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With expected improvements in hydrogen generation tech-
nologies (most notably electrolysis) and reduction in costs,
the supply of hydrogen will grow. Modeling and assessing
supply- and demand-driven market scenarios will provide
the framework through which to better plan for realistic in-
frastructure and storage requirements.

Hydrogen (H,) offers the potential for a transportable,
storable fuel for a low-carbon economy. Hydrogen can be
generated through electrolysis using solar, wind, or nu-
clear power sources without greenhouse gas emissions, or
from hydrocarbons such as natural gas using processes like
steam methane reforming,

Because carbon dioxide is released when hydrogen is
generated from hydrocarbons, carbon capture and storage
would be required to reduce greenhouse gas emissions.
Current world hydrogen production is 70 million tonnes/
year: 76% from natural gas, 22% from coal gasification,
and 2% from electrolysis. The US Department of Energy
(DOE) estimates that 1% of 2020 US hydrogen produc-
tion was obtained by electrolysis and 99% from natural
gas through steam reforming of methane (95%) and coal
gasification (4%).

Although electrolysis-generated hydrogen is a small
percentage of the current total, expected cost reductions
through technological developments pave a path to in-
creased electrolysis-generated hydrogen over the next
decade. Regardless of the source of hydrogen, its envi-
sioned use as an energy carrier of urban, regional, or na-
tional scale will require development of a robust supply
network integrating storage, transportation, and distri-
bution infrastructure.

Today, hydrogen is used primarily as a feedstock for pet-
rochemical manufacturing and processing. Hydrogen is an
effective energy carrier that can be stored indefinitely for
long-term use. Hydrogen can be transported as a gas, as a
supercooled liquid or, with additional processing, convert-
ed to compounds (e.g., ammonia or methanol) or absorbed
onto solids.

Hydrogen as a gas offers the simplest energy carrier and
storage option. It can be used directly for energy generation
through combustion or fuel cells, or as feedstock for indus-
trial manufacturing of hydrogen-based solid and liquid com-
pounds. Because of hydrogen’s relatively low energy density
by volume, however (about one-third of the energy per unit
volume of natural gas), hydrogen storage and transportation
are critical for large-scale utilization. In the US, an extensive
natural gas pipeline network provides an excellent starting
point for hydrogen transportation and distribution. Large-
scale storage will need to be developed for hydrogen to allow
for supply beyond current industrial usage.

Energy deployment, storage
Energy deployment and storage, and the cost thereof, is one
of the major issues facing the transition from fossil fuel-
based to renewable energy sources. Depending on geogra-
phy, solar and wind provide cost-effective means of gen-
erating electricity. But electricity generation from solar or
wind is variable, reflecting daily and seasonal cycles. Con-
sequently, energy storage or backup energy generation is re-
quired to modulate variations in demand and supply.
Electrochemical battery sites have been built to provide
backup for short-term fluctuations. But the energy capacity
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of the largest currently under construction, at Moss Land- At about one-third the energy content of methane, a
ing, Calif,, is 1.2 gigawatt-hours (Gw-hr) with a discharge 1-bef hydrogen storage site would have an energy storage
duration of 4 hr. For comparison, what would be consid-  capacity of about 100 Gw-hr. Importantly, hydrogen gas
ered a small underground natural gas (methane) storage site  can be stored indefinitely as compressed gas, allowing for
with capacity of 1 bef has an energy equivalent capacity of ~ weekly, monthly, and seasonal storage and backup as well
300 Gw-hr. as providing strategic energy reserves for increased energy
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resilience and security. Therefore,
even as a low energy-density gas,
hydrogen affords the potential for
indefinite-duration energy storage
and energy supply at scale when
combined with large geological
storage. Geological storage as part
of an integrated hydrogen pipeline
and transportation infrastructure
connecting supply to end users
will be necessary to develop a low-
er greenhouse gas emissions econ-
omy including hydrogen.

US gas systems

Before discussing hydrogen storage
and infrastructure, it is important
to summarize the current natural
gas system in the US to reference
the scale of existing gas supply and
consumption. The US consumed
31.1 tef of natural gas in 2019.
Natural gas consumption is sea-
sonal, with maximum use during
winter months and decline during
summer months, reflecting use for
heating. The 2019 consumption
rate averaged 85 bcfd. Natural gas
infrastructure consists of roughly 3
million miles of pipeline and 4.25
tef of storage (Fig. 1).

