
The #H2IQ Hour

This presentation is part of the monthly H2IQ hour to highlight hydrogen and fuel cell research, development, and 
demonstration (RD&D) activities including projects funded by U.S. Department of Energy’s Hydrogen and Fuel Cell 
Technologies Office (HFTO) within the Office of Energy Efficiency and Renewable Energy (EERE).

Today’s Topic: 
Subsurface Hydrogen Assessment, Storage, 

and Technology Acceleration (SHASTA)



Housekeeping

This webinar is being recorded and will be available on the 
H2IQ webinar archives.

Technical Issues:
• If you experience technical issues, please check your audio settings under the 

“Audio” tab.
• If you continue experiencing issues, direct message the host, Kyle Hlavacek

Questions?
• There will be a Q&A session at the end of the presentation
• To submit a question, please type it into the Q&A box; do not add questions 

to the Chat

This webinar is being recorded.

https://www.energy.gov/eere/fuelcells/hydrogen-and-fuel-cell-technologies-office-webinars
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SHASTA Project Objective and Goals

Identify and address key technological hurdles and 
develop tools and technologies to enable broad public 
acceptance for subsurface storage of pure hydrogen and 
hydrogen/natural gas mixtures

Project Goals:

Quantify operational risks

Quantify potential for resource losses

Develop enabling tools, technologies, and 
guidance documents

Develop a collaborative field-scale test plan in 
partnership with relevant stakeholders
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Significant potential
• A flexible fuel with many end uses

• Potential for very large-scale energy 
storage

Need
• Provide long-term, safe, effective regional 

subsurface storage to ensure reliability of 
hydrogen energy supply

Hydrogen as an Enabler to a Low-Carbon Future
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Storage capacity
• Reservoirs and caverns can accommodate long-duration (seasonal) storage

• Gas can be stored at greater pressure and mass density than in storage tanks 

Storage cost
• Geologic structure is the containment vessel

• Construction costs are primarily those associated with the injection/withdrawal 
well infrastructure, which are less than the cost of storage tanks

Surface footprint
• Land area occupied by well pads and pipelines is smaller than that of storage tanks

Storage safety
• Storage formation is physically separated from risk factors, such as oxygen, ignition 

sources and floods, which reduces the vulnerability to fire, extreme climate 
events, and sabotage

Advantages of Underground Gas Storage (vs. Tank)

~300 – 10,000 kg H2

~3,000,000 – 30,000,000 kg H2
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Storage Reservoir Types
4 main types of underground gas storage 

https://www.phmsa.dot.gov/pipelin
e/underground-natural-gas-
storage/fact-sheet-underground-
natural-gas-storage-caverns

Salt Cavern

https://www.encyclopedie-
environnement.org/en/soil/underground-storage-
gas-and-hydrocarbons-prospects-for-energy-
transition/

Hard Rock  
Cavern

Depleted Reservoirs & Brine Aquifers



11

Storage Reservoir Types Across the U.S.
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Underground Natural Gas (UGS) Storage Infrastructure

Breakdown of UGS storage volumes by storage types (a) and by region (b) 

• UGS sites are distributed throughout the United States and are 
often located near large population centers, where NG gas 
demand is greatest. 

• UGS has provided long-duration storage for more 
than 100 years, primarily to meet seasonally-
variable heating demand.

o What is the impact of H2 blending on 
underground energy storage?

o Can existing UGS facilities be converted to 
underground hydrogen storage (UHS) to 
sufficiently buffer prospective H2 demand?
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Conversion of working gas energy (WGE) for natural 
gas to hydrogen results in a 75% reduction of 1,282 
TWh (92.3 MMT) to 327 TWh (9.8 MMT)

 Lots of interest in blended storage (H2 + natural gas)

Many facilities operating below their max volume

May need new sites depending on demand scenario

H2 Energy Storage Potential in Existing UGS Facilities
Depleted reservoir
Salt cavern
Aquifer

Lackey et al., 2023 (https://doi.org/10.1029/2022GL101420) 

Assuming 100% H2

https://doi.org/10.1029/2022GL101420
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SHASTA-HELP Tool 

https://shasta-help.pnnl.gov/
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SHASTA-HELP Tool Overview

Volumetric approach

𝑊𝑊𝑊𝑊𝐸𝐸𝐻𝐻2,𝑎𝑎 = 𝑊𝑊𝑊𝑊𝑉𝑉𝐶𝐶𝐻𝐻4,𝑎𝑎
𝜌𝜌𝐶𝐶𝐻𝐻4,𝑎𝑎

𝜌𝜌𝐶𝐶𝐻𝐻4,𝑟𝑟
𝜌𝜌𝐻𝐻2,𝑟𝑟  𝐿𝐿𝐿𝐿𝑉𝑉𝐻𝐻2

WGE = working gas energy
WGV = working gas volume
𝜌𝜌 = gas density
LHV = lower heating value

