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In August 2021, Pacific Northwest National Laboratory hosted a materials compatibility workshop with national laboratory, industrial, and academic participants to discuss polymeric materials for use in hydrogen infrastructure.  The workshop sought to:

· Increase industry awareness regarding the U.S. Department of Energy’s H-Mat consortium research on materials compatibility in hydrogen
· Develop a better understanding of industry-identified gaps needed to improve hydrogen infrastructure materials durability and reliability
· Understand the opportunity for improved standards development for hydrogen materials evaluation
· Better understand how industry and DOE can collaborate to seek improved materials technologies for hydrogen applications.
The day and a half-long virtual workshop had over 80 industry participants in attendance and nearly 150 requesting registration, including both domestic and international professionals.  The workshop consisted of a plenary session, three panel sessions, and breakout sessions associated with each panel’s topic.  Participants concluded that:
· Essentially all applications suffer from a lack of understanding of polymeric material behavior in hydrogen service. Manufacturers have been searching for data on material properties in hydrogen to help them select appropriate materials for their applications, but this data is sparse. As a result, industry tends to opt for materials used in other gas-based systems and then evaluates their performance.  A wide variety of material options are being considered.
· Materials in use have been found to have a reduced lifetime – in some cases, a dramatically reduced lifetime.  Material property performance needs to be evaluated in terms of specific environmental use cases, including in-service pressure, pressure cycling profiles, and temperature.  Better data on intrinsic material properties such as hydrogen diffusivity and solubility would help inform predictions of swelling and material damage that would in turn enable better material selection.
· Polymeric materials for hydrogen applications need to be specifically designed and labelled “for hydrogen use.” Manufacturers should indicate whether their products have been developed and tested for use with hydrogen and the range of appropriate pressure and temperature conditions for the application.  The revised ISO 19880 standard, currently under development, will be helpful for supporting O-ring material selection in particular.
· References, standards, or codes developed specifically for polymers in hydrogen service are limited or non-existent.  Industry lacks tools (i.e., test methodologies and reference materials or standards) to compare materials and determine compatibility for use in applications or components. This gap in material references, standards, and codes to help evaluate performance, reliability, and material limitations is the largest hurdle to materials selection for hydrogen service.
· More understanding of the effects of hydrogen on geologic materials is needed to support geological storage.
· A better understanding is needed of cryo-cracking (related to both thermal and pressure cycling) in composite pressure vessels, as well as more data on hydrogen effects on metal alloys at cryogenic temperature. In general, more material testing is needed for modeling performance and hydrogen effects on materials used for high pressure cryogenic storage.
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[bookmark: _Toc100586609]Workshop Background
Growing interest in hydrogen as a fuel has generated demand for information on the performance of materials in hydrogen environments.  In support of the U.S. Department of Energy (DOE) hydrogen program, led by the Hydrogen and Fuel Cell Technologies Office within the Office of Energy Efficiency and Renewable Energy, created the Hydrogen Materials Compatibility Consortium (known as H-Mat) to address the challenges of hydrogen degradation.  H-Mat seeks to elucidate the mechanisms of hydrogen-materials interactions, with the goal of providing science-based strategies to design materials with improved resistance to hydrogen degradation.  The materials research in H-Mat evaluates the effects of materials under extreme hydrogen environments, such as high pressure, rapid pressure changes, and temperature. 

The research supports DOE’s “H2@Scale” program (Figure 1), which aims to support hydrogen production, delivery, infrastructure, storage, fuel cells, and multiple end uses across transportation, industrial, and stationary power applications.  The Hydrogen and Fuel Cell Technologies Office focuses on applied research, development, and innovation to advance hydrogen and fuel cells for transportation and diverse applications enabling energy security, resiliency, and a strong domestic economy in emerging technologies.

	[image: ]

	Figure 1.  Conceptual H2@Scale vision. Hydrogen generation can derive from varied resources and serve the diverse needs of the entire energy portfolio.



In 2016, Pacific Northwest National Laboratory (PNNL) completed an industry survey seeking information on materials for hydrogen service, test methodologies, and operational environments the materials were used in.  The results of the survey found inconsistent test methods and material selection for use in hydrogen environments.  In 2019, PNNL and Sandia National Laboratories (SNL) launched H-Mat, co-leading the program with emphasis on polymers and metals, respectively.  The polymers portion of H-Mat works to:
· Provide the scientific basis to mitigate failure of polymers and elastomers in hydrogen environments by addressing the challenges of hydrogen degradation
· Elucidate the mechanisms of hydrogen-materials interactions
· Develop computational methodologies that can simulate polymer behaviors at different material scales and help to understand the interaction between polymers and hydrogen.
· Develop science-based strategies to design material (micro)structures and morphology with improved resistance to hydrogen degradation.  
· Disseminate material modeling results to the community to begin discussions on how to improve materials in the hydrogen infrastructure environment.

