOE)
ational Laboratories funding is requested for this project at this
time.
Demonstration of Fuel
Cell Auxiliary Power
Unit to Power Truck Based on the FY 2018 Budget Request’s focus
MT-014 Refrigeration Units in 31 NA on early-stage applied energy R&D activities,

Refrigerated Trucks
Kriston Brooks; Pacific
Northwest National
Laboratory

no further DOE funding is requested for this
project at this time.
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Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

Reviewers stated that this project has realistic

FedEx Express operational requirements for daily range,
Hydrogen Fuel Cell operation duration, and annual performance.
Extended-Range One reviewer concern was that the ability to

MT-017 Battery Electric 33 X meet safety barriers and challenges is unclear,
Vehicles adding that a safety plan for the project needs
Imran Ahmed; FedEx to be completed. This project was funded
Express through prior year funds and will continue to

completion.

Reviewers suggested that an economic
assessment of this application and

Northeast establishment of a duty cycle should both

Demonstration and happen early in the project. Another comment
MT-021 Deployment of 29 X was that safety planning and a hazarf:l

FCRx200 assessment need to be completed with all

Abas Goodarzi; US partners participating before the

Hybrid Corporation demonstration phase starts. This project was

funded through prior year funds and will
continue to completion.
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Systems Analysis

Project Title
Principal Investigator
Name & Organization

Project
Number

Summary Comments

Final Score
Continue
Discontinue/
Further Review
Completed

Employment Impacts Based on the fiscal year (FY) 2018 Budget
of Hydrogen and Fuel , .
Cell Technologies Request’s focus on early-stage applle.d .e.nergy
SA-035 . . 3.5 NA research and development (R&D) activities, no
Marianne Mintz; .
. further U.S. Department of Energy (DOE) funding
Argonne National . . . L
is requested for this project at this time.
Laboratory
Reviewers agreed that the project has
established a good fundamental understanding
of water consumption associated with hydrogen
pathways, which is essential for comparing
multiple vehicle platforms, fuel pathways, and
resource analysis. The work was commended for
expanding the capabilities of existing modeling
Regional Water Stress tools and for including county- and regional-level
Analysis with Hydrogen analysis of water consumption and potential for
SA-039 Production at Scale 34 X water stress. Suggestions include quantifying the
Amgad Elgowainy; net water impacts of fuel substitution or
Argonne National displacement, providing more context on water
Laboratory usage overall, considering the impacts of varying
regional policies or economics affecting water
use/cost, and increasing collaboration with/peer
review by western state water authorities.
Reviewers agreed with continuing the emphasis
on completing and expanding regional analysis,
especially in areas of the country where water
limitations may be an issue.
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Project
Number

Project Title
Principal Investigator
Name & Organization

Cost—Benefit Analysis
of Technology
Improvement in Light-

Final Score

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers generally agreed that this project is
extremely relevant in that it evaluates the value
of future early-stage R&D for fuel cell and
hydrogen storage technology improvements to
consumers, which will help support R&D target-
setting and strategic planning. Reviewers praised
the use of an established and well-respected
modeling tool, and assumptions that enable
comparisons across component sizing options

SA-044 Duty Fuel Cell Vehicles 3.6 X and vehicle platforms. Suggestions included
Aymeric Rousseau; adding an industry partner or gathering more
Argonne National outside feedback from industry and conducting
Laboratory analysis to evaluate the impacts of reaching
various performance goals on total cost of
ownership (e.g., fuel cell efficiency, platinum
loading, etc.). Reviewers supported plans to
conduct sensitivity analysis on hydrogen cost
and to evaluate possible tradeoffs between cost
and efficiency.
Hydrogen Analysis with
the Sandia ParaChoice Based on the FY 2018 Budget Request’s focus on
SA-055 Model ' 32 NA early-stage applie_d e.nergy R&D activitie.:s, no.
Rebecca Levinson; further DOE funding is requested for this project
Sandia National at this time.
Laboratories
Reviewers emphasized the importance of a
sustainability analysis tool to support technology
evaluation and program decision-making and the
broader stakeholder community, including
technology developers and end users. The
reviewers appreciated the project’s efforts to
integrate existing datasets and models, noting
Sustainability Analysis: that this increases the utility and capabilities of
Hydrogen Regional models already developed. Recommendations
SA-059 Sustainability 34 X included eliminating duplicative work being done

Marc Melaina;
National Renewable
Energy Laboratory

by other projects (e.g., water use analysis and
regional hydrogen supply analysis), providing
additional clarification of input and output
metrics, and engaging a broader audience
(through increased industry collaboration and
education/outreach). There were also some
specific suggestions about the model’s
assumptions regarding technology selections
and hydrogen cost. This work is aligned with
H2@ Scale efforts.
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Project
Number

Project Title

Principal Investigator
Name & Organization

Hydrogen Financial
Analysis Scenario Tool
(H2FAST) Updates with
Analysis of 101st

Final Score

Continue

Discontinue/

Further Review

Completed

Summary Comments

Based on the FY 2018 Budget Request’s focus on
early-stage applied energy R&D activities, no

A-062 . . NA . . .
SA-06 Station 35 further DOE funding is requested for this project
Marc Melaina; at this time.
National Renewable
Energy Laboratory
Regional Supply of ,
Hydrogen Based on the FY 2018 Budget Request’s focus on
SA-063 Marc Melaing; 33 NA early-stage applle_d e.nergy R&D actlvme.:s, no.
. further DOE funding is requested for this project
National Renewable L
at this time.
Energy Laboratory
Greenhouse Gas
Emissions and
Petroleum Use Based on the FY 2018 Budget Request’s focus on
SA-064 Reduction of Medium- 35 NA early-stage applied energy R&D activities, no
and Heavy-Duty Trucks ' further DOE funding is requested for this project
Amgad Elgowainy; at this time.
Argonne National
Laboratory
Agent-Based Model_mg Based on the FY 2018 Budget Request’s focus on
of Consumer Behavior early-stage applied energy R&D activities, no
SA-065 | Marianne Mintz; 32 | NA y'stage applied enerey > No
. further DOE funding is requested for this project
Argonne National L
at this time.
Laboratory
Life-Cycle Analysis of
Air Pollutant Emissions
for Refinery and . Based on the FY 2018 Budget Request’s focus on
Hydrogen Production early-stage applied energy R&D activities, no
SA-066 | from Steam Methane | 3.5 | NA y"stage app gy '

Reforming

Amgad Elgowainy;
Argonne National
Laboratory

further DOE funding is requested for this project
at this time.
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PROLOGUE

Project
Number

SA-067

Project Title
Principal Investigator
Name & Organization

Resource Availability
for Hydrogen
Production

Marc Melaina;
National Renewable
Energy Laboratory

Final Score

3.4

Continue

Discontinue/
Further Review

Completed

Summary Comments

Reviewers noted that the project’s approach is
technically strong and thorough and properly
integrates new efforts with existing models and
data. There was consensus that updated
estimates of regional hydrogen production
potential are needed, given the availability of
new resource data and technology
improvements. Reviewers commended the plans
to integrate the results into tools such as the
Hydrogen Demand and Resource Analysis tool
(HyDRA) and the Scenario Evaluation,
Regionalization and Analysis model (SERA),
which can be used to understand how supply
chains may develop in different regions.
Suggestions included adding uncertainty analysis
for resource potential and production
efficiencies; conducting analysis of relative cost,
land use, and carbon dioxide emissions of
various options; and increasing industry
collaboration to vet key assumptions (such as
hydrogen production efficiencies and ranges)
and increase industry uptake and use of the
results.

SA-068

Benefit Analysis of
Multi-Fuel/Vehicle
Platforms with a Focus
on Hydrogen Fuel Cell
Electric Vehicles

Tom Stephens; Argonne
National Laboratory

3.1

Reviewers observed that the project’s approach
is good and uses well-regarded, industry-vetted
models to generate results. They recognized the
importance of estimating the benefits of DOE
R&D but questioned the attribution of benefits
to federal programs vs. industry (and others).
Reviewers suggested that the model use an
estimated market price of hydrogen, as opposed
to the Hydrogen Analysis model (H2A)-calculated
production cost, and criticized the five-year
ownership period as being too short. Other
suggestions included quantifying air pollutant
reductions; adding medium- and heavy-duty
trucks; conducting sensitivity analysis around
vehicle ownership, vehicle resale value, and
discount rate; evaluating the effects of different
policy drivers; and increasing industry review
and vetting of the work, possibly by adding an
industry advisory or steering committee.
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INTRODUCTION

Introduction

The fiscal year (FY) 2017 U.S. Department of Energy (DOE) Hydrogen and Fuel Cells Program (the Program)
Annual Merit Review and Peer Evaluation Meeting (AMR), in conjunction with DOE’s Vehicle Technologies
Office Annual Merit Review, was held June 5-9, 2017, at the Washington Marriott Wardman Park Hotel in
Washington, DC. This report is a summary of comments by AMR peer reviewers about the hydrogen and fuel cell
projects funded by DOE’s Office of Energy Efficiency and Renewable Energy (EERE). Projects supported by other
DOE offices (including the Office of Science [Basic Energy Sciences] and Advanced Research Projects Agency —
Energy [ARPA-E]) in areas relevant to hydrogen and fuel cells were also presented at the FY 2017 AMR. DOE uses
the results of this merit review and peer evaluation, along with additional review processes, to make funding
decisions for upcoming fiscal years and help guide ongoing performance improvements to existing projects.

The objectives of this meeting include the following:

e Review and evaluate FY 2017 accomplishments and FY 2018 plans for DOE laboratory programs;
industry/university cooperative agreements; and related research, development, and demonstration (RD&D)
efforts.

e Provide an opportunity for stakeholders and participants (e.g., fuel cell and hydrogen system
manufacturers, component developers, and others) to provide input to help shape the DOE-sponsored
RD&D program in order to address the highest-priority technical barriers and facilitate technology transfer.

o Foster interactions among the national laboratories, industry, and universities conducting RD&D.

The peer review process followed the guidelines in the Peer Review Guide developed by EERE. The peer review
panel members, listed in Table 1, provided comments about the projects presented. Panel members included experts
from a variety of backgrounds related to hydrogen and fuel cells, and they represented national laboratories;
universities; various government agencies; and manufacturers of hydrogen production, storage, delivery, and fuel
cell technologies. Each reviewer was screened for conflicts of interest as prescribed by the Peer Review Guide. A
complete list of the meeting participants is presented as Appendix A.

Table 1: Peer Review Panel Members

No. Name Organization
1 | Abdel-Baset, Tarek Fiat Chrysler Automobiles
2 | Aceves, Salvador Lawrence Livermore National Laboratory
3 | Advani, Suresh University of Delaware
4 | Adzic, Radoslav Brookhaven National Laboratory
5 | Afzal, Kareem PDC Machines, Inc.
6 | Ahluwalia, Rajesh Argonne National Laboratory
7 | Ahn, Channing California Institute of Technology
8 | Albertus, Paul ARPA-E
9 | Allendorf, Mark Sandia National Laboratories
10 | Anton, Donald Savannah River National Laboratory
Commissariat a I'énergie atomique et aux énergies
11 | Antoni, Laurent alternatives (CEA)
12 | Ardo, Shane University of California, Irvine
13 | Atanasiu, Mirela Fuel Cells and Hydrogen Joint Undertaking (FCH JU)
14 | Autrey, Tom Pacific Northwest National Laboratory
15 | Ayers, Katherine Proton OnSite
16 | Balbuena, Perla Texas A&M University
17 | Balema, Viktor NASA Ames
18 | Barilo, Nick Pacific Northwest National Laboratory
19 | Baronas, Jean California Energy Commission
20 | Baturina, Olga U.S. Navy, Naval Research Laboratory
21 | Benjamin, Thomas Argonne National Laboratory
22 | Biebuyck, Bart Fuel Cells and Hydrogen Joint Undertaking (FCH JU)
23 | Borup, Rodney Los Alamos National Laboratory

FY 2017 Merit Review and Peer Evaluation Report | 1




INTRODUCTION

No. Name Organization
24 | Botta Reis, Livia Silva Ergostech Renewal Energy Solutions
25 | Bouwkamp, Nico California Fuel Cell Partnership
26 | Bouwman, Peter Nedstack
27 | Bouza, Antonio U.S. Department of Energy
28 | Bowden, Mark Pacific Northwest National Laboratory
29 | Bowman, Robert Oak Ridge National Laboratory (Retired)
30 | Boyd, Robert Boyd Hydrogen LLC
31 | Brinkman, Kyle Clemson University
32 | Brooks, Kriston Pacific Northwest National Laboratory
33 | Brouwer, Jack University of California, Irvine
34 | Brown, Craig National Institute of Standards and Technology
35 | Burgunder, Albert Praxair, Inc.
36 | Butsch, Hanno NOW GmbH
37 | Calabrese Barton, Scott Michigan State University
38 | Camiloti, Priscilla Rosseto Ergostech Renewal Energy Solutions
39 | Chapman, Bryan Exxon Mobil Corporation
40 | Chen, Shuo University of Houston
41 | Choudhury, Biswajit DuPont
42 | Collins, William Consultant
43 | Cornelius, Chris University of Nebraska
44 | Creager, Stephen Clemson University
45 | Cullen, David Oak Ridge National Laboratory
46 | Curry-Nkansah, Maria Argonne National Laboratory
47 | Danilovic, Nemanja Lawrence Berkeley National Laboratory
48 | Daum, Johannes NOW GmBH
49 | De Castro, Emory Advent Technologies, Inc.
50 | DeSantis, Daniel Strategic Analysis, Inc.
51 | Dillich, Sara U.S. Department of Energy
52 | Dobbins, Tabbetha Rowan University
53 | Dornheim, Martin Helmbholtz-Zentrum Geesthacht
54 | Edwards, David Air Liquide
55 | Elrick, William California Fuel Cell Partnership
56 | Esposito, Dan Columbia University
57 | Farese, David Air Products and Chemicals, Inc.
58 | Funk, Stuart LMI
59 | Ganesan, Prabhu Savannah River Consulting, LLC
60 | Gardiner, Monterey BMW Group
61 | Garzon, Fernando University of New Mexico
62 | Ge, Qingfeng Southern Illinois University
63 | Gennett, Thomas National Renewable Energy Laboratory
64 | Gervasio, Don University of Arizona
65 | Graetz, Jason HRL Laboratories
66 | Grassilli, Leo Consultant
67 | Gross, Tom Energy Planning and Solutions
68 | Grot, Stephen Ion Power
69 | Hamdan, Monjid Giner, Inc.
70 | Hamilton, Jennifer California Fuel Cell Partnership
71 | Hanlin, Jason Center for Transportation and the Environment (CTE)
72 | Harris, Aaron Air Liquide
73 | Harrison, Kevin National Renewable Energy Laboratory
74 | Hartman, Brent CSA Group
75 | Hatzell, Kelsey Vanderbilt University
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No. Name Organization
76 | Haug, Andrew 3iM
77 | Hays, Charles Texas A&M University
78 | Hennessey, Barbara U.S. Department of Transportation
79 | Herring, Andy Colorado School of Mines
80 | Hirano, Shinichi Ford Motor Company
81 | Holladay, Jamie Pacific Northwest National Laboratory
82 | Hovanski, Yuri Brigham Young University
83 | Hurst, Katherine National Renewable Energy Laboratory
84 | Ilevbare, Gabriel Idaho National Laboratory
85 | Irwin, Levi U.S. Department of Energy
86 | Jakupca, Ian J. NASA
87 | James, Brian Strategic Analysis, Inc.
88 | Jensen, Craig University of Hawaii, Honolulu
89 | Jerram, Lisa Navigant
90 | Kasab, John AVL Powertrain Engineering, Inc.
91 | Keller, Jay Consultant
92 | Kent, Ron Southern California Gas Company
93 | Kim, Sangil University of Illinois, Chicago
94 | Kim, Yu Seung Los Alamos National Laboratory
95 | Knights, Shanna Ballard Power Systems
96 | Kocha, Shyam National Renewable Energy Laboratory
97 | Kongkanand, Anusorn General Motors
98 | Kopasz, John Argonne National Laboratory
99 | Kraigsley, Alison National Institutes of Health
100 | Kuppa, Shashi U.S. Department of Transportation
101 | Lakshmanan, Balasubrumanian | General Motors
102 | Linkous, Clovis Youngstown State University
103 | Lipp, Ludwig eT2M
104 | Liu, Di-Jia Argonne National Laboratory
105 | Maes, Miguel NASA
106 | Marenco, Claudia Fuel Cells and Hydrogen Joint Undertaking (FCH JU)
107 | Maric, Radenka University of Connecticut
108 | Markovic, Nenad Argonne National Laboratory
109 | Martinez, Andrew California Air Resources Board
110 | Marxen, Sara CSA Group
111 | Masten, David General Motors
112 | Matter, Paul PH Matter
113 | McKeown, Kyle Linde
114 | McWhorter, Scott Savannah River National Laboratory
115 | Meeks, Noah Southern Company
116 | Melaina, Marc National Renewable Energy Laboratory
117 | Minh, Nguyen University of California, San Diego
118 | Mittelsteadt, Cortney Giner, Inc.
119 | Moretto, Pietro European Commission, Joint Research Centre
120 | Motyka, Ted Greenway Energy
121 | Moulthrop, Larry H2@ILMDesk (dba name)
122 | Mukerjee, Sanjeev Northeastern University
123 | Mukundan, Rangachary Los Alamos National Laboratory
124 | Myers, Deborah Argonne National Laboratory
125 | Nguyen, Nha U.S. Department of Transportation
126 | Nguyen, Tien Independent
127 | Oesterreich, Bob Air Liquide
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128 | Ohma, Atsushi Nissan Motor Co., Ltd.