Mouli-Castillo et al. (2021), Chen et al. (2023), and Lankof and Tarkowski (2020)

Other references
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Key considerations
Well integrity

Microbiology & geochemistry

Managing reservoir flow 
dynamics

Techno-economics

Considerations for Subsurface H2 Storage

Underground Hydrogen Storage (UHS)
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Well Integrity
Well integrity is an important source of risk and liability for UHS

Steel embrittlement 
• H2 moves into the atomic structure of steel causing premature cracking and failure
• Commonly used low-carbon steels are susceptible
• Occurs when H2 concentrations are high

Elastomer degradation
• Damage can result from permeation of H2 into the material followed by rapid decompression
• Other failure mechanisms may include temperature and chemical degradation, extrusion and 

nibbling, compression set, wear, and spiral failure

Cement diffusion
• H2 is the smallest molecule and has a high diffusivity
• H2 diffusivity in cement is expected to be more of a challenge than reactivity
 

• Well integrity loss has been the source of most leakage events at natural gas storage sites
• H2 is highly mobile in the subsurface and will potentially leak through faulty wells
• Well integrity must be maintained in injection, monitoring, and legacy wells
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Well Integrity: Permeability and Diffusivity
Cement Type Water/Solids Ratio Additives Slurry Density lb/gal (g/cm3)

Class H 0.38 16.6 (2.00)
Class H 0.44 16.0 (1.91)
Class H 0.50 15.4 (1.84)
Class H 0.52 Fly Ash 35% 14.8 (1.76)
Class H 0.56 Fly Ash 65% 13.9 (1.68)
Class G 0.44 15.9 (1.91)
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Well Integrity: Mechanical Properties
Class H Cement
Cement water : 38% (Soaked in 1% NaCl)
Cement water + steel : 38% (Soaked in DI 
water)

Auto Lab
Poison ratio
Youngs modulus
PDP
Permeability 
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H2 Soak 
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50°C
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Well Integrity: Porosity & Permeability
Pre and Post 3 months H2 Batch exposure @ 1,200 psi and 50°C
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Well Integrity

pre-H2 soak post-H2 soak
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Well Integrity
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Well Integrity: Multiphase Flow Properties

• Measured wetting properties of H2 with cement (contact angles ~ 25o)
• Results show no significant change in contact angle with pressure, temperature, and H2 bubble size 

Conclude that H2 will remain non-wetting in subsurface storage conditions and will not lead to leakage by 
imbibition into the cemented annulus or caprock

23oC /1,500 psia 23oC /5,000 psia 23oC /7,500 psia

H2 bubble

Cement

H2 equilibrated DI water

~25o
~25o ~25o

H2 bubble H2 bubble
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Microbiology and Geochemistry Fundamentals
Microbial activity can affect subsurface energy storage through:
• Methanogenesis
• Hydrogen Sulfide Production
• Acid Production
• Microbiological Corrosion Pathways

Geochemical reactions between H2, formation fluids, and rock 
mineralogy may lead to:
• Loss of H2
• Contamination of stored H2 by wanted gas generation (e.g., H2S)
• Mineral dissolution/precipitation
 

Original pyrite (FeS2) Reacted pyrite
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• Goal: Identify and characterize potential 
reservoir reactions that may occur after 
hydrogen storage

• Examining four field sites (Midwest and West)

• Diverse microbial community (Metagenomic 
and 16S rRNA Sequencing characterization)

• Identified microorganisms capable of sulfur 
reduction, iron reduction, and acetogenesis in 
the initial microbial community
• Suggests native microorganisms are 

capable of driving hydrogen consumption 
reactions resulting in organic acid 
production, hydrogen sulfide production, 
and metal mobility

Microbiology – Field Characterization and Lab Testing 
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• Conducting exposure testing with 
fluids (containing microbial 
community and abiotic) and 
H2/CH4 blends at reservoir 
pressure & temperature 
conditions

Microbiology – Field Characterization and Lab Testing 

Pressure: ~1800 psia

Temperature: 47°C

90mL fluid / 10 g sediment

15% H2/85% CH4

Initial results: 
• Production of H2S (both biotic and abiotic)
• Decrease of sulfate in the fluid phase
• Some selection of microbes as reaction 

progresses
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Reservoir Performance
Goal

• Investigate reservoir behavior when converting existing 
natural gas storage fields to UHS or creating new storage 
from depleted field or aquifer 

Key questions

• What is the impact of rock and fluid properties on storage 
efficiency and energy availability?

