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Abstract

Hydrogen is widely understood to be critical for decarbonizing hard-to-abate sectors like
heavy industry, and long-distance transportation as well as balancing a variable renew-
able energy dominated power grid. Here, we propose a methodology for evaluating the
potential for hydrogen storage in geological salt resources. This methodology starts with
a characterization of salt resources by considering salt purity and interbedded non-salt
lithologies. We then develop a physical model to estimate the storage potential of a cav-
ern, accounting for cavern shape and considering both brittle and ductile failures. We
then factor in environmental and safety considerations to develop above-ground exclu-
sion zones. We illustrate this methodology through an assessment of the hydrogen stor-
age potential in the Midwestern and Appalachian regions in the United States. Our re-
sults show that the Michigan and Appalachian Salina basins are promising locations for
hydrogen storage in salt caverns with a total technical working gas storage potential in
Michigan of 2.1 x 10° metric tons of Hy or 69.9 PWh and 1.3 x 108 metric tons of H,

or 4.4 PWh in Appalachia. After applying a coarse techno-economic filter, the storage
potential of the remaining high value targets is 9.7x10% metric tons of Hy or 32.4 PWh
in Michigan and 1.6 x 107 metric tons of Hy or 0.54 PWh in the Appalachian region.
These insights can be used to further study the value of these resources for regional de-
carbonization, while the developed methodology can be readily applied to characterize
resource potential in other regions.

1 Introduction

Economy-wide decarbonization efforts are expected to heavily rely on wind and solar-
based electricity generation to reduce emissions from the electric power sector — for ex-
ample, the International Energy Agency (IEA) net-zero by 2050 scenario projects wind
and solar to provide 70% of total electricity generation by 2050 (International Energy
Agency, 2021). This transformation of the supply side needs to be accompanied by changes
in final energy consumption that involve displacing fossil fuels via the following approaches:
a) increasing use of electricity in final energy, such as via adoption of electric vehicles
and heat pumps for building heating and b) in sectors where direct electrification is im-
practical today, use of alternative energy vectors like hydrogen or hydrogen-derived fu-

els that are produced in a low-carbon manner, such as using low-carbon electricity (International

Energy Agency, 2021). Collectively, all of these drivers are expected to increase the spa-
tial and temporal variability in primary energy supply and final energy demand. This
creates incentives to deploy enabling technologies that can support supply-demand bal-
ancing through their flexible operation, such as energy storage, transmission and flex-
ible generation technologies.

The role of energy storage in today’s fossil-fuel dominant energy system, manifests
primarily as pumped hydropower storage in the power sector as well as storage of petroleum
and natural gas (NG) in geological formations to balance seasonal variations in demand
for these fuels across the economy. In particular, the seasonality of NG demand for heat-
ing in the building sector and its use in the power sector to complement VRE genera-
tion, is enabled by an extensive pipeline infrastructure as well as underground storage
of NG. For instance, the total working gas capacity of underground NG storage in the
U.S. was 4790 billion cubic feet (1.443 PWh), or approximately 15% of total consump-
tion of NG in 2022(U.S. Energy Information Administration (EIA), 2024). With declin-
ing costs, there is growing interest to deploy Li-ion storage to support increasing deploy-
ment of VRE generation in the power sector, as evident from the 680 GW of both stan-
dalone and hybrid battery storage projects in the interconnection queue across the U.S
as of Dec 2022 (Rand et al., 2021). Based on its high round-trip efficiency (85%), and
energy and power capital cost attributes, Li-ion storage is likely to be cost-effective for
managing short-duration fluctuations in energy supply and demand, such as over a day.
However, their use for longer-duration energy storage is challenged by their relatively high
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energy capacity costs, even considering the most optimistic future cost projections (Denholm
et al., 2023). Hy has the potential to achieve very low energy capital cost and uniquely
exploit additional revenue streams due to the value of the underlying storage medium

as a fuel and feedstock in other end-use sectors. Recent studies have highlighted the com-
plementary nature of long-duration energy storage and short-duration storage, such as
Li-ion, under scenarios of deeply decarbonized Hy power grids and the importance of cap-
ital cost of energy storage capacity (3/kWh) in the adoption of long-duration storage op-
tions like Hy (Albertus et al., 2020; Jenkins & Sepulveda, 2021; Sepulveda et al., 2021;
Bgdal et al., 2020). Among options for Hy based energy storage, geological storage, where
available, has the potential to offer the lowest costs of energy storage at $5/kWh (Papadias
& Ahluwalia, 2021) as well as scalability to provide GWh-level of storage.