129 | Olson, Gregory Consultant

130 | Ott, Kevin Los Alamos National Laboratory
U.S. Army Tank Automotive Research Development and

131 | Paczkowski, Benjamin Engineering Center (TARDEC)

132 | Parilla, Phil National Renewable Energy Laboratory

133 | Parks, George FuelScience, LLC

134 | Patel, Pinakin Fuel Cell Energy, Inc.

135 | Penev, Michael National Renewable Energy Laboratory

136 | Perry, Mike United Technologies Research Center

137 | Petitpas, Guillaume Lawrence Livermore National Laboratory

138 | Petri, Randy Fuel Cell Energy, Inc.

139 | Pintauro, Peter Vanderbilt University

140 | Pivovar, Bryan National Renewable Energy Laboratory

141 | Prasad, Ajay University of Delaware

142 | Quackenbush, Karen Fuel Cell & Hydrogen Energy Association (FCHEA)

143 | Ramsden, Todd National Renewable Energy Laboratory

144 | Renner, Julie Case Western Reserve University

145 | Rice, Brian University of Dayton Research Institute

146 | Rinebold, Joel Connecticut Center for Advanced Technology, Inc.

147 | Rohatgi, Aashish Pacific Northwest National Laboratory

148 | Rufael, Tecle Chevron Corporation

149 | Semelsberger, Troy Los Alamos National Laboratory
Commissariat a 1'énergie atomique et aux énergies

150 | Serre-Combe, Pierre alternatives (CEA)

151 | Siegel, Donald University of Michigan, Ann Arbor

152 | Simmons, Kevin Pacific Northwest National Laboratory

153 | Smart, John Idaho National Laboratory

154 | Snyder, Joshua Drexel University

155 | Sofronis, Petros University of Illinois, Urbana-Champaign

156 | Soto, Herie Shell Oil Company

157 | Spendelow, Jacob Los Alamos National Laboratory

158 | Stamenkovic, Vojislav Argonne National Laboratory

159 | Stavila, Vitalie Sandia National Laboratories

160 | Steinbach, Andy 3iM

161 | Steiner, Nadia Université de Franche-Comté

162 | Stottler, Gary General Motors

163 | Studer, Sarah U.S. Department of Energy

164 | Sutherland, Ian General Motors

165 | Swartz, Scott NexTech Materials LTD

166 | Swider-Lyons, Karen U.S. Navy, Naval Research Laboratory

167 | Tchouvelev, Andrei A.V. Tchouvelev & Associates Inc.

168 | Tisack, Monica University of Southern Mississippi

169 | Tong, Jianhua (Joshua) Clemson University

170 | Toughiry, Mark U.S. Department of Transportation

171 | Trocciola, John SRA International, Inc.

172 | Udovic, Terry National Institute of Standards and Technology

173 | Ulsh, Michael National Renewable Energy Laboratory
California Governor’s Office of Business and Economic

174 | Vacin, Gia Brazil Development

175 | Vanderborgh, Nicholas Los Alamos National Laboratory

176 | Veenstra, Mike Ford Motor Company
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No. Name Organization
177 | Verduzco, Laura Chevron Corporation
178 | Wachsman, Eric University of Maryland
179 | Wagner, Frederick T. Retired
180 | Walchuk, George Exxon Mobil Corporation
181 | Waldecker, James Ford Motor Company
182 | Warren, C. David Oak Ridge National Laboratory
183 | Weber, Adam Lawrence Berkeley National Laboratory
184 | Wheeler, Douglas DJW Technology, LLC
185 | Williams, Mark National Energy Technology Laboratory
186 | Woods, Stephen NASA
187 | Xie, Jian Indiana University—Purdue University Indianapolis
188 | Xu, Hui Giner, Inc.
189 | Xu, Ye Louisiana State University
National Highway Traffic Safety Administration/
190 | Xue, Jisan U.S. Department of Transportation
191 | Yan, Yushan University of Delaware
192 | Yandrasits, Michael 3M
193 | Zelenay, Piotr Los Alamos National Laboratory

Summary of Peer Review Panel’s Crosscutting Comments and Recommendations

AMR panel members provided comments and recommendations regarding selected DOE hydrogen and fuel cell
projects, overall management of the Hydrogen and Fuel Cells Program, and the AMR peer evaluation process. The
project comments, recommendations, and scores are provided in the following sections of this report, grouped by
sub-program. Comments about sub-program management are provided in Appendix B.

Analysis Methodology

A total of 141 Fuel Cell Technologies Office (FCTO) projects were reviewed at the meeting. As shown in Table 1,
193 review panel members participated in the AMR process, providing a total of 848 project evaluations. These
reviewers were asked to provide numeric scores (on a scale of 1-4, including half-point intervals, with 4 being the
highest) for five aspects of the work presented. Sample evaluation forms are provided in Appendix C. Scores and
comments were submitted using laptops (provided on-site) to a private online database, allowing for real-time tracking
of the review process. A list of projects that were presented at the AMR but not reviewed is provided in Appendix D.

For the Hydrogen Production and Delivery; Hydrogen Storage; Fuel Cells; Manufacturing R&D; Safety, Codes and
Standards; and Systems Analysis sub-programs, scores were based on the following five criteria and weights:

Score 1: Approach to performing the work (20%)

Score 2: Accomplishments and progress toward overall project and DOE goals (45%)
Score 3: Collaboration and coordination with other institutions (10%)

Score 4: Relevance/potential impact on DOE Program goals and RD&D objectives (15%)
Score 5: Proposed future work (10%)

For each project, individual reviewer scores for each of the five criteria were weighted using the formula in the box
below to create a final score for each reviewer for that project. The average score for each project was then
calculated by averaging the final scores for individual reviewers. The individual reviewer scores for each question
were also averaged to provide information on the project’s question-by-question scoring. In this manner, a project’s
final overall score can be meaningfully compared to that of another project.

Final Overall Score = [Score 1 x 0.20] + [Score 2 x 0.45] + [Score 3 x 0.10] + [Score 4 x 0.15] + [Score 5 x 0.10]
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A perfect overall score of “4” indicates that a project satisfied the five criteria to the fullest possible extent; the
lowest possible overall score of “1” indicates that a project did not satisfactorily meet any of the requirements of the
five criteria.

For the Market Transformation and Technology Validation sub-programs, scores were based on the following five
criteria and weights:

Score 1: Relevance/potential impact on DOE Program goals and RD&D objectives (15%)
Score 2: Strategy for technical validation and/or deployment (20%)

Score 3: Accomplishments and progress toward overall project and DOE goals (45%)
Score 4: Collaboration and coordination with other institutions (10%)

Score 5: Proposed future work (10%)

For all sub-programs, reviewers were also asked to provide qualitative comments regarding the five criteria, specific
strengths and weaknesses of the project, and any recommendations relating to the work scope. These comments
were also entered into the private online database for easy retrieval and analysis.

Organization of the Report

The project comments and scores are grouped by sub-program (Hydrogen Production and Delivery; Hydrogen
Storage; Fuel Cells; Manufacturing R&D; Technology Validation; Safety, Codes and Standards; Market
Transformation; and Systems Analysis) in order to align with FCTO’s planning scheme. Each of these sections
begins with a brief description of the general type of research and development or other activity being conducted.
Next are the results of the reviews of each project presented at the 2017 AMR. The report also includes a summary
of the qualitative comments for each project, as well as a graph showing the overall project score and a comparison
of how each project aligns with all of the other projects in its sub-program. A sample graph is provided in Figure 1.

Projects are compared based on a consistent set of criteria. Each project report includes a chart with bars
representing that project’s average scores for each of the five designated criteria. The gray vertical hash marks that
overlay the blue bars represent the corresponding maximum, average, and minimum scores for all of the projects in
the same sub-program.

Figure 1: Sample Project Score Graph with Explanation

Overall Project Score: 3.1 (5 reviews received) | m This Project
4.0 - ®m Sub-Program Average
| - . -
3.0 A -
2.0 4
1.0 A
0.0 = T T T T v
Approach Accomplish-  Collaboration Relevance/ Future Weighted
ments and Potential Work Average
Coordination Impact
Average individual Maximum, average, and minimum individual | Final overall
- scores for this project — scores for all projects reviewed in this - project score -
only sub-program during the 2017 AMR
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For clarification, consider a hypothetical review in which only five projects were presented and reviewed in a sub-
program. Table 2 displays the average scores for each project according to the five rated criteria.

Table 2: Sample Project Scores

Collaboration Relevance/

AF;%?Z)Ch Acconzzlslf/:;ments and Coordination| Potential Impact Futarg';‘l)\)lork
(10%) (15%)
Project A 3.4 3.3 3.3 3.2 3.1
Project B 3.1 2.8 2.7 2.7 2.9
Project C 3.0 2.6 2.7 2.8 2.9
Project D 3.4 3.5 3.4 3.2 33
Project E 3.6 3.7 3.5 3.4 3.4
Maximum 3.6 3.7 3.5 34 34
Average 33 3.2 3.1 3.0 3.1
Minimum 3.0 2.6 2.7 2.7 2.9

Using this data, the chart for Project A would contain five bars representing the values listed for that project in
Table 2. A gray hash mark indicating the related maximum, average, and minimum values for all of the projects in
Project A’s sub-program (the last three lines in Table 2) would overlay each corresponding bar to facilitate
comparison. In addition, each project’s criteria scores would be weighted and combined to produce a final, overall
project score that would permit meaningful comparisons to other projects. Below is a sample calculation for the
Project A weighted score.

Final Score for Project A = [3.4 x 0.20] + [3.3 x 0.45] + [3.3 x 0.10] + [3.2 x 0.15] + [3.1 x 0.10] = 3.3
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2017 — Hydrogen Production and Delivery
Summary of Annual Merit Review of the Hydrogen Production and Delivery
Sub-Program

Summary of Reviewer Comments on the Hydrogen Production and Delivery Sub-Program:

The Hydrogen Production and Delivery sub-program includes a broad portfolio of technologies to produce and
deliver hydrogen from diverse domestic energy resources. Production project sub-categories in 2017 included
thermal and bio-fermentative conversion of hydrocarbon-based feedstocks, advanced high- and low-temperature
electrochemical water splitting, direct solar thermochemical (STCH) and photoelectrochemical (PEC) water
splitting, and hydrogen production pathway analysis. Hydrogen delivery projects focused on research and
development (R&D) to lower the cost and enhance the reliability of technologies that deliver hydrogen to end users
(liquefaction, pipelines, and tube trailers), technologies at hydrogen fueling stations (compression, storage, and
dispensing) for vehicles, and technoeconomic analyses of delivery pathways.

The reviewers recognized the Hydrogen Production and Delivery sub-program as comprehensive, well balanced,
effective, and well managed, with a clear strategy to achieve DOE goals and objectives. Reviewers commented
positively on the relevance of the foundational research portfolio to the broader H2(@ Scale initiative, and on the
overarching technoeconomic framework guiding R&D priorities. They also were impressed with specific project
highlights and accomplishments. The reviewers commended the sub-program’s effective leveraging of cross-office
and cross-agency resources (e.g., synergistic research with the DOE Office of Science and with the National Science
Foundation) and strongly recommended continued expansion of such activities. The sub-program was encouraged to
maintain a robust foundational research portfolio supporting important hydrogen delivery and dispensing needs to
encourage early markets, as well as the needs for developing a sustainable portfolio of hydrogen production options
leveraging diverse domestic resources.

Hydrogen Production and Delivery Funding:

The fiscal year 2017 appropriation for the Hydrogen Production and Delivery sub-program totaled $21.4 million.
This funding was used to support foundational R&D needs identified through the H2@ Scale initiative, including
early-stage R&D through the HydroGEN Advanced Water Splitting Materials Consortium and R&D to utilize
advanced materials in lowering the costs of hydrogen delivery and dispensing (e.g., non-mechanical liquefaction
using magnetocaloric materials, non-mechanical compression using metal hydride materials, and enhanced
durability of steels using novel microstructures). The sub-program continues to emphasize leveraging of cross-
program, cross-office, and cross-agency R&D opportunities and resources. The total active Hydrogen Production
and Delivery R&D portfolio, including funding opportunities and laboratory call projects and joint projects with the
National Science Foundation and Small Business Innovation Research program, comprises technoeconomic
analysis, hydrogen materials compatibility, advanced water splitting, novel hydrocarbon reforming, non-mechanical
compression, novel liquefaction, and next-generation station design. Future work is expected to continue focusing
on foundational, early-stage research needs identified through the H2@ Scale initiative and the hydrogen production
and delivery stakeholder communities.
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Hydrogen Production & Delivery R&D Funding
FY 2017 Appropriation ($ millions)

B Production

® Delivery

Total: $21.4 Million

Reviewer Comments and Recommendations:

Twenty-nine projects were reviewed, receiving scores ranging from 2.9 to 3.7, with an average score of 3.3. The
scores indicate technical progress made over the past year across the hydrogen production and delivery R&D
portfolio.

Production Projects

Hydrogen Production Pathway Analysis: One project was reviewed in the area of hydrogen production pathway
analysis. The project received a score of 3.4. There was reviewer consensus that the technoeconomic analyses
performed are important to DOE objectives, particularly the identification of the long-term potential and bottlenecks
of production and delivery pathways. Reviewers noted that the project has exhibited strong collaboration with DOE,
industry stakeholders, and technology providers. Reviewers recommended that the key assumptions and sensitivities
used in the analyses should be more transparent.

Advanced Electrochemical Water Splitting: Four projects in the area of hydrogen production from advanced
electrochemical water splitting were reviewed, receiving an average score of 3.3. Projects included efforts to
integrate and test renewable electrolysis systems, develop new high-temperature alkaline electrolysis, decrease the
platinum group metal (PGM) loading in alkaline exchange membrane electrolysis cells, and develop solid oxide
electrolyzers with a novel cell architecture. Reviewers were supportive of the projects’ innovation and progress
overall. In particular, integrating renewable electrolysis was praised for its enablement of clear, open, and
comprehensive interaction between DOE and industry stakeholders. Reviewers commented that success in these
projects offers the potential to achieve significant reduction in the capital cost of electrolyzers, as well as the cost of
hydrogen production via high-temperature electrolysis and alkaline-exchange-membrane-based water electrolysis,
which is critical for technology introduction on a larger scale. Reviewers suggested that enhanced collaboration
would benefit the technical challenges faced by these projects and encouraged a strong emphasis on technoeconomic
analyses.
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Bio-Derived Feedstock Conversion: One project was reviewed in the area of bio-feedstock conversion, with a
score of 3.2. Reviewers commended this project for its straightforward approach and innovative design. They noted
that the project had missed scheduled project milestones but stated that the project showed reasonable progress in
increasing the hydrogen production rate through improvements in both sorbent and catalyst formulations. Reviewers
suggested incorporating additional cost data to better evaluate the impact of system optimization on capital cost.

Biological Hydrogen Production: Three projects were reviewed in the area of biological hydrogen production and
these received an average score of 3.5. One project is focused on developing direct fermentation technologies to
convert renewable lignocellulosic biomass to hydrogen, another on developing cost-efficient advanced synthetic
biological generation technologies to produce hydrogen, and the third on developing a hybrid fermentation and
microbial electrochemical cell (FMEC) system for hydrogen production using low-cost feedstocks. Reviewers
commended all three projects on their accomplishments, progress toward goals, and significance, but they expressed
some concern over practicality and ability to meet cost targets. For the direct fermentation and synthetic biosystem
projects, reviewers would like to see additional cost analysis and connections to overall cost of hydrogen to better
judge feasibility. Reviewers considered the cost analysis a strength for the FMEC project, and they encouraged
additional work to address the electrocatalyst stability.

PEC Hydrogen Production: Three PEC projects were reviewed, receiving an average score of 3.3. The projects are
investigating new materials and/or reactor designs that can operate at high solar concentration and achieve DOE
efficiency goals for hydrogen production via PEC water splitting. Reviewers commended all three projects for their
alignment with DOE objectives, innovation, and progress made so far. Specifically, reviewers praised the world
record for solar-to-hydrogen conversion efficiency set by one project and highlighted excellent collaborations and
synergies in the other two projects. The primary concern reviewers had with these three projects was that the
projects might not meet all of their final targets for durability and performance.

STCH Hydrogen Production: Two projects were reviewed in the area of STCH hydrogen production, with an
average score of 3.1. Both projects propose using concentrated solar power in a two-step metal oxide cycle for
hydrogen production using unique reactor designs. Both projects were praised for their innovative approaches, work
accomplished on the reactor designs, and progress toward meeting hydrogen production targets. For both projects,
reviewers praised the collaborations, but they felt that the scope was too broad to meet all of the milestones.

Delivery Projects

Hydrogen Delivery Technoeconomic Analyses: Two projects were reviewed in this area, with an average score of
3.3. These projects included an analysis of cost drivers for fueling heavy-duty fuel cell vehicle fleets and a recently
started thermodynamic analysis of liquid hydrogen infrastructure, including boil-off losses in liquid delivery
infrastructure. Reviewers praised the projects for their approach, scope, accomplishments, and relevance.
Recommendations included collaborating more closely with industry partners and similar international efforts, as
appropriate.

Hydrogen Delivery Technologies: Two projects were reviewed in the area of hydrogen liquefaction, receiving an
average score of 3.3, and one project was reviewed in the area of hydrogen pipelines, receiving a score of 2.9. The
pipeline project was praised for its team composition and approach. However, reviewers questioned the delays in
project schedule and ability to meet project goals. They recommended more exploration of the fundamental causes
of behavior seen in experiments, leveraging industry work and collaborations to ensure relevance, and providing
more information on input and contributions of collaborators, particularly the National Institute of Science and
Technology. Reviewers praised the liquefaction projects for their innovative approach and progress. Suggestions to
both projects included increasing industry collaboration and presenting work in a way that clearly highlights each
technology’s merits, potential benefits to industry, and roles of partners.