[bookmark: _Toc100586610]Workshop History and Goals

In 2020, H-Mat co-lead Sandia hosted a materials compatibility workshop discussing hydrogen-enabled transportation, heating and power, and industrial uses.  The workshop [published in report SAND2021-5982] was the latest in a series of workshops on hydrogen compatible materials held by Sandia starting in 2003.   The results of past workshops have provided key insights that serve as the basis for prioritizing research topics for H-Mat.  

H-Mat co-lead PNNL held a similar virtual workshop August 25 and 26, 2021, focused specifically on non-metallic materials for use in hydrogen infrastructure.  The workshop sought to:
· Increase industry awareness regarding H-Mat consortium research on materials compatibility in hydrogen
· Develop a better understanding of industry-identified gaps needed to improve hydrogen infrastructure materials durability and reliability
· Understand the opportunity for improved standards development for hydrogen materials evaluation
· Better understand how industry and DOE can collaborate to seek improved materials technologies for hydrogen applications.

This report documents the outcomes from that workshop.

[bookmark: _Toc100586611]Workshop Methodology

The PNNL workshop began with background presentations on H-Mat, followed by three panel sessions on materials and hydrogen; test methodologies and standards; and energy storage and infrastructure.  Each panel was led by a moderator and featured several panelists.  The panelists served as subject matter experts and spoke to a set of framing questions:

1. What applications suffer from a lack of materials options for hydrogen use? Are there materials that could be suitable that haven’t been considered or evaluated? 
2. How could materials that are already used in hydrogen be improved or better characterized? 
3. Where does industry lack understanding of the required metrics for materials selection in hydrogen environments? 
4. What are the largest hurdles (cost, manufacturability, supply chain reliability, performance, etc.) to materials selection for hydrogen service? 
5. What standards, test methods, performance metrics, and design requirements are missing to support broader implementation of hydrogen technologies? 
6. Are there materials issues associated with large-scale storage of hydrogen (such as geologic storage) and the infrastructure necessary to support hydrogen utilization at scale? 
7. Are there materials’ advances necessary to enable broader use of cryogenic hydrogen?  
Appendix A provides a list of workshop attendees.

[bookmark: _Toc100586612]Workshop Agenda
All times listed are Pacific Time.
Day 1 (August 25, 2021):
· 7:00 – 7:30 Welcome, introductions, and workshop purpose (Kevin Simmons, PNNL; Neha Rustagi, DOE)
· 7:30 – 8:15 Orientation of H-Mat consortium and current activities (Kevin Simmons, PNNL; Chris San Marchi, Sandia National Laboratories)
· 8:15 – 8:45 Setting the stage – objectives, approach, and outcomes (Kevin Simmons, PNNL)
· 8:45 – 9:00 Break
· 9:00 – 10:30 am Panel discussion on materials and hydrogen (Christina Semkow, Swagelok; Keith Wourms, North American Corporation; Kevin Simmons, PNNL)
· 9:00 – 9:30 Panel answers to framing questions – Moderator Nalini Menon, Sandia National Laboratories
· 9:30 – 10:30 Group brainstorming on R&D gaps
· 10:30 – 11:50 am Panel discussion on test methodologies and standards (Shin Nishimura, Hydrogenius/Kyushu University; Jennifer Hamilton, California Fuel Cell Partnership; Will James, Savannah River National Laboratory) 
· 10:30 – 11:00 am Panel answers to framing questions – Moderator Chris San Marchi, Sandia National Laboratories
· 11:00 – 11:50 am Group brainstorming on R&D gaps
· 11:50 – 12:00 pm Wrap-up, Day 1

Day 2 (August 26, 2021):
· 7:00 – 7:30 am Day 1 Review
· 7:30 – 9:00 am Panel discussion on energy storage and infrastructure (Norm Newhouse, Hexagon; Tim Harris, Southern Company) 
· 7:30 – 8:00 Panel answers to framing questions – Moderator Kevin Simmons, PNNL
· 8:00 – 9:00 Group brainstorming on R&D gaps
· 9:00 – 9:15 am Break
· 9:15 – 11:00 am Review and combine priorities from breakout sessions