• How can H2 / NG / brine flow dynamics be managed?

• What mechanisms could lead to resource loss?

• To what extent can existing industrial workflows be re-used 
for H2 projects?

Buscheck et al. (2023) 
https://doi.org/10.1016/j.ijhydene.2023.07.073
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Compositional Reservoir Simulation, GEOS

Tracking the evolution of

1. One or more components (H2, CH4, H2O, CO2, …)

2. One or more fluid phases (gas, aqueous, oil, …)

Satisfying

1. Component-wise mass conservation

2. Phase and component summation constraints 

3. Multiphase Darcy’s law

4. Thermodynamic equilibrium (i.e., flash calculations)

5. Various constitutive models: density, viscosity, relative 
permeability, capillary pressure, etc.

Figure: Side view of a two-phase, two-component model of CO2 
injection into a saline aquifer.
[Camargo et al., GHGT-16, 2022. http://dx.doi.org/10.2139/ssrn.4296637]

Time: 3 years
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Mixture Density and Viscosity Capability Upgrades
Upgrades to GEOS to enable H2 simulations

* SRK = Soave-Redlich-Kwong Cubic Equation of State 
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Field-Scale Simulations for a Simple System
Synthetic Hydrogen Storage Reservoir Model
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Field-Scale Simulations, Operational Scenario
Seasonal Storage & Delivery Scenario

• Field is initially saturated with CH4

• H2 (pure or blended) is cyclically injected in various design configurations

• Gas-water contact dynamics ignored for the moment (single-phase, two-component system)
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A stable hydrogen cap (relative to perfs) is essential to stable production rates

Perforations at top of storage 

formation:

Perforations at bottom of 

storage formation:
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A stable hydrogen cap (relative to perfs) is essential to stable production rates
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Reservoir Simulations Conclusions
1. Using NG instead of H2 as a cushion could save significant 

build-out costs
• NG is much cheaper than H2

• Circumvents viscous fingering problem in a new saline 
storage project

2. Standard reservoir simulators are well suited to H2 
simulations with modest upgrades (e.g. improved viscosity 
models)

3. A stable H2 gas cap is essential to stable production rates

4. Stability is favored by:
1. Good trapping structure
2. Low vertical permeability and/or baffling
3. Perforations near top of storage formation

Buscheck et al., IJHE, 2023

https://doi.org/10.1016/j.ijhydene.2023.07.073
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Core to reservoir scale flow dynamics
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Local Scale Technoeconomic Analysis for UHS

• Framework for UHS cost estimation that reflects the granularity that an 
operator might use to assess their existing infrastructure or to identify 
opportunities to develop new facilities

• https://www.osti.gov/servlets/purl/2202473

• Present a hypothetical use case for Pennsylvania 
• Working on a regional scale assessment methodology
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Initial Technoeconomic Site Screening, PA

• Initial screening criteria based on techno-economics:
• Working gas mass (favor large sites)
• County-level demand (favor sites with surplus of working 

gas mass relative to demand)
• Levelized cost of storage (favor sites with lower levelized 

costs)
• If we consider a 100 km (62 mile) transportation distance, 43 

of PA’s 67 counties might be served by an existing UGS 
facility
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Delivered Subsurface Hydrogen and Natural Gas Storage: State of Knowledge 
and Research Recommendations Report April 2022  

• Report covers:
• Subsurface energy storage systems overview
• Storage operations and key risks
• Well integrity
• Surveillance and monitoring
• Social license to operate for subsurface hydrogen storage
• Recommendations

• https://www.osti.gov/biblio/1846632/

State of Knowledge (SOK) Report
SOK for subsurface H2 and CH4 storage
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edx.netl.doe.gov/shasta

Other Publications
1. Managing reservoir dynamics when converting natural gas fields to 

underground hydrogen storage, International Journal of Hydrogen Energy, 
2023, ISSN 0360-3199. https://doi.org/10.1016/j.ijhydene.2023.09.165.

2. Local-Scale Framework for Techno-Economic Analysis of Subsurface 
Hydrogen Storage, 2023. “Local-Scale Framework for Techno-Economic 
Analysis of Subsurface Hydrogen Storage”. United 
States. https://www.osti.gov/biblio/2202473.