According to the US Depart-
ment of Energy (DOE) Office of
Energy and Renewable Efficiency,
about 1,600 miles of hydrogen
pipeline exist in the US. Current-
ly, the country has three subsur-
face hydrogen gas storage sites:
Clemens Dome (ConocoPhillips),
Moss Bluff (Linde PLC), and Spin-
dletop (Air Liquide SA), all used
for petrochemical processing (Fig.
2). All three are in man-made,
salt (halite) dissolution caverns in
salt domes in southeastern Texas.
Based on data compiled by the
Netherlands Enterprise Agency,
the combined H, capacity of these
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three sites is 14,320 tons of H,
with a net gas-volume storage ca-
pacity of 5-6 bcf at rated storage
pressures of 70-137 bar (1,000-
2,000 psi) at Clemens Dome, 55—
152 bar (800-2,200 psi) at Moss
Bluff, and 68-202 bar (990-3,000
psi) at Spindletop.

Hydrogen gas storage

Based on multiple decades of ex-
perience in natural gas storage in
the US, geological storage in salt
(dissolution) caverns, depleted oil
and gas fields, and saline aquifers
affords the potential for large-vol-
ume storage capacity of hydrogen
gas (Fig. 3). Salt caverns present
the advantage of allowing fast in-
jection and withdrawal rates and
high sealing capacity. The salt cav-
erns are created by brine mining,
where low-salinity water is pumped into the salt through a
wellbore and the brine is pumped out, leading to the cre-
ation of a chamber.

From the Air Liquide permit application, the top of an
individual cavern is at about 3,700 ft, the bottom at 5,400-{t
depth, and approximate diameter is 250 ft. For a cavern like
this, with a 1,700-ft vertical extent, a thick salt body (salt
dome) is a prerequisite.

Porous media, specifically sandstone and carbonate res-
ervoirs, offer much larger volume capacity opportunities for
gas storage with broad geographic coverage (Fig. 4) and are
used extensively for natural gas storage. They fall into two
broad categories:

* Depleted oil and gas reservoirs, with proven storage
volume, reservoir properties, and top seal capacity.

* Saline aquifers, with abundant potential locations but
unproven gas trapping and recovery characteristics.

Although both depleted fields and saline aquifers are
used for natural gas storage, they have not been tested
for hydrogen gas storage. The depleted fields and aquifers
would need to be evaluated for suitability for hydrogen stor-
age based on their depth, porosity, permeability, internal
homogeneity, and the integrity of their top seals. Ideal res-
ervoirs would be internally homogenous and exhibit high
porosity and permeability and an overlying top seal with
sufficient sealing capacity. Depleted oil and gas reservoirs,
particularly gas reservoirs, may also be advantaged by hav-
ing basic infrastructure (for example, roads, production
pads, pipelines, and wells) that may be wholly or partially
repurposed for hydrogen storage and production purpos-
es, although abandoned legacy wells may provide potential
leakage pathways.

Source: EIA
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The combination of storage in salt domes, depleted
fields, and saline aquifers would provide large-scale storage
options for hydrogen across much of the US except parts of
the northwest, northern Midwest, and Appalachian regions
(Fig. 5).

Synergies, differences with CCS

Many coal-fired and gas-fired assets are positioned above
suitable geology, for example, those along the Texas and
Louisiana Gulf Coast, where there is also a demand for
chemical and petrochemical use of hydrogen. The presence
of multiple subsurface storage targets also provides CO, res-
ervoirs or even, as is the case in the Gulf Coast, use of CO,
for enhanced oil recovery (EOR).

Carbon dioxide is produced in the most common mode
of hydrogen generation from methane. Synergies in co-lo-
cating geological H, storage with nearby CO, storage sites
could reduce costs through development of integrated sys-
tems and could also provide H, and CO, for generation of
synthetic fuels. Other technological fields such as helium
storage, natural gas storage, acid gas disposal, aquifer stor-
age and recovery, and nuclear waste disposal in clays share
some characteristics with H, storage. They can provide use-
ful insights and accelerate the development of H, storage
technology.

Hydrogen storage has specificities not shared with CO,
storage, such as the cyclicity of hydrogen operations as op-
posed to permanent disposal for CO,. Hydrogen storage
also has a depth trade-off missing from CO,. Storage needs
to be deep enough for adequate capacity and reduced leak-
age risk but not so deep as to hinder operations and in-
crease compression costs. CO, storage, by contrast, increas-
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es capacity and virtually eliminates leakage risks through
geological features.

The National Energy Technology Laboratory has esti-
mated the capacity of CO, sites in oil and gas reservoirs,
saline formations, and unminable coal deposits for the US.
Although the total capacity is high (mean case of 8.6 trillion
tons of CO, capacity), based on the first-order pressure and
temperature constraints, only about 2% of the estimated ca-
pacity would be suitable for hydrogen gas storage.