[bookmark: _Toc100586613]Summary of Opening Presentations
[bookmark: _Toc100586614]Welcome presentation and introduction to workshop
Kevin Simmons of PNNL and Neha Rustagi of DOE welcomed the attendees.  They shared the agenda for the two-day meeting with attendees, provided biographical information about the seven panelists, explained the goals of the workshop, and listed the seven framing questions to be used during the panel sessions.
[bookmark: _Toc100586615]Orientation of H-Mat consortium and current activities
Kevin Simmons gave the attendees an overview of activities of hydrogen materials compatibility work in both the H-Mat program and the new HyBlend program, which is focused on transport of natural gas/hydrogen blends in existing natural gas infrastructure.  He described the original industry survey conducted in 2016, which confirmed that knowledge on hydrogen compatibility of polymers is lacking, provided input to H-Mat on relevant materials and environmental conditions, and indicated that test methodologies and standards were either non-existent or were generally performed inconsistently.  Participants in the survey included representatives from the automotive and aerospace industries, hydrogen suppliers, refueling systems, tank manufacturers, O-ring and valve manufacturers, polymer manufacturers, and code committees and academia.  Specific challenges related to hydrogen compatibility noted by the survey participants include:
· rapid pressure transients (explosive decompression, blistering, liner collapse)
· long term pressure cycling (fatigue, change in mechanical properties)
· wear and abrasion changes from hydrogen permeation in the material (O-ring and valve seat leakage)
· dimensional and mechanical properties changes (O-ring and valve seat leakage)
The key take-aways from the stakeholder survey were:

· A wide range of polymers (including elastomers, thermoplastics, and thermosets) are of interest. Based on the survey, polymers used in hydrogen service selected for test methodology development include:
· elastomers: Viton A, NBR
· low temperature seals: PTFE
· tank liner materials:  HDPE
· hose material: Delrin (future studies)
· The conditions of interest were from -40 to +85 degrees C and from 1 atm. to 880 bar (13,000 psi).
· Cryogenic applications were also of interest.
· All agreed that more testing is required.
Kevin described a framework for the hydrogen materials compatibility program (Figure 2) that relies on significant stakeholder engagement to identify and prioritize problems for the research community, who in turn define testing programs and collect data that lead to new codes and standards that can be disseminated back to the technical community.

	[image: ]
	Figure 2.  The Hydrogen Materials Compatibility programs framework:
· Identify gaps in hydrogen compatibility of polymers understanding by literature, stakeholder engagement, and prioritization tools like failure mode and effects analysis
· Develop test methods to evaluate selected compatibility properties like friction and wear of polymers in high pressure hydrogen
· Collect experimental data on polymer compatibility like friction and wear as well as to collect data like neutron scattering to better understand the fundamentals of hydrogen effects
· Inform codes and standards by participating in committees and having high level discussions on our findings and committee needs.  Provide guidance on future R&D activities




The goals, objectives, task structure, and approach of H-Mat were described.  H-Mat is addressing the challenges of hydrogen degradation by elucidating the mechanisms of hydrogen-materials interactions and developing science-based strategies to design material (micro)structures and morphology with improved resistance to hydrogen degradation.  The approach includes both experimental work (visual observations, material properties, topography of cavities and/or bubbles, validation data for model) and simulations (which provide optimum parameters and information about trends and what to expect).  The overall goal of this phase of the project is to demonstrate an elastomer formulation with 50% less swelling compared to similar off-the-shelf materials by September 2022.  Kevin provided a summary of program accomplishments to date.  Notable findings from the program so far include:
· Atomistic dynamic modeling of decompression from high-pressure hydrogen suggests a potential 50% reduction in EPDM volume swell by quadrupling crosslink density.
· Hydrogen affects plasticizer migration through changes in solubility in rubber.
· Migration to the surface shows nearly 20X decrease in coefficient of friction.
· Diffusion decreases by ~13% in EPDM by addition of 16 phr carbon black and 20 phr silica.
· Compression set increases by up to 40% in both EPDMs and NBRs.
· Modulus drops by at least 10% and more when plasticizer is present.