Among the alternative geological sites used for gas storage today, salt caverns have
several favorable attributes for Hy storage; First, salt caverns can cycle through injec-
tion and withdrawal of hydrogen gas more quickly than depleted oil and gas fields or aquifers
(Sainz-Garcia et al., 2017). This makes them valuable to manage fluctuations in supply
and demand (Matos et al., 2019). Second, the relatively low permeability and inert prop-
erties of salt reduce leakage and chemical reactions with the Hy (Tarkowski et al., 2021).
Third, compared to aquifers and depleted fields, salt caverns tend to have lower cush-
ion gas requirements. Cushion gas is the minimal amount of gas that must always stay
in the cavern to assure stability and results in a capital cost for the facility. In contrast,
the working gas is the gas that can be extracted and utilized for practical purposes (Crotogino,
2016). Fourth, there is extensive understanding of the structural integrity and develop-
ment of salt caverns (Zivar et al., 2021). As of 2022, salt caverns accounted for 10.2%
of the underground NG working gas storage capacity in U.S. or 143 TWh (U.S. Energy
Information Administration (EIA), 2024) and there are currently four active commer-
cially successful salt cavern Hy storage sites in the US and in the UK (Panfilov, 2016).

The wide availability of literature related to natural gas geological storage can be
leveraged for Hy salt cavern storage analysis. However, understanding the differences be-
tween methane and Hs such as the size of the molecules, the compressibility factors, and
the biochemical and microbial reactions with the surrounding lithologies are critical to
studying the potential of hydrogen storage in these formations (Zivar et al., 2021). Caglayan
et al. investigated the European context and found a potential 23.2 PWh of Hy onshore
hydrogen storage in salt caverns. This study aims to build on their methodology by ad-
dressing the following three areas: a) justifying and expanding upon simplified and gen-
eralized assumptions for quantifying the Hy storage capacity in salt deposits; b) taking
into consideration large impure interlayers in salt formations as critical constraints to
cavern construction; and ¢) conducting an analysis of Hy storage in salt caverns within
the U.S. context which considers the construction of new caverns, as opposed to repur-
posing existing NG storage, as done by Lackey et al. (2023). For this, we develop a phys-
ical modeling basis for characterizing Hs storage in salt deposits that considers locational-
specific geological attributes as well as cavern geophysics and geometry.

The novelty of our model is that it considers caverns of variable shapes and sizes
that are adjusted based on the physical constraints attributed to the salt layer proper-
ties. This flexibility departs from other literature, which commonly considers a “one-size-
fits-all” approach to cavern design (Caglayan et al., 2020; Lord et al., 2014; Ozarslan,
2012). Our approach therefore allows us to account for the specific depth and thickness
of salts in each region when designing our caverns, leading to a more accurate calcula-
tion of the storable Hs at a specific location, drawing from the approaches from Williams
et al. (2022) and Slizowski et al. (2017). This can provide a basis for the many heuris-
tics suggested for designing Hy storage caverns in salts that are cited in the literature
such as optimal depth for cavern construction.

We then apply the above model to the case study of the salts in Michigan and Ap-
palachian regions to quantify the potential for Hs storage in this region after account-
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ing for geological resource constraint and above-ground land use constraints. Our find-
ings reveal that the total overall technical working gas storage potential in Michigan is
2.09 x 10° metric tons of Hy or 69.90 PWh (1 PWh =1000 TWh) and 1.32 x 108 met-

ric tons of Hs or 4.40 PWh in Appalachia. That is, Michigan has roughly 15 times more
storage potential than the Appalachian region. After applying filters related to number
of caverns and cushion gas requirements that impact commercial viability, these poten-
tials are reduced to 32.36 PWh in the case of Michigan and 0.54 PWh in Appalachia.The
relatively thicker and more homogeneous spatial distribution of salts in the Michigan re-
gion, characterized by well log data, explains the greater storage potential in this region
compared to the Appalachian region. The salt resources of the Appalachian region are
generally less homogeneous with the presence of significant interlayers that constrain the
potential of cavern construction for hydrogen gas storage. In addition, our mapping of
the Michigan resources is more robust than those in Appalachia due to the wider avail-
ability of public well log data. Overall, the study provides a systematic basis for eval-
uating Hy storage potential in salts in any region subject to the availability of data to
characterize the salt resource, which we found to be a key limitation to scale-up our anal-
ysis to the national level.