3. Underground storage of hydrogen and hydrogen/methane mixtures in 
porous reservoirs: Influence of reservoir factors and engineering choices 
on deliverability and storage operations, (2023). Underground storage of 
hydrogen and hydrogen/methane mixtures in porous reservoirs: Influence 
of reservoir factors and engineering choices on deliverability and storage 
operations. International Journal of Hydrogen 
Energy. https://doi.org/10.1016/j.ijhydene.2023.07.073

4. Characterizing Hydrogen Storage Potential in U.S. Underground Gas 
Storage Facilities, (2023). Characterizing hydrogen storage potential in U.S. 
underground gas storage facilities. Geophysical Research Letters, 50, 
e2022GL101420. https://doi.org/10.1029/2022GL101420

5. SHASTA Brochure SHASTA, Subsurface hydrogen assessment, storage, and 
technology acceleration, 2022.
https://edx.netl.doe.gov/dataset/shasta-brochure

6. Subsurface Hydrogen and Natural Gas Storage: State of Knowledge and 
Research Recommendations Report, DOE/NETL-2022/3236; NETL 
Technical Report Series; U.S. Department of Energy, National Energy 
Technology Laboratory: Morgantown, WV, 2022; p 77. 
DOI: https://doi.org/10.2172/1846632

https://edx.netl.doe.gov/shasta/
https://doi.org/10.1016/j.ijhydene.2023.09.165
https://www.osti.gov/biblio/2202473
https://doi.org/10.1016/j.ijhydene.2023.07.073
https://doi.org/10.1029/2022GL101420
https://edx.netl.doe.gov/dataset/shasta-brochure
https://www.netl.doe.gov/energy-analysis/details?id=b6c7d168-9cf3-4f0e-9fd4-fa8a0b7045df
https://doi.org/10.2172/1846632
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Forward Look & Field Test
End of Project Deliverables

• Working on a recommended UHS project design and management workflow

• Consistent with API 1170 and 1171 RPs

• Key elements
1. Site selection
2. Site characterization
3. Engineering design 
4. Field testing and commissioning
5. Operations 
6. Emergency response

• Will be used to structure final report deliverables
• Geologic characterization & ranking of candidate sites
• Risk assessment for UHS
• Facility and regional-scale Technoeconomic framework
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Forward Look & Field Test
End of Project Deliverables

• Additional deliverables coming out of SHASTA
• Code comparison study for reservoir simulations
• Geologic screening study for several locations (PA, AK)
• Multiphase flow study in rocks
• Material performance in H2 environments (cement/steel)
• Materials performance for reservoir and caprock under abiotic and 

biotic conditions
• Continuous updates to SHASTA help tool (e.g., storage & delivery 

capability, GIS functionality)
• Community engagement plan
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• SHASTA’s ultimate goal is to enable field tests 
• Continue to build relationships with industry 

• Quantify asset and resource risks 
• Reduce uncertainty in operations
• Characterize site-specific behavior

• Looking for site owners who may be interested in pilot-scale studies
• Site characterization & risk assessment
• Small pilot-scale demonstration at single well
• Larger field-scale operations

• End of SHASTA deliverable is a plan for field test

Forward Look & Field Test
Field test planning
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Subsurface Hydrogen Assessment, Storage, and Technology Acceleration – 2024 
Workshop, April 3, 2024, in-person
• Present a dive into final SHASTA deliverables
• Invite complimentary efforts to present

• International efforts
• Complimentary R&D

• HFTO projects
• USGS
• FOA-2400 projects
• H2 Hubs

• Industry & regulatory perspective
• Discuss next step needs in UHS for research, industry, and regulators

Forward Look & Field Test
Completion of SHASTA 1.0
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edx.netl.doe.gov/shasta

Thank You

Angela Goodman (NETL)
Angela.Goodman@netl.doe.gov

Nicolas Huerta (PNNL)
nicolas.huerta@pnnl.gov 

Joshua White (LLNL)
white230@llnl.gov

Mathew Ingraham (SNL)
mdingr@sandia.gov

https://edx.netl.doe.gov/shasta/
mailto:nicolas.huerta@pnnl.gov
mailto:white230@llnl.gov
mailto:mdingr@sandia.gov
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product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference therein 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
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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
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This work was supported by the U.S. Department of Energy, Office of Fossil Energy and Carbon Management through the Subsurface Hydrogen Assessment, Storage, and Technology
Acceleration (SHASTA) project.

Portions of this research were executed through the NETL Research and Innovation Center’s Carbon Storage Program. Research performed by Leidos Research Support Team staff was
conducted under the RSS contract 89243318CFE000003.
Portions of this work were performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under contract DE-AC52-07-NA27344.
Portions of this work were performed under the auspices of the U.S. Department of Energy by Pacific Northwest National Laboratory under contract DE-AC05-76RL01830.
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.
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The #H2IQ Hour

This presentation is part of the monthly H2IQ hour to highlight hydrogen and fuel cell research, development, and 
demonstration (RD&D) activities including projects funded by U.S. Department of Energy’s Hydrogen and Fuel Cell 
Technologies Office (HFTO) within the Office of Energy Efficiency and Renewable Energy (EERE).

Thank you for joining!
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