In addition, an H-Mat website and DataHUB has been developed for information dissemination and data recording.
Chris San Marchi of Sandia and Kevin then provided the rationale behind the HyBlend program.  They described the transmission and distribution systems and their materials of construction, primarily metals for transmission and polymers for distribution systems.  They explained the failure assessment diagram methodology used for structural analysis of the transmission system, which concluded that hydrogen seems very unlikely to induce unstable fracture (from plastic collapse) in distribution piping from quality steel pipes.  Chris also described a holistic stress corrosion cracking capability to assess low probability of pipeline rupture and leakage.  Kevin noted the differences in materials considerations between metals and polymers and noted that evaluation of hydrogen-assisted fracture of polyethylene pipe may require innovative test configurations.  While hydrogen has been shown to have subtle effects on the modulus of MDPE, pipe rupture testing data show no change after hydrogen exposure, and the fatigue life testing of yellow pipe in gaseous hydrogen shows no short-term degradation.  Kevin also described how structural integrity analysis can be applied to distribution systems.

[bookmark: _Toc100586616]Setting the Stage
The workshop organizers then explained the objectives, approach, and desired outcomes for the panel sessions to the participants.  Panelists were asked to share their thoughts on the topic area – i.e., challenges, needs, learnings – and moderators were to ask probing questions and share their thoughts.  These panels were open to all participants.  Then participants were to be split out into five breakout rooms with a leader and a note-taker to share their thoughts on the topic area, generate dialog, and try to find common themes on gaps and areas that lack information to make informed materials decisions.  Using this approach, participants would help inform future R&D.
[bookmark: _Toc100586617]Panel Sessions
[bookmark: _Toc100586618]Panel 1: Materials and Hydrogen
The panelists for “Materials and Hydrogen” included Christina Semkow from Swagelok, Keith Wourms from North American Corporation, and Kevin Simmons from PNNL.
[bookmark: _Toc100586619]Highlights
The key takeaways from the panelists’ remarks were:
· Custom material formulations are needed for hydrogen applications.
· Custom compounds are generally proprietary due to the investment in R&D and testing that goes into developing them.
· Materials should be tested in both constrained and unconstrained conditions to simulate their operating conditions.
· Some sulfur-vulcanized elastomers should be avoided for hydrogen applications.
· The acceptable amount of degradation in material properties during hydrogen use is poorly defined.  Users or consumers have some idea of what performance they need in terms of an acceptable leak rate or lifetime, but there is currently no connection between that performance and an acceptable amount of material property change (i.e., something that can be characterized in a lab), nor are there any general specifications of that kind.
· The wide range of operating conditions and use cases makes a single solution material that “does it all” impossible.
[bookmark: _Toc100586620]Breakout Sessions
Discussion continued in the breakout sessions.  Workshop participants noted that:
· Material properties change at high pressure, and the data there is sparse. This is a major data gap for finite element analysis development; current finite element models are “flying blind” with respect to high pressure mechanical properties. While it’s hard to get data, looking at hyper-elastic properties would be helpful in understanding how materials act.  Material designers are blind to material properties and have no tools to validate their designs.
· Small differences in the screening techniques make huge differences in the application.  The mechanical properties are key, with emphasis on low temperature impact tests.
· Specifically for polymer seals, the data that industry is looking for aren’t available.  Industries typically don’t share data; they do some of their own research.
· All agreed on a general lack of data to get models right.
· Operational practices could be modified if you knew what was occurring. Adsorption/desorption is often studied under static conditions, but it is a dynamic process. Thermal/pressure history of materials must be accounted for.
· Better understanding of permeation in polymers is needed.  That said, permeation is important but not the only key property. Dynamic applications must also consider the whole system. Dynamic testing standards typically use nitrogen or helium. There is no specific standard for testing in hydrogen. 
· Permeation data exists, but it is unclear whether this data is sufficient. Permeation data is most commonly available for thin films.  Customers will want data on specific compounds. Industry standards for material types will not be sufficient. 
· Better understanding of how voids form or cracks start would be beneficial to materials development.
· Regarding screening methods, high pressure hydrogen testing is very expensive. Permeation testing at low pressure is less expensive. Pressure dependence can be simulated by change in volume; that is, one can correlate low pressure results to high pressure. Bulk modulus data is also needed.
· In general, the materials being used in these applications do not self-heal; that is, once they undergo damage, performance is permanently degraded.  
· The material properties required to enable a good seal in the presence of hydrogen (both in terms of limiting permeation and in terms of resisting damage) are poorly understood. Compression set seems to be a challenge with hydrogen use.
· The community has little knowledge and understanding of how hydrogen interacts with polymer materials (including the actual mechanisms on a molecular level) and the impact on properties.  The scientific community seems “further down the road” with respect to metals.  
· How can we disseminate test methods and standards information out to the community?  Should it be through conferences?  Is there a better way?