Hydrogen Fueling Station Technologies: Ten projects focused on hydrogen dispensers, compression, storage, and
station operation were reviewed. They received an average score of 3.3. The three projects on dispensing hoses were
praised for their technical approach, relevance, and accomplishments to date. Reviewers would like to see additional
incorporation of real-world variables (such as human interaction with fueling hoses or conditions at fueling stations),
exploration of the fundamental causes of material failures, partnering with additional component and/or automotive
manufacturers, and collaboration with other researchers doing related research domestically and abroad. Reviewers
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would also like the projects to communicate results to the stakeholder community (e.g., local governments, code
communities). The four compression technology projects were praised for their progress to date, responsiveness to
reviewer comments from prior years, and potential to lower station costs and improve reliability. Reviewers
suggested technoeconomic analyses to accurately assess potential cost competitiveness of technologies being
developed, and better leveraging of prior and ongoing R&D in each area. They also recommended that system-level
modeling be conducted to help determine focus areas and that closer attention be paid to the specific points of failure
within each technology. The project on composite vessels was praised for its progress and accomplishments.
Reviewers questioned the rationale for certain design features and experimentation and recommended validation of
the prototype’s performance in relevant operating conditions. The two station operation projects included one on
station design and one on tube trailer consolidation. Projects were highly commended for relevance to industry
stakeholders, potential for lowering station costs, and strong and appropriate collaborations. Reviewers
recommended that the projects share results with industry and stakeholders.
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Project #PD-014: Hydrogen Refueling Analysis of Heavy-Duty Fuel Cell Vehicle

Fleet

Amgad Elgowainy; Argonne National Laboratory

Brief Summary of Project:

This project will assess impacts of
delivery and refueling options on the cost
of dispensed hydrogen by (1) modeling
refueling costs in early fuel cell electric
vehicle markets, (2) evaluating the
impact of design and economic
parameters, (3) identifying cost drivers of
current technologies, and (4) developing
estimates of delivery and refueling cost
reduction with market penetration. The
project aims to support existing U.S.
Department of Energy-sponsored tools
and assist with Fuel Cell Technologies
Office (FCTO) planning.

Question 1: Approach to
performing the work

This project was rated 3.1 for its approach.

Overall Project Score: 3.4 (5 reviews received)
4.0 -

il

3.0

2.0

1.0

0.0

pddid

M This Project

® Sub-Program Average

Future
Work

Weighted
Average

Approach Relevance/
Potential

Impact

Accomplish- Collaboration
ments and
Coordination

The vertical hash-lines represent the highest ond lowest overage scores received by projects in the sub-program.

Given that there are currently no models for medium- and high-duty fuel cell vehicles, it is reasonable to
start by building a technoeconomic model from the ground up to figure out the technical/market/economic
parameters that influence the industry.

The model seems to be a very interesting model to address the lack-of-analysis barrier for hydrogen
refueling stations (HRSs) to meet large hydrogen consumption requirements, such as those that serve buses.
In the model, the hydrogen production cost should be included, as onsite hydrogen production using
electrolysis might be cheaper than the transport of a huge volume. If this is not considered, it might lead to
conclusions that are not correct, and wrong judgments might be made in terms of what infrastructure
governments should support in the future.

The task appears to have been to generate a cost model for bus-fueling scenarios. The approach is sound.
The projects aims at the right questions and deals with important issues for hydrogen in heavy-duty fleets
and the needed infrastructure. However, further activities regarding bus fleets in Europe, as well as
continuous feedback from fleet owners on critical parameters, should be taken into account.

The Hydrogen Station Cost Optimization and Performance Evaluation (H2SCOPE) model is based on
passenger vehicle fuel tanks; the project appears to assume that the transition to heavy-duty bus-size tanks
will show the same temperature behavior in-tank.

o There is very limited data available from heavy-duty bus fueling. This effort should include an
effort to retrieve benchmark data from operational bus fleets and verify H2SCOPE applicability.

o Staggered fueling has an impact on the logistics of transit agencies, dependent on the transit
agency. Staggered fueling may require a significant change in transit logistics similar to the
change required for charging battery electric buses.

o The project should consider including the station footprint as a parameter/variable—in most cases,
this is even more of an issue than with passenger hydrogen fueling stations integrated at existing
gasoline stations.

o Fill strategy should include a “fill window,” which could be an added layer on top of a back-to-
back strategy and is likely to define the number of dispensers.

o For fleets larger than 10 buses (in the context of the next size of bus fleet being 30 buses), tube
trailers are less likely to be an option, owing to logistics.

o The larger the fleet, the narrower the fueling time window for all the buses.
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Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.5 for its accomplishments and progress.

e  Using liquid for precooling is cost-effective. Having a tap point partially through the evaporator and a
second at the end of the evaporator, with both feeding a mixing valve controlled by the process temperature
at the flow meter, should allow uniform precooling through the process, regardless of outside ambient
temperature. This is the first modeling of multiple dispensers that the reviewer has seen—a laudable effort.
Perhaps optimized multiple dispenser systems will be next.

e The team is well informed of existing refueling guidance and has talked to bus fleet owners to figure out
common refueling modes, fleet sizes, and constraints. The current pathways developed seem appropriate.
Much has been accomplished since the project started.

e Results are good.

o The project should consider simulating three to four transit agencies’ bus fleet operations, based
on when buses return to the bus yard, to add a “one-to-one replacement of diesel/[compressed
natural gas] bus fleet logistics with hydrogen” option, which will make this effort much more
valuable. The staggered option can be considered only a modeling concept; otherwise, it will
affect transit fleet logistics—unless it is staggered in the sense of what would happen if fuel cell
buses were used as part of a larger fleet (for example, 30 buses of 100-bus fleet are fuel cell
buses).

o Fill strategy is indicative of station design.

o Change of transit logistics equals “issues with transit unions.” It is unclear how to quantify this
(which does not indicate a change in approach, but it may be worth considering what the barriers
are).

e In the future, heavy-duty usage of hydrogen will become very important. This study shows the refueling
cost differences between various technologies. This understanding is very important for advising FCTO on
what kind of infrastructure is needed and requires focus. Also, this study is very important for industry
knowledge. In the presentation, the DOE targets were not shown, but DOE has some; in the future, it would
be good to integrate those targets in the presentation.

e The project has a good approach to identify critical parameters for future heavy-duty vehicle station design.

Question 3: Collaboration and coordination with other institutions
This project was rated 3.3 for its collaboration and coordination.

e At this point, collaborations seem appropriate. As the models are further developed, these could be shared
with fuel cell bus fleet managers such as AC Transit.

e Collaboration with fleet operators exists and should be extended throughout the project run time.

e C(Collaboration is appropriate for this small task.

e During the presentations, it was mentioned that there are no other studies available in the literature. This is
not correct, as a big study in Europe looked at exactly the same thing and finished in March. It would have
been logical for the project to examine the European Union project and use the results, if useful. Also, a
question was asked about whether the tentative results from the model were cross-checked with the
industry, and the answer was very unclear. The industry is not yet deeply involved in this project, and that
involvement would be crucial to verifying results.

e The project needs direct involvement of a transit agency as well as a bus manufacturer and/or a company
that has designed a compressed hydrogen storage system (CHSS) for buses.
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Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.5 for its relevance/potential impact.

e Medium- and heavy-duty vehicles represent an important segment of the market that is forecasted to grow
even larger in terms of contributions to overall greenhouse gas emissions and criteria pollutants. In some
cases, because management of these fleets is centralized, it may be feasible to have a dedicated HRS that
can serve a number of buses either staggered or back to back. Understanding the economics of this
proposition and the technical barriers is key to building a business case.

e The project showed some first results on estimated costs for the various technologies, a great value in
reaching DOE targets.

e  Understanding the critical parameters in hydrogen supply for heavy-duty vehicles helps to improve this
issue and contributes to acceptance and future deployment of infrastructure.

e This appears to be the only directly heavy-duty fueling-infrastructure-related project supported by DOE and
state agencies, and while transit buses are fueled every day in the United States, DOE normally funds only
medium- and heavy-duty fuel cell vehicle (non-bus) projects.

e  This modeling—and more importantly, starting to look at more realistic options based on commercial
volumes—is refreshing.

Question 5: Proposed future work
This project was rated 3.3 for its proposed future work.

e Proposed future work items are highly appreciated. However, further parameters (e.g., on-site hydrogen
production) might be interesting to consider, as would further feedback from operators to better understand
critical parameters from an operator perspective.

e  Future work involves the cost of liquefied hydrogen (generation, transport and road damage, pollution, and
storage) versus gaseous hydrogen from on-site generation (reforming, electrolyzing). This is industrial-gas-
supplied versus public-utility-supplied.

e Future work is appropriate, but there are a few more pathways/alternatives that could be incorporated in the
assessment, namely:

o Explore forecourt hydrogen production.
o Compare results with liquefied natural gas (LNG) switching.
o Expand assessment to other types of medium and heavy vehicles.

e  Consider the non-existence of 70 MPa fast fueling (comparable to 7.2 kg/min for 35 MPa)—45-minute
fueling times will not work. Liquid hydrogen boil-off losses should be addressed by industry, not by a
DOE-funded project. The project should consider working with Ricardo on a fueling station cost model;
Ricardo and team have a well-developed model for hydrogen bus fueling based on industry interaction.

e There was no Gantt chart available, and it seems there are no in-between confirmation points planned, such
as cross-checking the results with industry. It is strongly recommended that the project make a clear plan
with clear output objectives at certain times and build in some go/no-go judgment points in the planning.

Project strengths:

e This is a very important study for understanding the economics of big HRSs for buses, which is crucial for
future rollout of fuel cell and hydrogen technologies. The project looks at various transport technologies
and made a model to simulate each technology and change the outcome quickly when market prices are
changing for a certain technology.

e The project enters into unexplored territory and makes information available for public review. This is
urgently needed for understanding fueling infrastructure requirements for truck applications, and it may
contribute to standardization of SAE J2601/2 fueling protocols beyond Technical Information Report
levels. J2601/2 does not need to be developed in the same manner as J2601 (for cars), which is prescriptive.
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e  Strengths include contribution to future station design for the deployment of heavy-duty fuel cell vehicles.
Identification of critical parameters for station design can contribute to decision-making for operators.

e  Strengths include the start toward high-volume, multiple-nozzle dispensing and the willingness to start to
look into Pandora’s Box.

e  Strengths include strong knowledge of the industry, strong modeling capabilities, and a good business case.

Project weaknesses:

e The project is not checking hydrogen production cost, and this is a serious weakness. For example, on-site
hydrogen production by electrolysis could be more interesting economically than transporting the hydrogen
on site, as bigger volumes are required. This should be addressed in the model.

e  The benchmark of bus CHSS fueling temperature data is missing. There is no direct involvement of a bus
manufacturer or bus CHSS supplier such as Agilent, Worthington, or Lincoln.

o  Further data sets and results from other bus projects, as well as on-site electrolysis, should be considered.

e Pathways explored are limited.

Recommendations for additions/deletions to project scope:

e  Further feedback from fleet and station operators is crucial for relevance of parameter weighting.
Two dispensers for 100 buses is not realistic, not even for diesel or compressed natural gas bus fleets. Take
that factor out of the calculations and inquire as to what the number of dispensers is for a 100-bus fleet
(conventional fuels). (For context: To fill 100 buses in 8—10 minutes with one dispenser is 800—1000
minutes, or 13—17 hours per day, which would become 6.5-8.5 hours with two dispensers—not considering
the impact on logistics.) The project should include 200 bus fleet calculations to increase the value of
transferability of project accomplishments to other heavy-duty vehicle applications.
e The project should:
o Study the European project (www.newbusfuel.eu), which was published in March 2017.
o Include hydrogen production in the model.
o Crosscheck the results with industry and determine whether industry agrees with the findings.
e  The project should explore forecourt hydrogen production and compare results with LNG switching, and
the assessment should be expanded to other types of medium and heavy vehicles.
e Results should be applied to light-duty fleet vehicles.

FY 2017 Merit Review and Peer Evaluation Report | 15



HYDROGEN PRODUCTION AND DELIVERY

Project #PD-025: Fatigue Performance of High-Strength Pipeline Steels and Their
Welds in Hydrogen Gas Service
Joe Ronevich; Sandia National Laboratories

Brief Summary of Project:

The primary objective of this project is to
evaluate the potential for modern, high-
strength steels to facilitate reductions in
the cost of hydrogen pipelines. Specific
goals are to (1) characterize fatigue
performance of high-strength girth welds
in hydrogen gas and compare
performance to low-strength pipe welds,
and (2) establish models that predict
pipeline behavior as a function of
microstructure in hydrogen to inform
future development.

Question 1: Approach to
performing the work

This project was rated 2.9 for its
approach.
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The project determined the fatigue behavior of high-strength pipeline steels in a hydrogen environment and
found that the effect of residual stress needs to be considered. This aspect seems important when comparing
welds and base metal and is a useful finding of this project. Reference was made to the development of
“alternative consumable” filler metal for high-strength steel, but the background, rationale, and approach to
developing this alternative filler was unclear. It is surprising that the manufacturer of the pipeline steel is
not shouldering the cost of fatigue testing and weld/filler development, as it is the manufacturer’s product.
The approach to performing the work is generally good. Objectives are clear and well-thought-out, and they
address a specific challenge. The test(s) chosen will yield results to address the issue, although
modifications could be made to these tests to improve them.

The objectives of the project are to determine whether high-strength girth welds are resistant to hydrogen
embrittlement and develop microstructure-based predictive models of hydrogen-accelerated fatigue crack
growth. High-strength gird welds are considered for cost reduction. The approach involves (1) use of the
Gleeble® approach at Oak Ridge National Laboratory (ORNL) to predict/control weld microstructure,

(2) fatigue testing at Sandia National Laboratories (SNL), and (3) model development at the National
Institute of Standards and Technology (NIST). The overall goal is to assess the hydrogen embrittlement of
X100 microstructure.

The presentation was well defined and provided relevant testing and results to proof.

The project timeline shows the project should be half-completed; however, nearly every task is behind in
overall completion. This includes the go/no-go gate, which has passed and is projected to be completed
more than six months late. The team presented no proposal for getting back on schedule so that the
information developed herein can be used to inform future work.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy

(DOE) goals

This project was rated 2.8 for its accomplishments and progress.

e The project has described the importance of residual stresses in influencing the fatigue life. This aspect may
have applicability to other lower-strength steels. If so, perhaps the past data on pipeline steel welds need to

be re-evaluated.
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e The project seems to be currently on track to achieve all the goals set.

e There is no progress at all on the development of controlled microstructure. In fact, the project has not
presented any microstructure that the investigators think is going to be hydrogen-resistant (see slide 8).
Fatigue testing at SNL, as described in slides 9 through 11, has revealed that X100 base metal performs
similarly to the low-strength base metal (a result that was also reported by the investigators last year), but
the X100 weld exhibits higher crack growth rates (CGRs). However, the presentation did not clarify the
specific aspects of the microstructure that are responsible for fatigue acceleration by hydrogen. For
instance, there was no justification as to why the W4 weld, a low-temperature transformation weld
(LTTW), is hydrogen-resistant. As for the model development at NIST, slides 16 and 17 present no
progress whatsoever. For instance, the investigators did not even discuss how the polygonal or acicular
ferrite features are related to embrittlement, which is a very important ingredient in a microstructure-based
model, as the project promises on slide 5.

Question 3: Collaboration and coordination with other institutions
This project was rated 3.3 for its collaboration and coordination.

e The project has a good mix of partners, including two national laboratories, a university, and an institute.
These are all organizations of high repute. Work seems to have been well coordinated between these
partners.

e  The presenter from SNL provided evidence of collaboration with NIST and Argonne National Laboratory,
which further strengthens the research work.

e The ORNL contributions to the identification of the weld microstructures can be significant. On the other
hand, the project did not demonstrate what the NIST contributions are. Looking at the 2016 presentation,
one cannot identify what progress has been made on model development in the last two years.

Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.2 for its relevance/potential impact.

e The usage of higher-strength steel will have a significant impact on the energy cost of storing and
transporting hydrogen and other energy products such as compressed natural gas.

e Reducing weld and pipeline cost is an important DOE goal, so the project’s objectives are worth pursuing.

e  The project goals aligns well with the transportation of hydrogen.

e  While the fatigue data on X100 was presented, the presenter did not clarify whether one could conclude
whether the X100 pipeline steel (at least from a fatigue perspective) was suitable material for a hydrogen
pipeline. Although the project aims to reduce the as-installed cost of pipelines, it is impossible to predict
the steel/pipeline industry’s pricing models. For example, the industry may decide to charge a premium for
X100 steel that may negate lower material cost associated with using less X100 material (i.e., thinner
sections). Thus, in that case, DOE’s investment in “validating” this steel for hydrogen pipelines will not
have the desired impact of lowering the installation cost of pipelines.

Question 5: Proposed future work
This project was rated 2.6 for its proposed future work.

e The presenter provided a clear strategy and short-/long-term planning for this project.

e Proposed future work is reasonable and will assist in meeting additional objectives.

e Regarding the Proposed Future Work slide, second bullet (Fabricate friction stir weld....), friction stir
welding (FSW) is already well established as a means to generally produce better welds than fusion welds
and, hence, better fatigue life. It would make sense for industry (instead of DOE) to be responsible for
development of an FSW process of their products. Regarding Proposed Future Work, third bullet (Develop
lab-scale high-strength steel...), there are numerous varieties of commercial high-strength steels with an
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equally large variety of microstructures. Thus, the need to develop yet another steel is not clear, and it may
be more cost-effective to have the industry pursue it.

e Asinthe 2016 presentation, it is not yet clear what the significance of the incorporation of the Gleeble
approach in the project is. No significant results have been reported on the relationship of the weld
microstructure to hydrogen embrittlement. The proposed future work on slide 19 is unfocused; it is
designed as if the project has just started. One cannot see a systematic continuation of progress building
upon the accomplishments from the last two years.

e  The project failed to mention the influence of post-weld heat treatments, which are of much greater
importance in high-strength pipeline steels.