More fundamentally, there are large differences in be-
havior between hydrogen gas and supercritical CO,. These
differences impact preferred reservoir geometry. For exam-
ple, a narrow reservoir with a long vertical section would
limit fingering of the injected hydrogen and potential sub-
sequent material loss, but it would also generate high pres-
sure on the reservoir ceiling. It follows that, although a rich
literature and numerous case studies on natural gas and
CO, storage in porous media reservoirs exist, hydrogen
properties require explicit attention.

For example, recent studies on gas transport in nanopo-
rous structures such as shale gas reservoirs have revealed
that some classical models for gas migration may not be
fully suitable to estimate material loss through fine-grained
porous media. Small projects and previously operational
sites (using a blend of methane and hydrogen) have shown
that storage in porous reservoirs is viable, but the approach
has not been fully assessed. The efforts required to study
such reservoirs in the context of hydrogen storage are
dwarfed by their benefits.
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Hydrogen geological storage

The relative lack of scientific and technical knowledge on
hydrogen behavior in the subsurface is a barrier that can
be resolved with further research. Effective implementa-
tion of hydrogen as an energy carrier requires practical,
economical, and verifiably secure storage technologies
that, in combination, provide the needed storage volume,
proximity to source and end-user, and rates of storage and
retrieval to respond to short- and long-term variations in
demand and supply.

Subsurface storage in caverns or porous formations pro-
vides a large storage capacity with a smaller surface foot-
print and less environmental costs than surface-based
energy storage options of comparable capacity, such as com-
pressed surface tanks or electrochemical batteries. Gases
can safely be stored in the subsurface, as demonstrated by
the existence of numerous geological deposits of natural
gas and CO,. General knowledge accumulated by studying
these gas reservoirs can be transferred to understanding the
behavior of a reservoir in which hydrogen is a major or the
sole component of the gas phase.

Hydrogen gas is highly diffusive; fortunately, its solubil-
ity is low, on the order of methane. Hence, diffusion losses
through a thick seal, which would have low concentration
gradients, are expected to be minor. Compared with natu-
ral gas, a propensity of hydrogen gas to breach the seal is
higher due to the lower hydrogen density leading to higher
hydrogen pressure for the same gas-column height. But in-
terfacial tension of the water—hydrogen system is relatively
higher, resulting in a lower risk for
capillary leakage.

Formal approaches to evalu-
ate these effects exist in the oil
and gas industry but need to be
adapted to a hydrogen system.
Dissolved gases are common in
the subsurface (CH,, CO,, N,
O,, Ar, and sometimes H,S), and
they tend to partition into the gas
phase from the aqueous phase. It
is understood that these dissolved
gases will progressively attenuate
and disappear from the produc-
tion stream as the residual water
releases its dissolved gases in suc-
cessive cycles. But in the case of a
depleted gas field, methane might
be added to the producing stream
for many cycles. In a depleted oil
field, light hydrocarbons (C—-C,
and aromatics) might also be pro-
duced for many cycles. Besides,
hydrogen can be consumed by
microbes, which are always pres-

FIG. 4
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ent in the subsurface and as a
result add H,S to the producing
stream as sulfate is consumed.

In some other cases (Archaea)
microbes can produce methane
from hydrogen. A minor abiotic re-
action can also produce H,S when
pyrite is exposed to hydrogen. Re-
search needs include laboratory
and field tests of hydrogen-hydro-
carbon-brine-mineral interactions
over characteristic residence times
of stored hydrogen in reservoirs
with varying production and injec-
tion history.

Porous-media subsurface stor-
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face storage also offers flexibility in
terms of the exact composition of
the stored gas.

A blend of natural gas and hydrogen may have less im-
pact on the wellbore system and surface infrastructure and
can be optimized easily without modifying the technology
fundamentally. The subsurface component of the technol-
ogy can be finely understood and ready for at-scale use after
developing operational experience from pilot tests, for ex-
ample on the Gulf Coast, with utilities and industry nearby,
and then applied throughout the country.

We envision two major focus areas of research to sup-
port the development of hydrogen storage at scale. The first
is understanding hydrogen storage in porous-media reser-
voirs, especially sandstone and carbonate reservoirs in de-
pleted oil and gas fields and saline aquifers. The second is
to define criteria to systematically categorize and evaluate
geological storage sites for hydrogen storage across the US.