[bookmark: _Toc100586621]Panel 2: Test Methodologies and Standards
The panelists for “Test Methodologies and Standards” included Shin Nishimura from Hydrogenius/Kyushu University and Jennifer Hamilton from the California Fuel Cell Partnership.
[bookmark: _Toc100586622]Highlights
The key takeaways from the panelists’ remarks were:
· Test methods and infrastructure at research institutions are not available in industry.  Kyushu University is working to publish their materials database for hydrogen.
· Currently, standards do not address testing materials for hydrogen environments, and there are no material specifications to help guide industry on what is acceptable.
· There is a general lack of standards and test methods to guide industry in development of materials for hydrogen applications.
· Standards committees should re-evaluate current standards to address materials differently or better.
[bookmark: _Toc100586623]Breakout Session
Discussion continued in the breakout sessions.  Workshop participants noted that:
· Independent test labs don’t understand the safety implications of testing with hydrogen – they are not experienced with this type of testing. Independent test labs need information on how to safely test with hydrogen. Labs will need to make sure that there is a market for this testing before they invest in building that capability.
· It is difficult to find hard specifications for requirements.
· How do we tie system design to material properties? We need an understanding of material performance gaps. How do we close those gaps?
· How do we define what is “good enough”?  Methodology for design will have to be developed.
· What about impact to natural gas meters? We also need to consider gasket materials and carbon and graphite seals.
· Cryo compressors have a polymer seal on the piston.  There are vapor deposition technologies available that can be used to lay down barriers on those seals that improve their durability, but there is also a lot of work that needs to be done in this area.
· “What materials do I select?” for this valve or connection?  These guides do not exist for hydrogen.  Some manufacturers base their choice on natural gas because that information is available.
· Education and use of controls (for example, promoting the use of slower decompression rates) can help mitigate this issue in the future in some cases.

[bookmark: _Toc100586624]Panel 3: Energy Storage and Infrastructure
· The panelists for “Materials and Hydrogen” were Norm Newhouse from Hexagon and Tim Harris from Southern Company.
[bookmark: _Toc100586625]Highlights
The key takeaways from the panelists’ remarks were: 
· Natural gas infrastructure could be used with hydrogen and with blends of natural gas and hydrogen, but the potential impact of the addition of hydrogen to the existing natural gas infrastructure is not well-understood.  More research is needed to understand and address the associated risks, including the impact on essentially all material sets used in those systems as well as the joining techniques employed.
· The natural gas infrastructure is a valuable asset that already reaches most U.S. consumers.
· More material testing is needed for modeling performance and hydrogen effects on materials used for high pressure cryogenic storage.
· The cost of pressure vessels continues to be a challenge.
· Composite pressure vessels for tanker transportation of hydrogen would enable an increase in hydrogen delivery quantities.
· Steel pressure vessels for tankers cost less but are significantly heavier than their composite counterparts. 
[bookmark: _Toc100586626]Breakout Session
Discussion continued in the breakout sessions.  Workshop participants noted that:
· The effect of hydrogen on equipment leak rates is unclear.  Natural gas pipelines experience some leakage; however, natural gas doesn’t damage pipelines and components over time.  Hydrogen leak rates could be higher due to their increased permeability.  However, the introduction of hydrogen could also potentially result in increasing leak rates over the long term of both hydrogen and natural gas if the presence of hydrogen damaged infrastructure materials.  Also, drone leak surveys currently are used very effectively to measure natural gas leakage rates may require tuning to successfully detect hydrogen leakage from the infrastructure system.
· We need to better understand long-term aging effects, perhaps through field aging. Preventative maintenance on pipelines depends on media and application.
· Industry uses a 20-year basis for cost assessment on component replacement, which is different than they use for the pipes.  There are differences also in how buried pipe is treated vs. non-buried pipe; for example, buried pipe is expected to last longer.  Components such as compressors and valves are exposed so they can be easily replaced.
· There is a lack of standards for blended gas carried by natural gas infrastructure; ASME 31.8 (for natural gas) or 31.12 (for hydrogen) could be applicable. There is no polymer pipeline discussion in 31.12 for hydrogen applications. 
· Utilities would benefit from better understanding of what researchers are learning as they move to hydrogen test facilities.
· ASME codes B16.34, API 6D, and CSA-Z662 are relevant (but North American-centric) valve and pipeline design codes.
· The permeation rate is a simply a baseline for leak rate; cycle destruction is what occurs after damage and results in leakage above the baseline rate. Valve cycling increases valve leak rates over time from seal wear and break-in.
· Systems typically have very low permeation rates, and these don’t appear to be a problem.
· There is no consistency in standards.  Standards need to be connected to regulations.
· Large-scale storage (hundreds or thousands of metric tons, via, e.g., geologic storage) is not very well addressed.  There are many unknowns relative to performance in various formations, etc.  NASA has some very large tanks.  Grid-scale use would require large volume storage.  Sealing/preventing leaks would be even more challenging than for natural gas.  Air Liquide operates a large (3x109 ft3) underground hydrogen storage cavern in Texas associated with its largest U.S. hydrogen production facility.[footnoteRef:2] [2:  https://industry.airliquide.us/air-liquide-welcomes-us-secretary-energy-jennifer-granholm-its-porte-tx-hydrogen-facility ; https://www.airliquide.com/sites/airliquide.com/files/2017/01/03/usa-air-liquide-operates-the_world-s-largest-hydrogen-storage-facility.pdf ] 