Project strengths:

e  The team composition is very good. The organization of the work increases the chance of success and
places this team in a position to succeed. Goals are clear.

e  There are very nice collaborative efforts with project partners. The relationships are clear and provide
strength to the overall team.

e  The project team has the capabilities to perform the proposed work and has also previously tested a variety
of pipeline steels in hydrogen.

e The involvement of SNL and ORNL is a strength.

e This project is very promising in terms of solving the issues related to high-pressure hydrogen storage and
transport.

Project weaknesses:

e Lack of prototypical testing is a weakness, as a better understanding of component behavior is usually
achieved with well-thought-out prototypical testing. Prototypical testing is usually complicated and subject
to misinterpretation if not carefully executed, but these tests yield very powerful results when carefully
executed, though they are very expensive to carry out. Perhaps sponsors could consider this for future
investigations. Workers may well find that predicted lifetime may change, maybe even improve, with
prototypical testing. It is not certain that Gleeble-generated microstructural gradient specimens will be of
much use. It might be difficult to correlate microstructure with the growth rates, especially as there may be
no clear boundaries between microstructural variations. However, the thinking merits applause. It would be
more useful if results could be tied to particular microstructural features such as precipitates or different
phases (if they occur). It seems possible that the information already exists in literature. Investigators are
encouraged not to dial out the effect of residual stresses in all instances. An attempt should be made to
understand the relationship between microstructure, residual stresses, and CGRs. Residual stresses are a
fact of life and can usually be linked to microstructure and then to CGR. Besides, pipes in the field will not
be perfect; they will have different levels of residual stress and microstructural deformation, which will
affect lifetime predictions. It is important to contribute to knowledge in this area.

e  Microstructure work at ORNL and testing at SNL are not coordinated yet in a systematic way to reveal
potential weld microstructures that are hydrogen-resistant. NIST contributions are not identified.

e The project needs to focus on more collaboration with the steel cylinder manufacturers and the U.S.
Department of Transportation to prevent repetition of testing and evaluation.

e The project is behind schedule and is projecting a go/no-go decision six months late. Such gates are meant
to be deterministic to evaluate whether the project should move forward; this should not simply be a task
that can be pushed back based on changing circumstances.

e The project budget is excessive when compared to other DOE projects of similar scope.

Recommendations for additions/deletions to project scope:

e There is no explanation as to why the X100 base metal behaves similarly to low-strength steel and why the
X100 weld does not. The project needs to investigate these features if it aims to develop predictions
accounting for microstructural features. It is not clear how nano-indentation will produce any results useful
to the J2 theory of plasticity. J2 theory is a homogenized theory with no relationship whatsoever to
nanoscale. It is a collective representation of the dislocation and the broader microstructural response.
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Lastly, the participation of NIST in the project should be reconsidered, as there are no tangible
contributions over the past two years.

Regarding model validation, many models fall apart when an attempt is made to use them to interpret data
not used in their development. Validation of any predictive model is just as important as generating the
model. The project should verify that cracks are compliant in the heat-affected zone (HAZ) measurements.
HAZs are very thin, and cracks usually wander outside the zone. Investigators need to verify that what they
say they are measuring is what they are actually measuring.

This project should proceed with direct collaboration with the standards development organization,
International Organization for Standardization Technical Committee (ISO/TC) 197, and ISO/TC 58 to get
informed about the tremendous amount of work that has been achieved in this area.

The team should be addressing the influence of post-weld heat treatments on microstructure. This can be
addressed both in the weldments produced by ORNL and the Gleeble specimens used to evaluate the
microstructure gradients.

Development of new steel seems unnecessary, considering the large variety of steels commercially
available.

FSW development should be performed by the steel pipeline industry rather than DOE.
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Project #PD-031: Renewable Electrolysis Integrated System Development and
Testing
Michael Peters; National Renewable Energy Laboratory

Brief Summary of Project:

The objectives of this project are to
(1) validate cell, stack, and system
electrolyzer performance; (2) explore and

and performance under varying power
operation as well as integration with

(3) track the progress over long-duration
testing. These objectives support the

intermittent renewable power sources and
increasing the durability of electrolyzer
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performing the work

This project was rated 3.4 for its approach.

The approach of sustained research on low-temperature electrolyzer deployment issues is commendable.
Implementation of real-world systems, at increasing scale, provides much-needed public data sets on
hardware performance that should help the community address technical barriers.

The project is taking an excellent approach by assessing capital costs and improving system efficiencies
and renewable system integration, which are essential areas for making renewable electrolysis a pathway
for future large-scale hydrogen production.

This is a well-designed project that addresses and validates U.S. Department of Energy goals and targets
related to electrolyzer cost, efficiency, and integration into renewable energy sources. The project
encompasses new technology developments in electrolysis stacks and systems over a 14-year period.
Conducting actual testing of electrolyzer stacks is the highest-confidence pathway to full understanding and
verification. The long-term nature of the project (14 years) creates complications, as the technology is
constantly advancing and thus the performance of new tech stacks needs to be differentiated from older
tech stacks. Investigation of separate research topics/focus areas each year is a good approach.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.1 for its accomplishments and progress.

As this project is wrapping up, the team highlighted the accomplishments throughout the 14 years of the
project duration. These have been excellent, as the team has shown continuous progress against DOE
electrolyzer goals. The project has done excellent work by validating small units of 10 kW all the way to
the most recent ones of 250 kW, plus looking into improving system efficiencies.

There has been substantial and commendable progress over the years on a variety of specific performance
questions: maximum power point tracking vs. direct coupling, frequency response, and decay rate
assessment.

It is not clear what accomplishments have been made since the last DOE Hydrogen and Fuel Cells Program
Annual Merit Review. The score is based primarily on that. However, over its lifetime, the project clearly
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has made important contributions in areas of low-temperature electrolysis efficiency, durability, and
operational capabilities. Also, the project has supported development of National Renewable Energy
Laboratory (NREL) infrastructure and expertise that should pay dividends for years to come.

e The project investigates and reports on the major aspects of electrolysis, including the hydrogen dryer,
stack performance degradation/duration, and system efficiency.

Question 3: Collaboration and coordination with other institutions
This project was rated 3.5 for its collaboration and coordination.

e Interactions with U.S. electrolyzer manufacturers (Giner, Proton) and power providers (Xcel, SoCal Gas)
have been very worthwhile. Also, involvement in the Hydrogen Fueling Infrastructure Research and Station
Technology (H2FIRST) initiative is important to DOE goals. As a final push on the “collaboration with
others” front—particularly since the project is ending—a dedicated effort to make as much data available to
the public as possible is strongly encouraged. Transfer of knowledge cannot stop at NREL doors. A good
example is the best practices and lessons learned regarding balance-of-plant (BOP) maintenance, given the
potential for significant adverse impacts on electrolyzer performance.

e The project seems to be linked/collaborating with numerous other DOE-funded efforts. This is
commendable. Collaboration with leading electrolyzer industry members through cooperative research and
development agreements and technical services agreements is a key enabling arrangement to foster clear,
open, and comprehensive interaction.

e Successful collaborations with multiple stack and system manufacturers were key to validation, modeling
studies, and suggested improvements to the technology.

e  Working along with two excellent electrolyzer providers, Giner and Proton, clearly brings significant value
to the success of this project.

Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.3 for its relevance/potential impact.

e Investigation to discern reality vs. manufacturers’ claims is highly relevant. This project directly increases
understanding of system operation and performance in real-world environments.

e As more renewable electricity becomes available, there is larger potential for large-scale hydrogen
production via electrolysis. This project’s relevance clearly supports this pathway.

e Project tasks are aligned with DOE goals, and the data collected enable electrolysis manufacturers to
understand where further improvements are needed and can be implemented.

e Relevance of this work is conditional on providing unbiased, unfiltered data to the electrolyzer community.
This is because the project is mostly a demonstration, problem-solving, and data-acquisition exercise. Root
cause and fundamental analysis are needed to fully exploit the hard work—and that relies on publication of
the data in their gory detail.

Question 5: Proposed future work
This project was rated 3.2 for its proposed future work.

e The project is ending this year, so there is not much future work left, although the expertise, knowledge,
and assets involved on this work will be very valuable for the initiatives around H2@ Scale.

e Technoeconomic analysis of concentrator photovoltaic/polymer electrolyte membrane (CPV/PEM)
electrolysis is a good addition to the project. A final project report will be an important contribution.

e The project is nearing the suggested end date. Remaining tasks focus on technoeconomic analysis of CPV
and PEM electrolyzers and continued validation of cell voltage monitoring systems developed at NREL.
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Project strengths:

e Rigorous, independent assessment of technologies is a project strength. Examination of large format cells is
a plus. The project is used as an assessment of technologies, and the results can influence DOE in selection
of research and development investments.

e This is a sustained effort, focused on providing robust data on electrolyzer performance and capabilities.
Collaboration with equipment providers and potential users is also a project strength.

e The project has good collaboration with electrolyzer manufacturers Giner and Proton. NREL’s testbed
provides stack and system manufacturers with a means of validating their commercial stacks and BOP
components.

e The project has strong technical expertise at NREL, plus the collaboration with top electrolyzer providers.

Project weaknesses:

e  There were no specific weaknesses.

e  The project should assess sources of power consumption, not just report overall system efficiency/
consumption.

e  There is an apparent lack of collaboration with other national laboratories, e.g., for data analysis and
modeling.

Recommendations for additions/deletions to project scope:

e Continuing this work as part of H2@ Scale is strongly recommended.

e  While the project assesses various stacks, etc., it should go one step further and make recommendations as
to what combination of technologies forms a pathway to achieving DOE system efficiency goals. A
distinction should be made between drier hydrogen losses and drier energy inputs. Both are important.
Additionally, the impact of gas pressure on hydrogen losses and drier energy should be explored.

e NREL should plan on the development of new testbeds that address emerging electrolyzer technologies
such as anion-exchange membrane, high-temperature alkaline, and solid-oxide. In addition to providing
operating and capital expense comparisons, the data would provide insight into the best use or selection of
electrolyzer technology in various real-world scenarios.

e  The project should publish learnings and make key data available.
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Project #PD-038: Biomass to Hydrogen (B2H2)
Pin-Ching Maness; National Renewable Energy Laboratory

Brief Summary of Project:

The objective of this project is to develop
direct fermentation technologies to
convert renewable lignocellulosic
biomass resources to hydrogen. The
project addresses technoeconomic
feasibility of hydrogen production via
biomass fermentation in three tasks. Task
1 optimizes bioreactor performance,
focusing on de-acetylated and
mechanically refined (DMR) biomass to
lower feedstock costs. Task 2 focuses on
using ionic liquid pretreatment for
biomass processing. Task 3 develops and
applies genetic tools to modify metabolic
pathways aimed at improving hydrogen
molar yield. Task 4 integrates a microbial
electrolysis cell (MEC) reactor into the
system, producing hydrogen while
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cleaning the fermentation effluent to improve the overall hydrogen molar yield.

Question 1: Approach to performing the work

This project was rated 3.7 for its approach.

e The approach was direct to overcome the barriers of this project. First of all, the final feedstock cost was
reduced by the replacement of expensive ingredients with industrial byproducts as sources of crucial
nutrients for bacterial fitness, and the DMR corn stover pretreatment, a less intensive pretreatment, was
efficient in releasing fermentable sugars. Second, the study of operational parameters, such as hydraulic
retention time and liquid volume replacement, led to the definition of optimal conditions for higher
hydrogen yield. In addition, the hydrogen yield was increased by the use of engineered C. thermocellum,
capable of fermenting C5 and C6 sugars available in the feedstock. Third, the sequential MEC system
ensures the overall conversion of biomass feedstock to hydrogen, leading to higher hydrogen yield.

e The project developed by the group is quite complete and well designed. The project contemplates some
important points, such as genetic improvement and use of residues. In the case of biohydrogen production,
there was concern regarding treatment of the fermentation effluent, which is rich in organic acids and was
used for hydrogen production by means of MECs. The group is composed of a team of experts, and they
are making progress on the stated goals while also addressing potential barriers and challenges.

e The investigators have a strong approach to addressing their proposed work. It is a good combination of

innovative and sequential work. They are showing strong progress in all aspects of the work, including the
logical termination of work that is not hitting go/no-go targets. This shows that their approach is actionable.
The project has identified key barriers including hydrogen rate, final molar yield, feedstock costs, system
engineering, and reactor performance, and the project uses multiple approaches to address these issues.
Some aspects, such as biomass cost, are outside the scope of the project, but others are being addressed.
The project approach seems to be well designed for maximizing hydrogen molar yield via genetic
engineering. A clear example is the development of a mutant that successfully shut off two of the three
competing pathways. Also, the decision to stop the fermentation of pretreated biomass using ionic liquid
demonstrated serious discipline. Further progress related to eliminating costly process ingredients appears
to be advancing cost reductions, although it is hard to understand how helpful those reductions are to
reaching the hydrogen cost target. For next year’s review, a more detailed discussion on reducing the cost
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barrier would be useful. Further, it would be nice to see the conversion performance of a fully integrated
system in which all of the individual components are brought together for process and cost optimization.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.7 for its accomplishments and progress.

e The project has made accomplishments and is progressing in the bioreactor, genetic engineering, and MEC
tasks. The ionic liquid task will not be continued, which is reasonable because the poor growth
demonstrated would be a significant barrier to progress in that area. All tasks except for the ionic liquid
task appear to be meeting their milestones. A particularly interesting accomplishment is the demonstration
that an engineered C. thermocellum strain can co-utilize both xylose and glucose, and even seems to have a
slight preference for xylose. This is unexpected, as bacteria will often preferentially use glucose, in which
case long batch periods could be needed to allow the strains to first consume all glucose and then switch to
other compounds. The balanced co-utilization will likely make fermentation of the mixed substrates more
straightforward and allow for more bioreactor options, while increasing the portion of the biomass
feedstock that can be converted to hydrogen.

e The experiments were carried out in a way to directly overcome the barriers and challenges regarding this
project, which was hydrogen molar yield, feedstock cost, and system engineering.

o Hydrogen molar yield: This barrier has been overcome by means of applying a cheap and efficient
pretreatment to the lignocellulosic biomass with an increased hydrogen production rate and yield;
via genetic engineering of high-rate cellulose degrader C. thermocellum, which led to successful
hydrogen production results; and by integration with an MEC, with increased hydrogen yield.

o Feedstock cost: This barrier has been overcome by achieving high-rate hydrogen production from
a byproduct, lignocellulosic biomass; cheap and efficient feedstock pretreatment (DMR) with
increased DMR loadings; and successful hydrogen production using industrial waste or industrial
byproducts as a source of supplementation, replacing expensive ingredients and leading to a
growth medium cost reduction of 49%.

o System engineering: The use of a combined electrochemically assisted microbial fermentation to
convert the fermentation byproducts to hydrogen gas greatly increases the overall hydrogen yield
from lignocellulosic feedstocks. Achieving a high rate of hydrogen production with a non-Pt-
based cathode—stainless steel wool, a cheaper material—is a great milestone for the system
engineering performance.

e  The principal investigator (PI) presented accomplishments for four task areas and noted good progress in
all areas. The research team has produced a high-impact publication in Proceedings of the National
Academy of Sciences. The PI noted that Task 2 was not hitting the stated milestones, and therefore, Task 2
was terminated. This was a logical action, and it was good to see resources redirected when a project is not
hitting project goals. The overall progress on the project is outstanding. Each individual task has made
meaningful steps forward, and all of the tasks are synergistic.

e The project seems to be making progress and is meeting milestones. The group has reached the hydrogen
production rate target using DMR. The pre-treatment is an important step for project progress. However,
the tests with ionic liquid did not see progress owing to the cost of the methodology. Perhaps it would be
possible to test other methods of treatment.

e There were not enough data given to determine whether the cost targets can be met.

Question 3: Collaboration and coordination with other institutions
This project was rated 3.9 for its collaboration and coordination.

e The project has multiple collaborators that leverage expertise in different areas, including a long-term
partnership with Pennsylvania State University (Penn State) to develop MECs to run on fermentation
effluent, recent collaborations with Lawrence Berkeley National Laboratory (LBNL) and Sandia National
Laboratories (SNL) to evaluate a different biomass treatment method, and a no-cost collaborator at
University of California, Los Angeles (UCLA) involved in the pathway engineering work.
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e This project included different approaches to achieve the goals of reducing feedstock cost, optimizing
system design and operation, and increasing hydrogen yield. These approaches involved different areas,
such as chemistry, process engineering, and molecular biology. Therefore, a high degree of interaction
among institutions and researchers was necessary and successfully done. Each laboratory (institution)
worked on its specialty to achieve the goals together.

e Collaboration appears to be excellent and includes major research groups. There is great cooperation
between the partners, who have a good deal of expertise on this subject.

e The National Renewable Energy Laboratory (NREL) has a number of symbiotic collaborations including
those with Penn State, UCLA, and SNL, as well as the attempt to work with LBNL.

e The PI is doing an excellent job of leveraging collaborations and other resources to maximize the impact of
this project.

Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.5 for its relevance/potential impact.

e The PI has presented a logical project to improve and operationalize hydrogen production and MECs. The
PI has consistently produced strong results. The relevance of the work to supporting a diverse Hydrogen
and Fuel Cells Program is high. This work will likely have a moderate to high impact on the field.

e This project covers the main steps to sustainable hydrogen production from wastes. In addition to hydrogen
production from wastes, the project includes steps such as genetic engineering to improve waste utilization
by microorganisms and effluent reactor use. The effluent of dark fermentation, which is rich in organic
acids, could be used for biogas production or, as in this case, to produce hydrogen using MECs. The design
project includes cost reduction in each step, addressing the Multi-Year Research, Development, and
Demonstration Plan (MYRDDP).

e  Although it will be difficult for the project to meet the 2020 hydrogen cost target, the innovative genetic
technology approaches will certainly help to inform other bioreactor projects using lignocellulose. For
instance, the elimination of expensive enzyme cocktails and replacement of extract with industrial corn
steep liquor are useful discoveries to advancing bioreactor processing in general.

e The project was carried out outstandingly. However, one of the main goals of MYRDDP is to reduce the
cost of hydrogen to <$2/gge. Despite the great performance of the C. thermocellum mutants for producing
hydrogen from hydrolysate, the use of pure culture of bacteria or pure culture of engineered bacteria
systems may not be a low-cost process for practical-scale hydrogen production because of contamination
issues. Therefore, this approach to increasing hydrogen production may not be the best possibility. The use
of sequential fermentation-MEC systems with mixed microbial culture might be preferable for achieving
low-cost hydrogen production.

e The project is making progress toward the identified goals and objectives for biological hydrogen
production work and has identified additional objectives needed to support the overall goals, such as
increasing feedstock loading. To understand the degree of progress, it would be useful to include
information about comparable results from past years or the start of the project. For example, the bioreactor
performance milestone was clearly met (and slightly exceeded the target), but the progress over past years
was not entirely clear.

Question 5: Proposed future work
This project was rated 3.3 for its proposed future work.

e The proposed future work goes toward achieving new milestones in increasing hydrogen production yield
and efficiency, using complex substrates, and reducing the overall cost of the hydrogen production process.
Tasks involve examining new alternative materials and catalysts for the cathode and increasing MEC
performance.

e The proposed future work is highly relevant and will provide useful results.

o Task 1: The optimization of hydrogen production seems reasonable.
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o Task 4: The further improvement and the tests with others materials seem reasonable. Showing the
biohydrogen production long-term stability is interesting.

e  The work proposed for the next steps will continue to build on the progress of the different tasks. There are
several separate lines of ongoing work, and it is not clear when these improvements will be combined and
tested or whether there are plans to do so at a certain point in the development process. For example, for
fermentation, there are separate lines of work on bioreactor performance optimization, xylose and glucose
co-utilization, media cost reductions, and the enzyme mutations; and it is not certain how the different
changes will interact—for example, how the mutant hydrogen production will be affected when the strain
can utilize xylose and is growing in the lower-cost media. The new proposed life-cycle analysis work with
Argonne National Laboratory will provide useful information about the impacts and potential benefits of
this pathway, which will help in understanding the relevance and potential impact on the overall DOE goals
for hydrogen production.

e The proposed future work is logical and will make progress toward the stated project goals. It would be
good to see some additional work to address the long-term stability of the engineering strains. Additionally,
it would have been good to see a plan for how funds from Task 2 would be redirected (if applicable).

e In general, the next steps are logical progressions in a particular mutant that can block all three competing
pathways. It would have been helpful to have Bruce Logan present to answer questions related to progress
with alternative cathode materials along with next steps. It is not clear whether the stainless steel wool is a
good enough replacement for Pt/C. The expected stability limitations are also unclear.

Project strengths:

e The NREL work on genetic engineering of C. thermocellum has resulted in strong progress in the area of
metabolic engineering to improve hydrogen production. The project team is applying this to multiple areas,
from addressing sugar metabolism by engineering xylose utilization to addressing redox pathways with the
ferredoxin work. The decision to end the work on ionic-liquid-treated biomass in Task 2, based on the poor
growth of the C. thermocellum in the ionic liquids, will allow the project to focus on more promising
directions.

e Covering the main steps for the biohydrogen production, the project has as its main strengths:

o The search for alternative methods for the pre-treatment of lignocellulosic biomass

o Cost reduction using wastes

o Redirection of the metabolic pathways, removing those that compete in hydrogen production

o Reduction in the amount of precious metals needed

o Utilization of organic-acid-rich effluent from the fermentative reactor to produce more hydrogen

e This is a strong project with an overall goal of improving direct fermentation technology. The PI
consistently produces high-quality work. The four tasks are interrelated but not interdependent, which is an
asset. Each task has a measurable goal and specific milestones. Overall, this is an exciting project, and
future work is pleasantly anticipated.

e Some of the project strengths are integration among institutions and research groups to achieve the best
result for each task, the complete study of main barriers for biological hydrogen production from biomass
(biomass pretreatment, system design and operation, and microorganism performance) for low-cost
hydrogen production, and the planning to achieve the milestones and targets.

e All of the collaborators seem to be making significant advancements toward the collective whole.

Project weaknesses:

e No significant weaknesses were noted. Additional analysis of engineered strains would strengthen the
work.

e Though there has been progress in the bioreactor performance, the noted high variability of performance
during use could be a problem when scaling up, both in volume and in feedstock concentration, and make it
difficult to identify what issues are due to actual poor performance and what are due to variation. The
source of this variation is not clear. For the work on reducing culture media costs, it would be useful to
have a comparison of what existing large-scale fermentation systems use.

e The project is well designed, attending to the DOE goals. However, one of the steps of the project is cost
reduction of the feedstock, which relies on the use of waste. What is not very clear is how the hydrogen
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will be produced by the mutant C. thermocellum using wastes. Contamination probably will occur, and the
production period will be reduced by the contamination. In this way, a sterilization step probably will be
considered, increasing the production costs.

e The only project weakness, but an important feature, is the use of bacteria pure culture to produce
hydrogen. Pure culture systems demand higher operational steps and costs in order to prevent system
contamination.

e  The lack of details related to overall costs of hydrogen is an apparent weakness.

Recommendations for additions/deletions to project scope:

e A strong recommendation for addition to the project scope is to consider the possibility of system
contamination by microorganisms present in the feedstock. The project should carry out tests without
previous sterilization of the culture growth medium and feedstock to see whether there is any effect on the
process performance. Another recommended addition to the project scope is to consider the use of
methanogens inhibitors or shock pretreatment to the microbial mixed culture used in MECs to avoid
methane production in long-term fermentation.

e  Using the fermentation effluent in at least some future MEC experiments would strengthen the connection
between the fermentation tasks and the MEC improvement task and provide information on how well the
MEC improvements work with actual effluent. While this has been demonstrated in the past, there have
been significant changes to both systems, such as the development of a xylose-utilizing strain. Though this
was not listed in the slides as future work, it was mentioned in the question-and-answer session.

e  Other methodologies of biomass pre-treatment should be included in the project design.

o  Cost details should be included in next year’s presentation.
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Project #PD-100: 700 bar Hydrogen Dispenser Hose Reliability Improvement
Kevin Harrison; National Renewable Energy Laboratory

Brief Summary of Project: Overall Project Score: 3.4 (5 reviews received) | mThis Project
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performing the work
This project was rated 3.3 for its approach.

e  The approach is excellent, with comprehensive validation.

e  The approach and amount of funding ($633,500) are commensurate with the importance of this work. The
project has been ongoing from 2013 to the present. It would have been preferable for this project to be
shared with state and local governments active with hydrogen refueling stations and the proposed metrics
with the end-user community (station developers, both large and small and established and new). The
approach included metrics to determine leak evaluation and leak locations on the hose. Risk mitigation
based on comments from the 2016 Hydrogen and Fuel Cells Program Annual Merit Review looks good.
The issue is that the hose passes leak checks, but upon further inspection, leaks were found. Temperature’s
impact on leaks was evaluated, but it is not apparent that the impacts of novice users (real people) were
evaluated. (The speaker explained that for safety reasons, robots were used instead of people.) The project
looked at material choices on leaks and permeation. Although 700 bar is used, 350 bar is not, and no reason
was given. The approach of using graphics to communicate is very good. Perhaps the user community can
be told about the issue of the leaks occurring near the crimp on the hose. Efforts are underway to share
results with all of the California station operators, but it is not clear who can assist with this information-
sharing process. Hose replacements are expensive if one includes the station downtime. An Energy
Systems Integration Facility (ESIF) portal is mentioned, but the portal is not well-known; the project team
should get the word out. Note: valve leakage is noted as important, and more information may be needed
here. If the valve leakage information could also be disseminated, it would be appreciated. Some writing
can be improved: “Hose consumption larger than planned with new heat exchanger.” Perhaps this means
“Replacing hoses can be more expensive than replacing the heat exchanger.”

e This is the fourth year of this project. During this project, three hoses have been tested for reliability under
conditions that would be representative of a hydrogen dispensing station. Over the past year, one hose has
undergone testing. The conditions tested were pressure cycling, range of temperatures of inlet hydrogen,
and mechanical stressing of the hose using a robotic actuator. The project test protocols include checking
for leaks using a hydrogen sensor, leak detector (tape), pressure loss measurements, and mass flux
calculations using a permeability equation. Previous tests have included mechanical testing (torsion),
scanning electron microscope (SEM) analysis, and other materials characterization. Overall, the work
seems to be methodical and the objectives appear to have been met. However, some questions could be
raised, as this large investment in equipment and personnel costs has resulted in the testing of just three
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hoses, and all from one single vendor. It is not clear why more samples were not tested. It was not stated if
this is the only vendor for this type of product.

The approach is well-thought-out. One comment would be that the fueling profile, while meeting

SAE J2601, does not cover all the possible scenarios of the pressurization of the hose. It would be good to
test in “most severe” situations, which might include “rapid” pressurization to full pressure in both cold and
warm conditions.

Testing evaluates pressure, temperature, time, and mechanical stresses on a refueling hose and measures the
leak rate of the hose. The real learning will come with the analysis of the material post-failure. The problem
is the inability to test a variety of dissimilar materials and to vary parameters. The fact that the test-stand
tube has continued to operate after 4700 cycles with consistent small leakages and with California station
operators revealing that tubes in service failed after 1700 and 1000 cycles indicates that, despite the effort
to reproduce all these effects in the laboratory, other key influences are not included.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.4 for its accomplishments and progress.

Overall, the work is quite solid, and the objectives appear to have been met. The principal outcome seems
to be that the hoses are actually quite good. Although they all display some level of leaks, none of them can
be classified as “failed.” In that sense, the lessons that could be learned from this study are probably
lessened; had the hoses undergone actual failure, it might have led to clear directions for improvements.
The permeability measurements and calculations clearly indicate that the rate of leakage from the crimp
region is much too high to be accounted for purely by dissolution of hydrogen into, and diffusion through,
the polymer. It has been convincingly shown that mechanical degradation of the hose material has led to
the formation of cracks or other mechanical defects through which hydrogen has found a pathway to leak
instead of diffusing through the polymer material itself. This could be confirmed by conducting SEM
measurements of the hose sample adjacent to the crimped end. Cross-sections of the hose could be
examined at, say, one-inch intervals, away from the crimp. The samples nearest to the crimp might be
expected to display the greatest density of cracks or other mechanical defects.

A DOE goal is to make progress on performance indicators, and the speaker mentioned that the set-up
“passes all [National Fire Protection Association] (NFPA) leak checks.”

Project results contribute to safety of hydrogen refueling and therefore to the acceptance of the technology.
Progress is good, but maybe some thought is needed as to how to expedite the testing to get more cycles in
a shorter period. Testing has been limited in terms of number of hoses and number of cycles.

It is not clear what the overall project and DOE technical requirements are for the number of cycles. It
appears that the cold cycle results in higher hose permeability. Operating at or near the glass transition
temperature also results in high hose permeability. This should be investigated further.

Question 3: Collaboration and coordination with other institutions

This project was rated 3.0 for its collaboration and coordination.

Overall, the most intensive collaboration has been with the Colorado School of Mines for SEM imaging
and torsion rheology benchmark testing. However, this collaboration was completed in an earlier period.
Other collaborations are all minor in nature.

The project should continue to work with the NFPA, International Organization for Standardization, and
Canadian Standards Association code committees to address limitations of codes for hydrogen leakage.
This project could help drive these committees to develop a limit for hydrogen leakage.

Perhaps the California governmental agencies can be integrated/included in this study/project. There are 27
retail hydrogen refueling stations in California, and the user community is disparate; users’ care and
handling of hoses varies, and maybe best practices could help to lower the operation and maintenance of
this expensive part of a hydrogen refueling station.

Interaction with station operators is good, although other hose producers should be included in tests.

It would be helpful to test some other hoses, although the supplier base is limited.
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Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.5 for its relevance/potential impact.

e This project does address the goals and objectives of the Multi-Year Research, Development, and
Demonstration Plan. This testing also provides the opportunity to evaluate valves, O-rings, connections,
and break-away devices. Any failure of these components should also be analyzed to determine failure
mode. Such an analysis should be done not just on the hose since these other components are also costly to
replace and result in refueling station downtime.

e The goal of this project is to improve the reliability and thus reduce the cost of 700 bar hydrogen refueling
hose assemblies by identifying points of failure. The goal is consistent with DOE’s Hydrogen and Fuel
Cells Program (the Program) goals and objectives.

e This work supports and advances progress toward Program goals and objectives in that it addresses the
impact refueling station hose leakage and care and handling can have on the operations and maintenance of
stations. Perhaps best practices are needed here.

e The project contributes to the safety of hydrogen refueling and therefore to the success of hydrogen as a
market-ready fuel.

e Hose reliability is an issue, and this testing is important to improving safe operation of dispensers.

Question 5: Proposed future work
This project was rated 3.3 for its proposed future work.

e  The future work is explained, and this includes sharing the data with station developers. The future work
includes the ESIF portal to get the word out. Note: valve leakage is noted as important, but this aspect is
not developed in this study/paper. Including valve leakage would be appreciated. The presenters discussed
the permeability experiment, which is not being run, as well as how repetitive bending causes cracks in
hoses. Perhaps these can be included in future work.

e  The project should evaluate the failed hoses provided by industry with the same suite of analytical methods
as planned for the hose being stressed on site. The project also needs to investigate further why hoses fail
significantly more frequently in actual operation as compared to the laboratory setting.

e The project should put more severe cycles on hoses to accelerate testing and/or simulate worst-case
scenarios in the field. Maybe the project could work out a system to test multiple hoses at once.

e Plans to include further hose producers for testing samples are highly appreciated.

e Proposed future work seems reasonable.

Project strengths:

e The strength of this project is that the work is needed since hose replacement is an expensive part of a
station’s operation and maintenance. Standards compliance is key, and when the speaker was asked about
the potential for leakage causing a lack of compliance with SAE J2601 (fueling protocols), the speaker
commented that this effect occurs prior to a leak, causing lack of compliance with SAE J2601.

o Another strength is that the project evaluated the hose from the station operator’s point of view;
the project evaluated the pin pricks required by standards (this is good).

o Three-year-old hoses were tested, and no changes were observed. This is a practical side of this
work. Some hose failures are due to internal dust, and the speaker explained how this work
eliminates this as a factor.

o The project will work with standards groups to explain the impact on standards, which is very
much needed.

o Preventative maintenance can identify hoses for early replacement, and this leads the way to
providing information about the need for preventative maintenance for hoses.
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o  When asked why people are not used for the testing, the speaker commented that the robot is
highly accurate and measurable and that this is part of this analysis. Additionally, robots are used
to protect people from accidents.

o The speaker was asked whether the project could do some work on developing a harness to hold
the hose so the fuel cell electric vehicle driver who uses the station will not have the propensity to
drop this expensive part and possibly break the nozzle (and cause more cracks in the hose). The
speaker agreed that would be a good future part of the project.

e A comprehensive evaluation protocol has been created to test the reliability of hoses for dispensing
hydrogen. The protocol consists of pressure testing under different temperatures, mechanical stressing
using a robotic arm, checking for leaks using a hydrogen sensor and leak detector tape, pressure loss
measurements, mass flux calculations using a permeability equation, mechanical testing (torsion), SEM
analysis, and other materials characterization. The work has been done with reasonable care and has paid
good attention to the scientific method.

o There are great benefits to repetitively evaluating hoses with simultaneous pressure, temperature, and
mechanical stresses mimicking real-world operations, following SAE J2601.

e The project has a great test set-up and ability to test a critical component of hydrogen fueling.

e Results of this project can ensure the safety of the refueling process for users. Therefore, the project
contributes to the acceptance and success of hydrogen as a fuel.

Project weaknesses:

o In the context of operation and maintenance, preventative maintenance can be accomplished, and a hose
can be replaced prior to wear and tear of the hose. The presenter touched on this, but more information here
would have strengthened the presentation. The presentation does not explain how the user interface with
the nozzle is important to the user interface of the hose (the speaker explicitly mentioned this is not
included).

o Some writing can be improved: “Hose consumption larger than planned with new heat
exchanger.” Perhaps this means, “Replacing hoses can be more expensive than replacing the heat
exchanger.”

o The speaker did not mention the location of the station until asked; the speaker mentioned that the
station is at NREL in Golden, Colorado.

o The speaker did not explain how this project works with anticipatory changes to the standards; it
would be appreciated it if more mention were made here.

o The speaker mentioned that SAE J2601 contains no leak criteria, but it is not clear whether the
speaker wants SAE J2601 to contain leak criteria.

o The speaker did not dwell on how leaks can be mitigated for applications when people actually use
the hose, e.g., whether people change the number or location of leaks.

e  Only three hoses have been tested overall, and all from the same vendor. This is a rather small payoff from
a large investment in personnel and equipment.

e  Until now, only one sample was tested, so the relevance and reproducibility of tests for other hoses cannot
be assessed.

e The experiment needs to be able to isolate and mimic the conditions in the field to better understand the
failure modes that the laboratory experiment is not addressing.

e The project needs to test faster and under more severe conditions to better replicate some of the failures
seen in the field.

Recommendations for additions/deletions to project scope:

e  Work is underway at other national laboratories to evaluate material permeation as a function of
temperature, pressure, and frictional effects for polyoxymethylene in hydrogen. Efforts should be
coordinated. A full suite of testing should be performed on the hoses that failed in the field. It appears that
failure data are slow in coming for the hose testing in the laboratory. The failed hoses in the field could
provide the information the project is trying to obtain in the laboratory.
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The project should broaden/widen the dissemination of this work as it continues. Hoses are expensive, and
the user community needs some best practices to protect hoses that undergo wear and tear. Perhaps this
work can be used to predict when the hose can be proactively replaced.