Storage in porous media
Understanding hydrogen storage in porous media requires
determining hydrogen’s interaction with reservoir rock and
fluids, encompassing factors such as:

* Mobilization of dissolved gases.

* Generation of gas impurities through microbial activity.

¢ Flow behavior and interaction with in situ fluids.

* Modification of flow properties following reactions
with minerals.

The proper way to evaluate top seal and fault seal ca-
pacity for H, reservoirs must also be determined, includ-

Source: International Journal of Hydrogen Energy, US Geol

ical Survey, Oklahoma Geological Survey

ing evaluation of approaches developed for oil and gas res-
ervoirs, such as fairways of suitable storage reservoirs at
different pressures and mapping stacked reservoirs. The
geomechanical effects of rapid production and injection cy-
cling also need to understood, as do any geomechanical or
reservoir engineering issues that need to be mitigated for
commercial-scale development.

Conducting field tests for hydrogen storage in depleted
fields and saline aquifers will provide data to inform large-
scale development of hydrogen storage and better define se-
lection criteria for potential storage sites. Criteria for reser-
voir evaluation and categorization include:

* Depth, pressure.

* Porosity, pore geometry.

* Permeability.

* Reservoir size, configuration.

* Reservoir heterogeneities.

* Reservoir mineralogy.

o Seal quality, trap effectiveness.

 Location, infrastructure.

¢ Insitu fluid compositions.

In situ hydrogen generation

Hydrogen can be generated from in situ combustions (ISC)
of hydrocarbons and underground coal gasification (UCG)
under controlled conditions. Pilot ISC at Cold Lake field in
Alberta, Canada, and multiple UCG projects in the 1970s



and 80s generated hydrogen in situ and produced it to the
surface. But investigation into hydrogen generation via in
situ means did not receive much attention in the US.

Continued research and applications of ISC for EOR has
demonstrated the viability of this process for increased re-
covery in different reservoir types. An opportunity exists to
investigate the potential of ISC for the primary purpose of
hydrogen generation in porous media. The benefit of gener-
ating hydrogen from the subsurface is that it would provide
a direct hydrogen source utilizing thermal energy from the
combustion of hydrocarbons in place. If hydrogen can be
produced at the wellhead from ISC, CO, and other emis-
sions can be separated and reinjected into the subsurface.
Additionally, new developments in selective filtering mem-
brane technology can be adapted for use downhole, open-
ing the door for systems to allow for hydrogen production
from the reservoir while retaining some or all cogenerated
CO, and other emissions in the reservoir.

A new area of research has emerged for investigation
of ISC for hydrogen production. The research starts with
reservoir and I1SC modeling coupled with laboratory ex-
periments to understand the reactions in hydrocarbon-
filled porous media under different conditions. From that
work, reservoir types and fields that would be suitable for
designing and conducting pilot tests would be identified,
leading to potential development. At the same time, work
could be done by materials scientists and engineers to
adapt and test ceramic molecular membranes for down-
hole hydrogen separation.

IN SITU HYDROGEN GAS GENERATION

Key research questions include:

* What is the optimal temperature for gasification by fire
flooding, and how can the temperature field be manipulated?

» What type of hydrocarbon reservoirs are most prospec-
tive for hydrogen production?

» What depths and pressures would be viable?

* What hydrocarbon types and saturations would be
preferable?

* What reservoir attributes, including geometry, thick-
ness, connectivity, porosity, and permeability, would be con-
ducive for effective in situ combustion?

* How does the phase chemistry of the reservoir change
as the oxidation front evolves?

* How can catalysts and membranes be deployed to max-
imize hydrogen production?

* What injection and production schemes should be con-
sidered?

* What well geometries will be most efficient and cost
effective?

At-scale hydrogen storage
DOE has envisioned a spectrum of hydrogen sources and
potential uses for at-scale utilization as part of a strategy
in which hydrogen is part of a future low-carbon economy
in the US. It is unclear how the market for hydrogen as an
energy carrier will develop and which sources and uses of
hydrogen will be developed in the next several decades.
But as hydrogen markets are developed, transportation and
storage infrastructure will be critical considerations. The
low energy density of hydrogen gas
compared to natural gas by unit
FIG. 6 volume (H, has 30% as much en-
ergy as natural gas) means any fu-
ture transport and storage schemes
will need to accommodate lower
energy-density gas.