· Odorizers, e.g., mercaptans, are used in natural gas pipelines in small concentrations.  Some interference with components such as valves has been noted.  New odorizers are being deployed with a stronger smell (e.g., 2-hexyene, which lacks sulfur and would not poison fuel cells) that have stronger chemical effects in natural gas pipelines.  Mercaptans passing through fuel cells become orders of magnitude more potent and needs to be separated out (through known processes).

[bookmark: _Toc100586627]Conclusions
Returning to the lines of inquiry in the framing questions posed to panelists, the conclusions of the workshop can be summarized as follows: 
What applications suffer from a lack of materials options for hydrogen use? Are there materials that could be suitable that haven’t been considered or evaluated?  
Essentially all applications suffer from a lack of understanding of material behavior in hydrogen service. Manufacturers have been searching for data on material properties in hydrogen to help them select appropriate materials for their applications, but this data is sparse. As a result, industry tends to opt for materials used in other gas-based systems and then evaluates their performance.  All material options are being considered.
How could materials that are already used in hydrogen be improved or better characterized?  
Materials in use have been found to have a reduced lifetime – in some cases, a dramatically reduced lifetime.  Material property performance needs to be evaluated in terms of specific environmental use cases, including in-service pressure, pressure cycling profiles, and temperature.  Better data on intrinsic material properties such as hydrogen diffusivity and solubility would help inform predictions of swelling and material damage that would in turn enable better material selection.
Where does industry lack understanding of the required metrics for materials selection in hydrogen environments?  
References, standards or codes developed specifically for polymers in hydrogen service are limited to non-existent.  Industry lacks tools (i.e., test methodologies and reference materials or standards) to compare materials and determine compatibility for use in applications or components. 
What are the largest hurdles (cost, manufacturability, supply chain reliability, performance, etc.) to materials selection for hydrogen service?  
The largest hurdles to materials selection for hydrogen service are material references, standards, and codes to help evaluate performance, reliability, and material limitations.
What standards, test methods, performance metrics, and design requirements are missing to support broader implementation of hydrogen technologies?  
This entire area appears to be a major gap.  Workshop participants were able to identify very few appropriate standards, test methods, metrics, etc.
Are there materials issues associated with large-scale storage of hydrogen (such as geologic storage) and the infrastructure necessary to support hydrogen utilization at scale?  
More understanding of the effects of hydrogen on geologic materials is needed to support geological storage.
Are there materials’ advances necessary to enable broader use of cryogenic hydrogen?
A better understanding is needed of cryo-cracking (related to both thermal and pressure cycling) in composite pressure vessels, as well as more data on hydrogen effects on metal alloys at cryogenic temperature. In general, more material testing is needed for modeling performance and hydrogen effects on materials used for high pressure cryogenic storage.

Post-workshop surveys were generated to establish an individual communication channel with each participant, with the intention of exchanging further information and fostering collaboration.

Finally, participants expressed interest in holding routine meetings on polymeric materials for hydrogen use, possibly in the form of a workshop, seminar, etc. on a quarterly or annual basis.
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