The project should test under more rapid pressurization at both warm and cold temperatures and seek hoses
that have failed in the field and apply analytical techniques to look at failure modes.

Testing other hose samples from other producers to confirm results would be interesting.
Recommendations for future design as well as testing standards should be developed from the results of the
project.

Detailed SEM analysis might provide critical evidence about the cause of leakage (mechanical damage)
near the crimps.
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Project #PD-102: Hydrogen Production and Delivery Cost Analysis
Brian James; Strategic Analysis, Inc.

Brief Summary of Project: Overall Project Score: 3.4 (6 reviews received) | mThis Project
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Question 1: Approach to performing the work
This project was rated 3.5 for its approach.

e  Technoeconomic analyses (TEAs) provide critical information to DOE and the broader community.
Application of a consistent TEA methodology across the quite diverse set of pathways in the portfolio, such
as that utilized by Strategic Analysis, Inc. (SA) for this project, is exactly what is needed. The next step—
publishing those results, such as in DOE records, SA reports, and H2A model cases—is equally important,
and SA does a good job. One area for improvement for SA is helping the community understand how scale-
up affects the cost—not just the equations, exponents, etc. but key assumptions and sensitivities; this is the
aspect of the TEA that usually draws the most questions/doubt.

e This type of work has been ongoing for many years in the Fuel Cell Technologies Office (FCTO)
Hydrogen and Fuel Cells Program (the Program), and SA is the leader. While it would be nice to diversify
the DOE portfolio for TEA, if the leaders can perform the work, then there is no reason to look any further.
The project scope seems well defined and of interest to FCTO, and therefore, inherently it is integrated with
other efforts in the FCTO portfolio. It is also nice to see TEAs of completely new designs (e.g., the REP
work).

e The approach to this work is excellent: combining well-established DOE models together with SA internal
models to provide a cost indication for hydrogen pathways that have been shown to be technically feasible
(such as reformer—electrolyzer—purifier [REP] and WireTough’s storage vessels) and that may have a direct
impact on total hydrogen cost reduction.

e  The approach for the cost analysis for the Hydrogen Production and Delivery sub-program is a very
standardized, systematic process that is unbiased, using principles of Design for Manufacture and
Assembly (DFMA) in conjunction with expert input.

e  The approach is well conceived. There are no major suggestions for improvement.

e Technology readiness levels (TRLs) are part of a very good approach; new steps are an improvement for
low TRLs.

o Regarding dark fermentation, there is excellent linkage between laboratory and analysis work.
o Regarding REP, it is not clear why a company’s system is being endorsed. This is commercial
technology, the data is not transparent, and there is no uncertainty analysis.
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o Regarding WireTough, this does not seem to be pre-competitive technology either. It is not clear
why the company is not testing the cylinders themselves and doing TEA.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.3 for its accomplishments and progress.

The accomplishment with regard to completing the REP analysis is excellent. It is also really interesting to
see the progress being made on WireTough’s storage technology. This looks like a forecourt storage
technology that could be a cost-effective option. It would be interesting to see whether scaled-up designs
could be assessed.

This incarnation of the project was ongoing for only around six months prior to the due date for the
Program Annual Merit Review (AMR) talk, although it does seem somewhat like a continuation from the
2016 work. Notwithstanding, the progress is strong and sufficient. This team’s proven success in this work
for DOE suggests the team will succeed at a high level on this project, too.

There has been good progress in analyzing the methods suggested by DOE. There are no major concerns,
although of course there are always questions about the detailed numbers that go into these types of
analyses. SA is well aware of this and has a good approach to do as well as possible.

The project investigators accomplished what DOE asked to have analyzed, which may not reflect the most
high-priority technologies within the Program. The investigators updated a TRL determination
methodology that should be applied across the sub-program portfolio to help prioritize costing and funding
to help accelerate success of late-stage R&D.

Regarding TRL levels, there is good progress. Results produced for dark fermentation are interesting. More
needs to be done but mostly at the laboratory level. REP results are already available, but uncertainty
analysis is needed. The cost assessment for WireTough seems to have already been completed.

SA continued to do good job of fleshing out relative economics—and key R&D needs—of hydrogen
production pathways by finalizing another two cases. The third case, related to compression, storage, and
dispensing, is important because distribution and station costs can be on par with production costs, so it is
good for SA to assess novel compression, storage, and dispensing strategies. However, the lack of
transparency for the REP case was disappointing. It is difficult to discern key bottlenecks, R&D needs, and
limitations; perhaps the full report will be more informative. If the lack of transparency is because the key
information is proprietary, that probably means DOE should not have been involved.

Question 3: Collaboration and coordination with other institutions

This project was rated 3.4 for its collaboration and coordination.

There appears to be excellent communication with DOE. SA clearly reaches out to stakeholders,
technology providers, and industry contacts to understand technology and get the best possible input. It
would be good to see direct connections made with national laboratory modeling efforts where there is
overlap, for example, Argonne National Laboratory (ANL) modeling and National Renewable Energy
Laboratory (NREL) analysis. This would probably need to be facilitated by DOE.

The project is primarily a collaboration between SA (prime), NREL, and ANL to provide technical
expertise on different technologies. The investigators also interact with various technology investigators to
provide input on their technologies and processes.

While SA collaborates with appropriate groups, the number of groups is small, so there may be
considerable bias. Therefore, it is nice to learn that SA sends questionnaires to many experts, although
indicating an average +/- standard deviation per technology would be helpful for each high-TRL and low-
TRL case.

Good collaboration has been demonstrated with both NREL and ANL. It would be good to see what the
contribution has been from the industry collaborators such as FuelCell Energy (FCE) and WireTough.
Coordination is good. There is no reason for concerns.

Collaboration has been adequate, but it would be good to have additional feedback from industry on the
REP and pressure vessel analyses to ensure that this type of analysis is not favoring just two companies.
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Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.5 for its relevance/potential impact.

e The analysis performed on this project is important, as it provides a cost indication for technologies that
have been demonstrated to be technically feasible. This will provide DOE with an indication as to
which R&D areas could be given increased focus to have a larger impact in progressing the Program goals
and objectives.

e TEA is very important to DOE objectives, as it helps in identifying long-term potential (especially relative
to other options) and pinch points where R&D is needed. SA does a thorough and trustworthy job of it.
Transparency about key data and assumptions (where key data is measured by those with the largest impact
on final results) is of tremendous value to the greater community. SA mostly meets the mark here,
too. When SA cannot, DOE should be questioning its involvement in that particular technology.

e TEA is completely critical to the Program as well as any work funded by the DOE Office of Energy
Efficiency & Renewable Energy or the Advanced Research Projects Agency-Energy (ARPA-E).
Irrespective, if SA analyzed cases for FCTO in the past that have been around long enough now to
approach future case scenarios, it would be good to know whether those technologies have been able to
meet their long-term goals. The reason is that the long-term goals often seem slightly far-fetched, driven
solely by DOE targets, and likely unattainable in practice.

o This project brings a level of practical assessment to the portfolio and demonstrates the potential for these
technologies to meet DOE cost targets.

e Analyses provided by SA are extremely helpful for assessing various approaches and planning what areas
to work on next. This clearly advances Program goals.

e A TEA of the technologies presented was needed to understand their status and feasibility, particularly for
the dark fermentation technology, since it is at such a low TRL. The REP and WireTough technologies are
also important to understand, but the companies should be conducting their own analyses and providing
FCTO with data if they are looking to collaborate in government programs. It is not appropriate for a
government-funded program to pay for all the analyses.

Question 5: Proposed future work
This project was rated 3.4 for its proposed future work.

e Itisavery good idea to take a second look at steam methane reforming plus carbon capture and
sequestration. This is an absolutely critical baseline. The project should consider adding the byproduct
hydrogen (e.g., from ethane steam cracking) and other novel compression, storage, and dispensing
technologies to the list for prioritization.

e The continuation of the proposed work on WireTough’s storage technology seems appropriate as a
complement to the existing analysis. It is good to see that carbon capture and sequestration advances will
be implemented in future analyses.

e  The proposed future work is reasonable and will advance our knowledge of the status of emerging
technologies.

e A good scope of ideas and critical barriers is presented. However, it is noted that a new pathway for PEC
hydrogen will be conducted, yet several have already been conducted in great detail and shown that the
pathway to commercialization would require several miracles. There is no mention of milestones and
targets, but this project may not have them, and presumably SA will perform sufficient analyses, as they
have in the past.

e  Future work was well explained. There are no concerns.

e It seems as though there has been an extreme amount of effort into costing various aspects of compressed
storage technologies not completely different from what is being used today. More emphasis could be
placed on P&D pathway technologies that show potential for large-scale renewable production. While
photoelectrochemical (PEC) is a developing technology, it is still too immature to focus on costs currently,
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and there are other P&D technologies that are closer to being demonstration-ready, such as the
thermochemical cycles, that could benefit from a rigorous cost analysis.

Project strengths:

Strengths include the sustained development and application of TEA methodology, resulting in cases that
can be meaningfully compared and that are published in detail to promote transparency.

SA is carrying out important analyses using an informed approach and provides critical information on
various approaches and technologies relevant for the Program.

The team has strong knowledge of the industry and good analytical/engineering capabilities.

Investigators and collaborators have a strong understanding of costing principles and P&D technologies.
SA has a great track record of performing TEA for FCTO, and their current output is representative of that.
The cost analysis process is very comprehensive.

Project weaknesses:

There are no major concerns. A challenge with these analyses is getting enough information, especially
when some of it is proprietary, as in the FCE case. For REP, as an example, getting information on the
stack life when it is operated as an electrolyzer/purifier would be helpful, but that may not be available or
may not be something that FCE is willing to disclose.

There is a lack of clarity around technology prioritization by DOE for SA evaluation. There should be
better identification of “so what” implications/direct recommendations by SA on R&D needs.

A focus is needed on technologies that are more commercially viable on a large scale.

Use of confidential data is a weakness, and there is no uncertainty analysis in the REP work.

More transparency in milestones and the number of experts polled per technology is desired.

Recommendations for additions/deletions to project scope:

A solar thermochemical hydrogen re-analysis would be preferred prior to a PEC analysis, based on the
promising results from this year’s AMR using cheap metal-oxide materials. An in-depth analysis of
photovoltaics plus electrolyzer reactors and/or alkaline electrolysis alone could be conducted in place of
another PEC TEA.

The project should get uncertainty curves from FCE and have WireTough and FCE co-sponsor projects.
Correlations between pentose conversion, broth concentration, and fermentation times should be
investigated.

The project team has reported that the methodology has been validated on fuel cells; another validation
exercise should be considered. TRLs of technologies being evaluated should be clearly stated.
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Project #PD-108: Hydrogen Compression Application of the Linear Motor
Reciprocating Compressor
Eugene Broerman; Southwest Research Institute

Brief Summary of Project:
The objectives of this project are to
(1) improve isentropic efficiency of high-

pressure hydrogen compression above

(2) reduce capital costs to half those of
conventional reciprocating compressors

required maintenance by simplifying the
compressor design to eliminate common

Question 1: Approach to

Overall Project Score: 3.1 (6 reviews received) | mThis Project
4.0 ® Sub-Program Average

95% by minimizing aecrodynamic losses,  |3-0 T . T I T '
by minimizing part count, and (3) reduce  [2.0 1

wear items. 1.0

performing the work 0.0 . . . . '

Approach Accomplish- Collaboration Relevance/ Future Weighted
This project was rated 3.2 for its ments  and Potential Work Average
Coordination Impact
approach.
- The verticol hash-lines represent the highest ond lowest overoge scores received by projects in the sub-program.

The approach seems reasonable

and innovative in terms of electric drive: improves isentropic efficiency above 95%, splits into Budget
Period 1 for design and build, and conducts testing in Period 2. The testing was delayed and pushed into
fiscal year (FY) 2017. Isentropic efficiency should be clearly related to current target efficiency in the Fuel
Cell Technologies Office Multi-Year Research, Development, and Demonstration Plan (MYRDDP).

The technical approach to this project has been sound from the beginning. Project-management-wise, it
seems to have tracked well, with the exception being the part delay/remake that occurred this funded year
and that set the entire project back six months. This point should be of concern; given the tolerances
involved on the high-pressure pistons and sealing rings, this is a very difficult part to make, and it is very
easy to make it poorly and damage it during assembly, resulting in repeated setbacks.

The combination of modeling and laboratory development work is very appropriate.

Reducing capital cost and maintenance of hydrogen compressors is perfectly aligned with U.S. Department
of Energy goals. It is not clear how the isentropic efficiency, however, aids in those goals; the team should
draw easy-to-understand analogies to help show how they are tied together. The 2016 presentation
presented a comparison with another compressor technology and how the linear motor reciprocating
compressor (LMRC) would be greatly improved. It would be nice to read, in the 2017 report, about how
this compressor will actually accomplish those improvements.

The project is aiming for high isentropic efficiency, which apparently can also be achieved by a slow-speed
mechanical compressor. It would be useful to clarify at what “speeds” the current design is able to achieve
the high isentropic efficiency. Perhaps a fairer comparison with a mechanical compressor would be to state
the respective isentropic efficiency at similar hydrogen flow rates and compression ratios. Since reducing
the compressor cost relative to a conventional mechanical compressor is a key objective, it would be nice to
compare a cost-breakdown pie chart of the proposed electromechanical compressor and a conventional
reciprocating compressor (e.g., at the same hydrogen flow rate and compression ratio).

Southwest Research Institute’s (SWRI’s) approach appears to be to follow a bulleted list. A description
followed by a Gantt chart would be customary. The work itself appears to be close to schedule.
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Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.0 for its accomplishments and progress.

e It seems from the material presented that the main accomplishments within this funding year are production
of the core LMRC, dead load testing of the linear motor, and some initial gas testing of Stage 1 of the
compressor. The predicted vs. actual production load of the solenoid coils is an impressive
accomplishment, given that it seems to track well in a static test on a load cell. The ability to throttle the
piston speed of the linear motor to minimize check valve losses during the compression stroke is a big
potential benefit of the LMRC, and if it performs as the data shows it could, it is possible to realize the
isentropic efficiencies noted. Other data and accomplishments from previous years (included in this year’s
work, backup slides) still do not clearly state how the seal design for the 1500-pounds-per-square-inch-
gauge (psig) Stage 1 piston will translate to the larger challenge, which will be the Stage 3 14500 psig
piston. The use of packing would not be possible at those pressures, and the leakage rate would be
compounded. Progress of the project is good and methodical, and from the previous fiscal year, the LMRCs
being built and ready for testing are good—and well on the way to the testing phase.

e The design appears to work. The target appears to be to generate a 3.6-times pressure raise with each stage.
It is unclear whether the device meets the target efficiency levels. It would also be interesting to know the
mean time between failure (MTBF) for the gaskets and seats. It would also be interesting to know if there is
a preferred install origination—vertical versus horizontal. Site footprint size is always a station developer’s
concern.

e FY 2016 progress was shown up to some point last year owing to fabrication delays. The test stand is built,
and the test article is also complete. Initial tests of the motor follow predicted performance (response of
linear motor to current). The project is set for pressurization testing through the next budget period.

e This project experienced a delay and a hardware failure that put it back one year. It did not appear to result
in increased project cost.

e One of the key objectives is to increase the isentropic efficiency. The team talked about reduced efficiency
due to external mounting of the coils (for reduced risk). Slide 16 states “possible means to improve overall
efficiency... have been evaluated.” The overall presentation does not seem to lay out clearly the analysis of
efficiency calculations/claims, so it is hard to know what the current status of efficiency value is. Another
project objective is to reduce the capital cost—the team had to redesign the power controller; therefore, it
seems to be a custom-built item (thus potentially expensive because it is not an off-the-shelf product).
Further, in last year’s presentation, the team realized that they needed an expensive casting material for one
of the key parts. Thus, it is unclear whether the team will be able to meet the project cost objective—or at
least, it would be useful for the team to lay out the cost breakdown that demonstrates that the custom
controller, material costs, etc. will stay under control to meet the cost objective.

e Benchmarking against diaphragm and piston compressors (kilowatt-hours per kilogram compressed from
20 to 875 bar) would be helpful for understanding how this approach improves capital cost and/or
reliability. Neither the 2016 nor 2017 slides mentioned how much energy it would take to compress a
kilogram of hydrogen to fueling levels at 875 bar.

Question 3: Collaboration and coordination with other institutions
This project was rated 3.2 for its collaboration and coordination.

e The project has established a collaboration team that covers topical areas needed to improve chances of
success. The team is very good.

e Collaboration appears to be appropriate. It might be helpful for SWRI to interface with International
Organization for Standardization (ISO) Technical Committee (TC) 197 and the Canadian Standards
Association (CSA) Group. The current product safety document is in draft form. It is expected that this
device will at some time require a product listing. Here is an opportunity to address these documents prior
to public review and publishing. The point of contact at ISO is Karen Quackenbush. The point of contact at
the CSA Group is Sara Marxen.
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The use of ACI Services, Inc., for the detailed check valve and piston design is adequate, and the proof of
good collaboration will be within this coming year’s testing results and adjustments to the testing and
mechanical design as leakage data and compressor performance results come in. Beyond this, there is no
change from the previous year. It is suggested that the team collaborate with multiple vendors to ensure that
six-month delays due to vendors scrapping parts do not occur in the future—having a sole-source part
would be a big inhibitor for a commercialized product.

The team works well with multiple collaborators and suppliers. Parts are built to specification. The project
has had issues with one supplier and delays going on one year. It is too late to pivot, but the team should
consider the lessons learned.

The team appears to have in place the resources and collaborations necessary to complete the work.

Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.3 for its relevance/potential impact.

The key expectation of this project is to deliver a compressor at the stated cost target ($240,000) and with
isentropic efficiency better than conventional reciprocating compressors. If such cost and efficiency targets
can be met, this would be significant progress toward DOE goals.

The second (now) most unreliable component in the dispensing of hydrogen is compression technologies.
Improving reliability and reducing costs are critically important to the success of deploying hydrogen
fueling technologies.