As a thought experiment, if
1% of current US natural gas con-
sumption were replaced with hy-
drogen gas, then—assuming a
10% storage versus consumption
ratio—roughly 100 bef of stor-
age for hydrogen gas would be re-

Production well
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quired. If hydrogen gas were to re-
place 10% of US natural gas, 1 tcf
of gas storage would be required.
Current H, storage capacity is
roughly 5-6 bef. Hence, H, stor-
age would need to be increased
by 20 times for a 1% replace-
ment of H, in the natural gas net-
work and by 200 times for 10%
replacement by H, in the natu-
ral gas network based on 2019
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natural gas consumption. Some of the storage could dis-
place current natural gas storage and some new storage
would need to be developed depending on how the H,
gas would be used.

Hydrogen into the gas system

Although depending on the end usage and market, dedi-
cated, pure hydrogen supply may be required, a gas mix-
ture (admixture) with a low percentage (< 10%) of H,
is potentially feasible for power generation and thermal
heating with current technology. A trial in Germany con-
ducted 2012-14 demonstrated that admixture of up to
10% H, in a natural gas grid could be safely used for ther-
mal appliances (e.g., water heaters, boilers, cookers) with-
out adverse impacts. Although this pilot was limited to a
small grid of 2,000 residents, the pilot demonstrated that
low-percentage replacement of H, in gas grids is feasible.

Assuming that the H, could be generated renewably
or alternatively from fossil fuels using steam methane re-
forming (SMR) or gasification technologies with commen-
surate carbon capture and storage, a 10% H,-90% natural
gas mix in the US natural gas grid would have an appre-
ciable impact on reducing the country’s CO, emissions.
At the scale of natural gas consumption in the US grid,
85 befd, a 10% H, mix would be 8.5 befd. Each bef of
natural gas contains approximately 53,000 tons of CO,.
Hence, more than 450,000 tons/day of CO, could be re-
moved from US natural gas CO, emissions, or about 165
million tons/year, 3.2% of the total US 2019 CO, emis-
sions of 5,130 million tons.

Admixing no-carbon or low-carbon generated hydro-
gen into the US natural gas grid may not be the preferred
market option for hydrogen. But it is one path for using
large volumes of hydrogen gas with current technologies.

System-scale infrastructure modeling

We envision a collaborative initiative to develop a dedi-
cated hydrogen infrastructure system that takes advantage
of the existing natural gas pipeline and storage system.
A large-scale hydrogen sector requires dedicated and de-
veloped transportation and storage infrastructure. The
gas infrastructure system in the US is the most expansive
and connected gas network globally and could be used to
transport and distribute renewable methane and hydro-
gen. If it were, it would be a bridge to a full-scale hydrogen
economy in the US.

Cost-optimal hydrogen infrastructure must be esti-
mated using different scenarios for projecting hydrogen
supply and demand in the US, including development of
a detailed infrastructure model of the entire US pipeline
system and export capabilities via LNG and liquified hy-
drogen, as well as new pipeline and transportation op-
tions (trucks, barges, and trains). The intent is to leverage
the comprehensive data and understanding of natural gas

infrastructure to inform a baseline for building an infra-
structure system for hydrogen.

Development of hydrogen markets will require model-
ing hydrogen infrastructure systems that simulate deliv-
ery and storage of hydrogen from production to market.
The models will include the entire database of produc-
tion by site and type within the North American market
and a downstream demand study covering all existing and
evolving hydrogen applications.

This modeling system dedicated to the hydrogen value
chain leverages the existing knowledge and abilities of the
oil, gas, and chemical industries, as well as their existing
physical assets (pipelines, storage fields, refineries). This
leveraging of known systems provides a robust and quan-
tifiable foundation for simulating and assessing focused
technology choices related to hydrogen.

Market potential can be measured through market size,
willingness to pay based on existing alternatives, and es-
tablished value chain margins, and inform economic,
energy, and environmental changes required to use hy-
drogen fuel instead of alternative energy sources. These
analyses would identify the industries that could use hy-
drogen fuel, and the type of hydrogen supply source that
would make the most economic and technical sense in the
context of demand characteristics and requirements and
location of the industry.

Modeling would help develop a path for each applica-
tion and industry’s possible plans to evolve and adapt to
hydrogen fuel from established and existing market con-
ditions. Although many hydrogen applications are being
developed and the economics and cost competitiveness of
these applications may improve over time, it is critical to
establish a realistic view of demand development and the
potential of both new and existing industrial applications
and sectors regarding the adoption of hydrogen fuel.

The market demand outlook will shift and improve
over time as the technology matures, however having an
overall projection of demand would help industry and
government stakeholders and policymakers determine
and assess value chains from production to storage to
transportation. The projection of demand will help inform
design of a hydrogen economy aligned with downstream
market adaptation and development.
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