This is relevant and may reduce compression costs and lower MTBFs for current compression systems.
Improving the reliability, costs, and efficiency of hydrogen compression is well aligned with DOE goals
and the needs of the industry. Expected performance should be compared with the project’s preliminary
data and commercially available data to show expected improvement in cost and energy intensity
(kWh/kg).

This project is relevant in the sense that a reduced-part-count compressor could reduce compressor capital
expenses. The challenge for this team—and one for which they have provided targets without backup
data—is that compressor performance projections are wildly optimistic without any high-pressure testing
being completed. In this presentation, the team presented compressed power consumption value reductions
of 9.2 kWh/kg (current) to 1.4 kWh/kg without having tested Stage 1 of the compressor. This is a broad
assertion without technical backup. If this is truly possible, the team should present their calculations to
back up this claim. Further to this point, the relevance of reduced maintenance cost is of course
omnipresent; however, the presented claim says that the LMRC can reach values of 48 months without
maintenance based on a 1/4 day duty cycle. When asked about exactly what this meant, the team was
unable to quantify if this meant 100% run time for six hours or start—stop for some period of time. In
compression equipment, this information is critical to making these assertions. After gathering one year of
data, it will be good for the team to put running data to these claims to determine whether they can be
backed up. This is a very important part to confirming this project’s relevance.

If efficiency can be improved through redesign, then the impact can be huge. This should be transferred to
an industrial partner to do.

Question 5: Proposed future work

This project was rated 3.1 for its proposed future work.

The future work is appropriate. It is a pleasure to see that a focus on quantifying and improving first-law
efficiencies has been included in this work.

Testing is the balance of the work and must be completed. It would be good to see maintenance data to
back up the operating expenses claim as well as detailed information and data sets on the kilowatt-hours-
per-kilogram compressor claims made within this year’s work.

Future work comprises testing the compressor, which is highly encouraged.

Proposed future work is appropriate.
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e It seems that the current plan is to make a more efficient Stage 1, then to build Stage 2/3. The team should
re-evaluate their cost and performance targets once the Stage 1 testing is complete so as to determine how
close they are to their isentropic efficiency and cost targets.

e More care should be taken to improve the test facility and controls cabinet. Based on the pictures, it seems
like the safety of the testing could be compromised by a lack of general housekeeping and good installation
practices.

Project strengths:

e  There is a possibility of a reduced-part-count compressor that achieves very high levels of efficiency and
reliability. The build phase of the project—taking out the six-month delay due to a scrapped part—has gone
well and is on track. The testing plan is well-thought-out. The project went through the national safety
panel.

e The project claims that it will lower the capital cost of the compressor to $240,000. Presumably this cost is
relative to a conventional mechanical hydrogen compressor for similar compression ratio and throughput. If
this objective can be achieved, it would be a significant achievement.

e This project is flexible enough to respond to previous comments. It is good to see that the team has
modified the overall project to address the efficiency point previously presented. The project has a good
team and good execution and is resilient to unexpected delays.

e This project is focused on improving the cost and reliability of hydrogen compressors, which is aligned
with DOE and industry goals. The LMRC approach may provide improved control of compression cycles.

e This is novel compression technology with high isentropic efficiency and potential cost and efficiency
benefits.

e Novelty and potential to reduce cost are project strengths.

Project weaknesses:

e No real weaknesses are identified.

e  Weaknesses include the following:

o The project makes claims about maintenance and kilowatt-hours per kilogram, but there are no
data, calculations, or evidence (even basic science) to substantiate these claims.

o There is a lack of electrical data and surface temperature information on the linear motor. As this
is pumping hydrogen, being in compliance with UL and other electrical codes and standards for
explosion-proof equipment is a very big wild card for making the LMRC viable. The team must
give great detail about having the coils of the linear motor (coils) rated or a possible path to UL or
Nationally Recognized Testing Laboratory (NRTL) certification. It is strongly recommended that
the team begin such a process. The testing matrix has a comment about the lack of seal
performance, mentioning that there was a seal loss of 2% at 100 bar outlet pressure. This would be
a very large red flag at this pressure and should be cause for concern about seal performance at
lower pressures. It would be an exponential problem of seal losses on the higher-pressure stages.

o  While the team mentioned that 97% efficiency of the compression process was the target in the
funding opportunity announcement (FOA), power put into the compression has a direct effect on
overall compressor efficiency; thus, the team did not give an appropriate response to last year’s
comments.

e Benchmarking this compressor with commercial systems in terms of cost, energy efficiency, and reliability
will help DOE understand whether this LMRC will ultimately achieve the goals of improving hydrogen
compression systems. Such benchmarks are not just saying it will be better but are showing why/how the
team believes these improvements will be realized—in other words, why the team believes that the seal life
will last two to three times longer than the competing technology. The controls cabinet and test facility
housekeeping and installation practices could be improved to reduce the chance of a mistake.

e Data on seal wear and the MTBF are weaknesses. The wear could have been independently tested. The
MTBEF is further down the pipeline. The four years pitched at the review is not realistic. There was no
mention of field trials.

e The analysis of various efficiency numbers and cost breakdown are not clearly described. Assumptions of
ceramic seal life (four years) requires experimental data to back up the life estimates.
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e  Weaknesses including lack of attention to system efficiency (kg/kwh); this seems to have been accounted
for at the beginning of the project, possibly within the FOA. System efficiency should be looked at
regardless since it is in the MYRDDP and is one of the issues with mechanical compression.

Recommendations for additions/deletions to project scope:

e  The following additions are recommended:
o Providing backup data and calculations for maintenance projections and kilowatt-hour-per-
kilogram compressor targets
o Ramping up the high-pressure stage seal testing, as this will be the larger project challenge
o Finding a path to NRTL certification for explosive environments of the linear motor, without
which there would be no path for the invention
e  When determining the compressor’s isentropic efficiency and costs, it would be useful to evaluate these
aspects during both continuous and intermittent operation.
e  The project should include field trials. The laboratory testing is fine. Field testing is the acid test.
e  The team should consider an independent safety review of the test facility and controls cabinet to reduce
the chances of an accident.
e  Assessing or modeling system efficiency is recommended if project targets are met.
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Project #PD-110: Low-Cost Hydrogen Storage at 875 bar Using Steel Liner and
Steel Wire Wrap
Amit Prakash; WireTough Cylinders

Brief Summary of Project: Overall Project Score: 3.2 (6 reviews received) | mThis Project

4.0 1 ® Sub-Program Average

The overall objective of this project is to
utilize innovative manufacturing
technologies to develop a pressure vessel

n ., n o l |
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the U.S. Department of Energy storage
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have a safety factor of 3 (burst pressure 1.0 -
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This project was rated 3.2 for its approach.

e The approach to performing the work is very good and will undoubtedly result in the completion of the task
and achievement of most if not all objectives.

e The approach involves wrapping commercially available Type I cylinders with ultra-high-steel wires for
safe storage of hydrogen at 87.5 MPa. In addition, autofrettage is used to induce compressive residual
stresses in the liner. Fatigue crack growth is investigated, and the results are compared with results obtained
at Sandia National Laboratories with tension—compression fatigue crack specimens. The KD-10 protocol is
used to assess the life of the liner under the design specifications listed on slide 9. In summary, the
approach is sound and state-of-the-art. A question investigators are asked to address is why they are
concerned with negative R ratios as far as life prediction is concerned. In addition, it is not clear what the
contribution of the autofrettage to the fatigue life is.

e  The project has performed extremely well in the short duration and is highly impactful. It is not clear how
the free ends of the steel wire wrap are terminated, for example, if they are welded to the tank. If so,
perhaps the weld location needs to be tested for fatigue life similar to the analysis for the rest of the steel
tank. It is also not clear whether, after the hydrotest, there is any check to ensure there is no residual water
left behind in the tank to avoid any potential corrosion.

e The approach employed by this project is appropriate.

e The presentation was lacking the basic testing and confirmation for the claim.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.2 for its accomplishments and progress.

e  Excellent progress has been made in all areas of work execution and in addressing the challenges laid out at
the beginning of the project. Cost targets have been met, and the durability target has been largely met,
albeit with a 20% shortfall from target (24 vs. >30 years) in the most conservative estimation. The project
will be declared a success.

e The project has made good progress toward DOE goals. The cost target of <$1,000 per kilogram of
hydrogen storage was achieved, as the presenter stated that the cost was $600-$800 per kilogram. The
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project has performed fatigue life calculations that show an estimated life of 24 years, which is getting
close to DOE’s 30-year-life goal.

Slide 12 reports the projected life of the liner to be 24 years for pressures alternating from 89 to 90 MPa
(this is a vague piece of information that the presentation did not clarify). This is a significant
accomplishment, although it is not clear what the pressure variation with time is. In addition, it is not clear
what the relevance of the result is to real-life application, as it was obtained for R=0.5. It is not clear what
the relevance of this ratio is to the negative ratios the investigators discussed in their introductory slides. It
is interesting that slide 11 reports stresses vs “distance,” but no explanation is given as to what length
“distance” denotes or from where “distance” is measured. In their presentation, project investigators did not
elaborate what information they are gleaning from the results of this slide for life prediction methodology.
This project is making very good progress and is on schedule.

The project team missed their completion date by more than eight months, and the project schedule slipped
from 2016 to 2017. While this can happen for a myriad of reasons, the team provided no feedback as to
why this delay was required, nor did they present a clear picture of how the new date would be attained.

Question 3: Collaboration and coordination with other institutions

This project was rated 3.1 for its collaboration and coordination.

This project has four partners, including WireTough Cylinders. This is a diverse and capable group with
two national laboratories.

Using external partners that are familiar with the code case was clearly demonstrated as an efficient and
intelligent use of project resources.

The collaborations established for this project are very good. The project might seriously consider
contacting HyTrec in Fukuoka, Japan. This facility has the capability of cycle-testing cylinders this long.
This type of work was successfully applied by the National Institute of Standards and Technology in 1970—
1980, and the company shall use the results.

The collaborations reported on slide 14 are deemed appropriate.

The budget indicates recipient share of only $500,000 of the total project budget of ~$2.5 million. It was
not clear how the remaining $2.0 million was distributed among the team so as to judge their respective
contributions vs. cost to the project.

Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.4 for its relevance/potential impact.

This project should produce inexpensive high-pressure cylinders for hydrogen transport. There is one point
of curiosity, however: the lower bound on the pressure cycle is ~70 MPa, which presupposes that these
cylinders will be used to top off local storage. The first thing that one will do is to empty these cylinders
below 70 MPa. The cylinder should still be in compression (except the dome region). It would be good to
know what the crack behavior will be at a high cycle rate (~10 cycles/day) when cycled to a lower lower
bound pressure—for example, 30 MPa. This needs to be addressed.

The project aligns well with the objectives of the Hydrogen and Fuel Cells Program in the area of hydrogen
storage.

The project meets the DOE targets with regard to both safety and cost.

The overwhelming weight of this type of pressure vessel is impractical. Much better alternatives, such as
carbon-overwrapped pressure vessels, can be used that are much lighter and not so much more expensive.
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Question 5: Proposed future work
This project was rated 3.0 for its proposed future work.

e The remaining scope is clear and appropriate, but no timeline was tied to the remaining tasks to determine
whether the scope was achievable. With project slip already being predicted, defining the timeline of the
future work is critical to a successful evaluation.

e It would be good to see cycle data to a lower pressure than the ~70 MPa design lower pressure. This
cylinder design will probably be fine, but the domes are not wrapped and are not under compression, so it
begs the question as to whether this region will be more susceptible to higher-frequency lower lower
pressure bounds.

e The rationale for testing wires (external to the tank) in hydrogen is not clear. Even if one argues the
presence of “some hydrogen” in the local environment, it is unlikely that this hydrogen will be at pressures
influencing fatigue life. The team should consider evaluating the design space for further cost reduction via
using alternate steel cylinders, autofrettage pressures, wire strength, etc. Such effort will move the project
toward DOE’s long-term cost targets for hydrogen storage containers.

e Onslide 13, it is proposed that a protocol be developed on ensuring that adequate compressive stresses be
developed during autofrettage. There is not enough information to assess how the project addresses the
effect of the compressive stresses on the life of the liner. This is not a well-analyzed part of the project, and
the investigators’ presentation did not clarify it.

e  The future work described will close the project out with some unanswered questions. However, given the
time and resources remaining through the end of the project, not much more may be achieved in the time
left.

Project strengths:

e  Project strengths include the collaborative team that performed the work, the technology brought to bear in
solving the challenge being addressed at a fairly low cost, and the fact that the goals and milestones reached
in the work are largely consistent with what was promised at the beginning of the project.

e This project is well executed, making timely progress from last year. It looks like this will be successful in
producing a low-cost, high-pressure system for hydrogen transport.

e A strength is the data-analysis-driven solution to the cost challenge of fabricating long-term hydrogen
storage containers.

e Dr. Saxena’s scientific stature is a project strength.

o Cost targets were clearly demonstrated to be achievable.

Project weaknesses:

e No real weaknesses are identified.

e There is a lack of prototypical testing. A better understanding of component behavior is usually achieved
with well-thought-out prototypical testing. Tests are usually complicated and subject to misinterpretation if
not carefully executed, but they yield very powerful results if they are carefully executed. They are also
very expensive to carry out. Perhaps sponsors could consider this for future investigations. Workers may
well find that predicted lifetime may change, maybe even improve, with prototypical testing. The
technology highlighted depends solely on the ability to maintain the compressive stresses imposed by the
wire wrap on the storage tank. If wires relax or fail, the benefit of the technology is lost (until re-wrapping
is carried out). Very little testing seems to have been focused on the durability of the wire wraps when
exposed to various types of service environments the tanks are likely to be in, especially as they are
expected to be in service for decades. The issues of stress relaxation over long periods of time are not
addressed in this presentation either. Other presentations may have addressed these issues, but this one
certainly did not.

e Itis not clear by how much the autofrettage affects fatigue crack growth. In fact, the elaboration on
negative R ratios seems to be out of place because fatigue crack growth under hydrogen pressure takes
place under positive hoop stresses and hence positive R. There is no information on what pressure profile
the investigators used in their life analysis and whether the profile is relevant to real-life applications. An
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overall comment is that the presentation at the 2017 Annual Merit Review lacked clarity with regard to
essential ingredients of the project.

The presentation has numerous typographical errors. In the da/din vs. delta K graph on page 7, the reasons
for different trends shown by the green line, black line, and dotted black line are not clear, i.e., whether the
differences are due to differences in pressure, R value, frequency, etc.

While the project team was working to evaluate the lifecycle of the cylinders (they believed they were
doing well), they still are falling short of the target 30-year design life.

Recommendations for additions/deletions to project scope:

The wire testing task seems unnecessary. Perhaps it is possible to determine whether the design space—
combinations of cylinder material, autofrettage pressure, and wire strength—can be played with to further
bring down the cost of hydrogen storage.

A test facility that can cycle test these tanks under anticipated real-life duty cycles should be sought; the
project should look into HyTrec in Fukuoka, Japan.

No additions are recommended. The project is in the final stages, and any additions to project scope based
on project weaknesses will require additional funds and time to complete. The project will provide useful
data as planned to completion.

Presentation slides should be numbered. The autofrettage protocol must be presented in relation to real-life
pressure variations with time. The project has not demonstrated why autofrettage is needed.
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Project #PD-111: Monolithic Piston-Type Reactor for Hydrogen Production
through Rapid Swing of Reforming/Combustion Reactions
Kenneth Rappe; Pacific Northwest National Laboratory

Brief Summary of Project: Overall Project Score: 3.2 (4 reviews received) | mThis Project
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performing the work

This project was rated 3.1 for its approach.

The rapid swing reforming/combustion process demonstrated in this project appears to be a novel,
potentially low-cost approach to producing hydrogen from bio-oil. The identified barriers are (1) plant
capital costs and efficiency (unit scale of economy) and (2) operations and maintenance (O&M). To reduce
capital costs, the project team minimized unit operations and simplified the process. To increase energy
conversion efficiency, the team used in situ heat exchange between reaction and regeneration to minimize
heat loss, and in situ CO, capture to push thermodynamics of reforming to higher conversion. To reduce
O&M costs, the project team attempted to improve operating flexibility and durability by minimizing
coking and catalyst deactivation. There are likely to be several more points of system vulnerability that
could have an impact on efficiency and durability over time. The impacts of pH, temperature, and pressure
cycling on vessels, pumps, valves, and sensors were not mentioned. Also, control strategies should be
discussed.

The project team has successfully addressed and made improvements to the barrier targeting hydrogen
production at less than $2/gallon of gas equivalent (gge). The work shows good progress in improving the
production rate of hydrogen through improved sorbent formulation and loading as well as catalyst
formulation and loading. Further, the work demonstrates limited degradation of the primary components
over multiple cycles, though any future work should include extended cycles in which the degradation is
measured over hundreds or thousands of cycles. While optimization will also lower system costs, it does
not specifically lower capital cost of the equipment, which was a targeted barrier of the work. Perhaps work
was done to lower these costs, but no values were presented for estimates on the capital equipment, the
catalysts, or the monolith used in the project.

The system approach takes advantage of two sets of reactions cyclically to synergistically improve
hydrogen production from a biomass-derived liquid (bio-oil), including taking advantage of coking, which
is often an obstacle to performance. This is aimed at addressing multiple barriers, including improving
conversion efficiently, reducing capital costs, and improving operational requirements. The approach
combines development of system components such as catalysts with an integrated pilot demonstration. The
demonstration step is important to evaluating the integrated impact of the developments.

The investigators have done a reasonable job but have tested very few catalysts for this reaction. In a
commercial laboratory, over a hundred different catalysts might be tested in a year. Material balances seem
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to have been ignored. Analysis of coke yields and compositions, accurate analysis of light gases produced,
etc. would allow the investigators to optimize the process to perhaps convert methane and other light
hydrocarbons formed, or at least to get a good estimate of theoretical yield of hydrogen. The incorporation
of a CO, adsorbent was a good addition, probably shifting water—gas shift equilibrium to give higher yields
of hydrogen.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 3.3 for its accomplishments and progress.

e This is good work. The team reports that the addition of K and La to the reforming catalyst reduced
selectivity to methane and coke formation and increased reform rates by increased metal-oxide dispersion.
The sorbent was successfully optimized for scaled synthesis and stability by optimizing eutectic weight
percent in sorbent, and by a method of synthesis that includes direct impregnation of Li, Na, and K
carbonate eutectics on dolomite; synthesis time was reduced by 75%. The team also reports that the source
of deactivation in the integrated system was identified and stable operation has been achieved. Ultimately,
stable bio-oil reforming with integrated CO, capture was demonstrated. CO, capture was shown to
significantly improve hydrogen yield (up to 5x). The team should consider manufacturing in further
developing its design to gain efficiencies of mass production. Refined design could minimize the cost and
amounts of materials used in both the primary reactors and the balance of plant, as well as thermal
efficiency, durability, and long-term costs incurred in replacing components.

e The project has shown significant improvement from previous work. The work innovatively deals with the
production of CO, and creatively uses the coke created during hydrogen production for heat generation.
The work utilizes bio-oil in the form of pyrolysis oil, which is useful and in keeping with DOE goals. The
group showed clear performance in hydrogen production capability and method for improving catalyst and
sorbent performance.

e There has been progress in the project tasks, including accomplishments in improving the catalysts and
demonstrating an integrated pilot system. The fiscal year 2016 milestone of demonstrating extended
operation of the system integrated with CO, capture has been significantly delayed. The project identified a
production target of 10% kilograms of Hy/kilogram of bio-oil. The highest status presented was around 6%,
though it was noted that it was expected to increase if further optimization was done.

e The investigators have shown conversion to hydrogen, but no good heat and material balances were
presented. Limited catalyst optimization has been attempted. Also, since conversion is less than 100%, the
reactor would need to operate in recycle mode. The unreacted bio-oil is probably less reactive, so problems
in converting this material would need to be addressed.

Question 3: Collaboration and coordination with other institutions
This project was rated 3.3 for its collaboration and coordination.

e The project has multiple partners, leveraging expertise in catalysts (Washington State University [WSU]),
monoliths (Cormetech), and testing apparatus (Dason). In addition to extending the types of experiments
that could be performed, collaboration was demonstrated by the troubleshooting described to identify and
address the root causes of problems with the testing system, such as thermal management and opening the
reactor for maintenance.

e Collaboration and coordination appear to be quite good. Team problem-solving in selecting, testing, and
optimizing the catalyst is evidence of excellent coordination and collaboration. It is difficult to gauge
coordination and collaboration in much detail based on the simple organization chart.

e Collaboration efforts are obvious. There appear to be some small gaps in understanding of what various
groups are doing and have done, specifically regarding work done at WSU for catalyst formation. Some
improved communication is advised.

e Collaborations appear to be limited to one university, a monolith supplier, and a reactor supplier. There was
no attempt to work with catalyst manufacturers, bio-oil suppliers, or companies engaged in upgrading bio-
oil. All of these entities could probably have made significant contributions to the success of the project.
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Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 2.9 for its relevance/potential impact.

e The project directly relates to the DOE Hydrogen Production and Delivery sub-program goals and even
utilizes use of a renewable feedstock in the form of bio-oil.

e The project identifies barriers that it is addressing, but the objectives listed (reduce capital costs, increase
efficiency, increase operation flexibility and durability) do not have clear targets for progress identified.
These may be built into the cost analysis, but without identifying those, it is difficult to evaluate the impact
of each on the overall listed target of producing hydrogen at <§2/gge. The investigators estimate that if the
project meets its technical targets, the cost for hydrogen production would be reduced to just under $4/gge,
with potential for further reductions. However, the estimate with further optimization is above the $2/gge
identified as the target, and there is no indication of how or whether further reductions could be made, or
how much of the reduction is due to using a future pyrolysis oil cost of $6 per gigajoule (compared to a
$14.1-per-gigajoule bio-oil cost in the other cases).

e  Among the options for using bio-oil, upgrading for mixing with hydrocarbon fuels for internal combustion
engines is a much more likely option. Given the low yields of hydrogen, upgrading to hydrocarbons is a
more likely option. This technology might be utilized in small-scale remote operations to provide hydrogen
for bio-oil upgrading/stabilization.

e Assuming a robust hydrogen market develops, the potential significance of bio-oil as a feedstock and this
technology is unclear. Likely bio-feedstock will come from municipal solid waste, biosolids, and waste
wood. It is not clear how this technology will address the energy conversion needs of those markets or what
portion of the hydrogen market this technology can meet.

Question 5: Proposed future work
This project was rated 3.2 for its proposed future work.

e The presenter stated that in the time since the slides were submitted, the decision was made to end the
project for funding reasons, and therefore the future work is to prepare information for report-out. As the
project work is ending, this is important work to ensure that the results and lessons learned can be shared.

e It is understood that the remaining time for the project will be spent on data reporting.

e The proposed final tasks are clear and appropriate.

Project strengths:

e  Project strengths include the novel approach and simple design execution, as well as team problem-solving
in selecting, testing, and optimizing the catalyst. The technology does not include exotic materials or
extreme operating conditions, and there is a line of sight to commercial viability.

e Project strengths include use of bio-oil as a feedstock, use of CO, sorbent to purify hydrogen during the
process, high-level collaborative partners, and a significant improvement in optimization.

e The partners were able to work together to identify real-world process issues such as opening reactor
temperature control issues. In addition to allowing for the demonstrations to continue, this also will be
useful information for developing designs and plans for scaling up.

e Use of CO, sorbent in the reactor is a strength.

Project weaknesses:
e There are not enough cost data presented to confirm the impact of optimization on capital cost. The poster

presentation would be better as a poster, not a series of PowerPoint slides. The presenter seemed to have
trouble presenting work in a fluid, coherent manner.
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e  Weaknesses include the lack of materials balance and light gas analysis of off-gas. There has been no
consideration of recycle issues. The project failed to achieve targeted hydrogen yields.

e The impact of the technical accomplishments on the modeled cost is not clear. The numbers have been
updated from last year, but the source of the changes is not described.

e Assuming that this technology becomes commercial, its potential impact on the supply of renewable
hydrogen is unclear.

Recommendations for additions/deletions to project scope:

e  Manufacturing strategies and design could be pursued to help minimize system costs. Future work could
also include the development of advanced pathways for limiting CO, emissions. One common example
might be methanol co-production. Other approaches might involve using some of the solid carbon produced
by this process to make high-value materials such as carbon-based structural fiber and coatings.

e It would be useful to expand on the experimental work, specifically increasing the tests for degradation of
the catalyst. Some information on capital cost and the impact of optimization on performance cost would
assist in directly addressing the barriers for capital cost.
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Project #PD-113: High-Efficiency Solar Thermochemical Reactor for Hydrogen
Production
Tony McDaniel; Sandia National Laboratories

Brief Summary of Project: Overall Project Score: 3.1 (6 reviews received) | mThis Project

4.0 1 ® Sub-Program Average

The objective of this project is to develop
and validate a particle bed reactor for

producing hydrogen via a o . - 1 . N
thermochemical water-splitting cycle 3.0 1

using a non-volatile metal oxide as the ]

working fluid. Sandia National

Laboratories (SNL) will demonstrate 2.0 -

eight continuous hours of “on-sun”

operation, producing more than three ]

liters of hydrogen by the end of the 1.0 -

project. Fiscal year 20162017 objectives

are to (1) discover and characterize T

suitable materials for two-step, non- 0.0 - . . . . ;

volatile metal oxide thermochemical Approach  Accomplish- Collaboration Relevance/ Future Weighted
water-splitting cycles, (2) construct and ments End it Ploteﬂlliﬂ Work Average
. . oordination mpac
demonstrate a particle receiver—reactor 3
Capable Of COl’ltinllOllS Operation at 3 kW pdii3 The vertical hash-lines represent the highest ond lowest overage scores received by projects in the sub-program.

thermal input, and (3) conduct full
technoeconomic, sensitivity, and trade-off analyses of a large-scale hydrogen production facility using a plant-
specific predictor model coupled to the Hydrogen Analysis (H2A) model.

Question 1: Approach to performing the work
This project was rated 3.3 for its approach.

e From the onset, the team took an aggressive approach to innovating not only a complex reactor design but
also novel materials. While making significant progress, choices of how to prioritize and arrange research
efforts between these objectives have resulted in no clear success for either. Research is like that
sometimes—big bets do not always pan out. However, the strategy of parallel materials, reactor, and
analysis thrusts is commendable. Not to be endorsed is the idea of waiting until the end of a three-year
project to publish all the results.

e SNL set a very ambitious and focused project scope and schedule to meet the U.S. Department of Energy
(DOE) objectives, to develop materials discovery approaches for improved reaction materials for water
splitting, and to design and construct a particle receiver—reactor capable of continuous operation. The
approach made the most of a relatively modest amount of funding over less than three years, and the
approach was high-risk and innovative. While not all barriers were anticipated or overcome, significant
gains in knowledge were achieved that will allow future efforts to be even more focused and successful.
This project was well integrated with the interests of the DOE Materials Genome Initiative.

e  Solar thermochemical hydrogen production (STCH) is a unique process for solar water splitting that is
different from photoelectrochemical (which is very similar to photovoltaics [PV] + electrolysis). The
uniqueness of the reactor means that the scaling and cost-learning curves from historical technologies could
be very different, and thus it has the chance to be a game-changing technology in the field of solar water
splitting. However, to further support this, it should be clarified how the technoeconomics of STCH
compare to solar thermal PV + electrolysis. This project is well designed and nicely complements the
STCH efforts at University of Colorado Boulder.

e The investigators have combined theory, high-volume material screening, and testing to advance the
science. The “small”-scale reactor work is very useful and necessary for this type of work to progress.

e  With an experimental campaign that surveyed up to 200 perovskites, it seems that, using the principled
approach the principal investigator (PI) describes (these experiments were not Edisonian in nature), one
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ought to have validated the scientific principles the researchers set out to prove. Given the number of
samples, this has the opportunity to occur to such an extent that we might argue the materials space has
been “covered,” in the mathematically complete sense of the word, assuming a properly executed statistical
design of experiments occurred. Unfortunately, it seems we do not yet have this confidence in the materials
space. It is not clear that the part of the project validating the principles set forth in the materials design was
properly structured. Interesting discoveries are still happening (a new dual perovskite—right at the end of
the project). While, as argued by the PI, we might not know enough design rules at the start of a project, we
may certainly design an experiment to thoughtfully and efficiently cover a space, especially if the
investigators bring their extensive understanding of how thermodynamic stability brackets interesting
materials combinations as “possibility.” Tradeoffs always happen,; it is not clear that the project has been
managed with such tradeoffs in mind.

e Given STCH’s low technology readiness level (TRL) and long-shot prospect, the project’s scope and
breadth is way too broad for the project duration and funding level. The team focus and capability appear to
be on reactor design and construction (which should be the primary effort) rather than on materials
discovery.

Question 2: Accomplishments and progress toward overall project and U.S. Department of Energy
(DOE) goals

This project was rated 2.8 for its accomplishments and progress.

e  The demonstration of the operating system was very good. It is to be hoped that the investigators can get it
fixed so they can complete their run. The discovery that other design considerations need to be included is
important, and the team should document it well for other developers. Unless the steam requirements can
be lowered, this technology will be expensive. The project should see what the H2A model costs are when
the large amounts of steam are included in the system. The high-temperature “waste heat” is of extremely
high value and should not be wasted. It is surprising that the waste heat cannot be used on the material and
steam preheating. If it is not heated in material preheating, then it should definitely be used for other value-
added product production such as electricity generation. The investigators have an impressive number of
papers being written (13). In the future, they should try to publish more often to avoid having so many at
one time. They identified only a handful of materials that could be used and only one or two that were
better than their baseline, after screening hundreds. They need to improve the screening process.

e  The primary demonstrable accomplishment was the design/build of a (mostly) operational STCH reactor.
The team nearly accomplished the hydrogen production goal. It is unclear whether the failure exposed a
fatal design flaw or if the team will repair and repeat the attempt. The ultimate payoff of this substantial
project will be judged in the impact of the many planned publications, including use of the material design
rules claimed to have been developed, and future research enabled by a functioning STCH reactor. The
project also highlighted the potential for hydrogen—electricity co-generation as a significant potential
advantage. This should be explored further by DOE.

e  The work on cerium oxide (CeO,) and the demonstration reactor is superb and exciting. The results and
predictive capabilities from the entropy engineering have been less successful, but that is of lesser concern.
Interestingly, the concept of co-generation of hydrogen and electricity is mentioned, but the global
minimum for ultimate cost based on the fraction of heat going to STCH vs. concentrated solar power (CSP)
electricity (followed by hydrogen via electrolysis, for example) was not mentioned. This is an important
comparison that should be performed to identify the benefits of co-generation or determine whether solar
thermal PV + electrolysis is projected to be less expensive.

e In collaboration with partners, SNL was able to design, construct, and test a solar simulator, reaction
chambers, and the Cascading Pressure Receiver—Reactor (CPR2). Although the project demonstrated
hydrogen production with this reactor, it was not able to demonstrate eight hours of continuous operation
and production. The reason was not adequately explained, nor was a possible fix to the system to allow for
longer-term operation discussed. It would seem that this would have to be done if the CPR2 is to be a
valuable resource for future research by SNL and others and contribute to technology transfer efforts.
Materials discovery work to date has not identified the optimum water-splitting material or materials, but
good progress has been made in identifying design rules and protocols. This will allow future materials
work to continue to make progress in this area.
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The project goals do not appear to be well defined or were too ambitious from the outset. For example, the
stated goal to “develop a viable integrated solar-driven high-temperature thermochemical water-splitting
process” can be subjective. It is difficult to measure the success of the stated milestones, such as
“Formulate and synthesize [reduction—oxidation reaction] active oxides from LaAlO;,” without mention of
size, properties, or performance of the synthesized material.

The project has not achieved three liters of hydrogen in an eight-hour period. The thermally induced
mechanical failure in the system is a harbinger of things to come.

Question 3: Collaboration and coordination with other institutions

This project was rated 3.6 for its collaboration and coordination.

This project has demonstrated excellent collaboration, cooperation, and coordination between multiple
partners, including several universities and a European laboratory. Participation in the newly formed
HydroGEN Advanced Water Splitting Materials Consortium will provide another opportunity for SNL to
shape the future of this technology.

This project has a large number of national and international collaborators that seem dedicated to the work
and the project. This project nicely complements the STCH efforts at University of Colorado Boulder.
Most seem to have made meaningful contributions, and SNL actively engaged its partners.

This is a very impressive national and international team. The team inputs to the project need to be better
defined.

The project appears to have key academic and international (German Aerospace Center—DLR)
collaboration.

This was done well.

The list of collaborators is long—possibly too long, possibly resulting in high coordination/management
overhead.

Question 4: Relevance/potential impact on supporting and advancing progress toward the
Hydrogen and Fuel Cells Program goals and objectives delineated in the Multi-Year Research,
Development, and Demonstration Plan

This project was rated 3.5 for its relevance/potential impact.

The reactor system designed and built under this project should provide a valuable resource to future work
by SNL or others, especially if it can be fixed to run continuously for eight hours or more. This project
group has been an early leader in materials discovery research and development of metal oxides and
perovskites for water-splitting applications, and their experience and results to date will serve as a
springboard for further studies in this area.

STCH needs proof-of-principle projects like this one to jump-start serious evaluation of the concept. A
more conventional technoeconomic analysis (TEA) is encouraged, consistent with those done for other
hydrogen production pathways. The detailed plant model developed for the project offers an excellent
starting point.

This group essentially hit their final project metric of three standard liters of hydrogen in eight hours before
a catastrophic materials failure. DOE deemed this an appropriate target at this stage of development of the
project and the field, and therefore this result should be commended.

The project goals and scope are in alignment with the DOE Fuel Cell Technologies Office Multi-Year
Research, Development, and Demonstration Plan.

STCH production is a long-range technology. It seems much of the development is low-TRL, perhaps even
TRL 1. DOE Basic Energy Sciences funding should be sought for this area.

This project cited CSP with thermal storage for heat and electricity as enabling. This has not been well
appended, and claims need further vetting.
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Question 5: Proposed future work
This project was rated 3.5 for its proposed future work.

e The project will be ending this year, and it is not clear at this time what resources will be available to
continue the investigations under HydroGEN. The investigators have identified remaining challenges and
possible future work. The suggestion to combine hydrogen production with cogeneration of electricity into
a hybrid system appears to be a reasonable one, and it is very important that the project team continue to
make the economic argument for this route versus competing technologies, perhaps through an updated
case study with DOE. Demonstration of the value proposition to gas and electricity providers is a good
idea, as these may be potential partners in a higher-TRL stage of development for this technology. TEA
studies of the STCH technologies would benefit from up-to-date estimates of the cost of heliostats. Perhaps
in the future, the investigators or the Fuel Cell Technologies Office could obtain periodic updates on this
from the Solar Energy Technologies Office. Future work in development and scale-up of the CPR2 should
address design and components, which were outside the scope of this project. For example, perhaps another
heat exchanger will be needed, as was suggested in the 2016 annual report, or perhaps further pressure
cascade to higher vacuum than ~ 10 Pa will be required.

o Inlight of the fact that the project is ending in September of this year, the two stated tasks for future plans
seem reasonable. Making the CPR2 available for other projects through HydroGEN to test new materials
makes sense. However, considering the limited remaining resources and time, it is not clear how the project
team plans to accomplish the preparation, submission, and responses to peer reviews of all 13 papers in
such a short time.

e  The remaining barriers for additional study are 