2 Methodology
2.1 Salt Basin Characterization

To accurately assess the potential size and type of caverns that can be constructed
for hydrogen storage, a geospatial analysis of salt resources is needed. The goal is to cre-
ate a dataset that specifies the depth to top salt and thickness of salt resources across
large regions but that also has enough granularity to resolve interlayers of non-salt litholo-
gies.

One of the main constraints for hydrogen storage in salt caverns is the availabil-
ity of high-quality salt basins. The U.S. has extensive salt resources, including bedded
salts and salt diapirs. Bedded salts are geological formations of horizontal layers of rock
salts. A salt dome is a general term for a domal upwelling that comprises a salt core and
its envelope of deformed overburden.

Most research conducted in the US for hydrogen storage in salt caverns has focused
on the salt diapers in the Gulf (Duffy et al., 2021; Schuba & Moscardelli, 2023; Abreu
et al., 2023), which is where the three active Hy salt cavern storage facilities in the US
operate (Zivar et al., 2021). Moreover, salt diapirs are also utilized to store hydrocar-
bons such as the Strategic Petroleum Reserve (SPR) (Alessandra Simone et al., 2021).
Much less attention has been paid to bedded salts, which are more geographically abun-
dant within the United States (Horvath et al., 2018). Our research is directed toward
these latter resources with the goal of broadening our understanding of the potential of
these resources in the hydrogen economy.

For bedded salts, it is important to consider the quality of the salts as well as the
composition and porosity of the interlayers. Lateral and vertical heterogeneity within
salt is related to depositional processes as well as post-depositional deformation. Hy is
a small molecule that can escape through more porous areas (Zhu et al., 2023). Gas es-
cape from salt caverns has been modeled for CO5 sequestration which has shown that
the amount of gas escaped is negligible throughout the cavern life and that it dispersed
in the subsurface (Dinescu et al., 2021). However, we could not find such study for Hs,

a much smaller molecule that is cyclically injected and withdrawn, resulting in a higher
chance of escaping the cavern and leaking into the atmosphere. The escape of Hy not

only has economic impacts, but can also lead to environmental impacts, such as exac-
erbating the greenhouse gas effects of methane in the atmosphere (Ocko & Hamburg, 2022;
Warwick et al., 2023). In addition, contamination due to geochemical (Wang et al., 2015)
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or microbial reactions with these interlayers is another risk that must be considered and
monitored (Dopffel et al., 2023).

2.1.1 Salt layer interpretation

The methodology to create a detailed salt characterization for Ho storage assess-
ment relies on the analysis of petrophysical well logs to identify the pure layers of salts
and interpolating between well logs to create regional maps of thickness and depths of
salt resources across each basin. Our work primarily utilizes geophysical well logs, sup-
plemented by deviation and location surveys, production histories, driller’s logs includ-
ing cuttings descriptions, historical driller’s reports and existing well log interpretations
including lithology and formation tops. Ideally, this well log analysis would be comple-
mented with 3D seismic data, however, this data is not publicly available so we did not
include it in our analysis.

Well log data for the Michigan Salina Basin was obtained from the Michigan Ge-
ological Repository for Research and Education at Western Michigan University, with
approximately 900 wells used for Michigan Basin salt maps (Harrison et al., 2016; Voice
et al., 2017). Most of the interpretative work for the Michigan Basin was performed by
geologists within these institutions; however, we checked the interpretations for each well
log and picks for the base and top of salt-rich intervals. We made corrections to recon-
cile inconsistencies between previous interpretions.

Well log data for the Appalachian Basin were extracted data from publicly avail-
able digitized geophysical well log data and driller tops from six state systems of record
to create a single database . State data sources included the Empire State Organized Ge-
ologic Information System (ESOGIS), Appalachian Basin Tight Gas Reservoirs Project
File Repository, the West Virginia Geological and Economic Survey, the Appalachian
Storage Hub (ASH) Project File and Data Search, and the Exploration and Development
Wells Information Network (EDWIN). More than 400 wells were imported and their data
were imported. After well log quality control, 348 wells were interpreted and used in Ap-
palachian Basin Salt Mapping.

The interpretation process we took for both the Michigan and Appalachian basins
involved identifying new formation, member, and lithologic unit tops, or checking the
quality of existing tops using geophysical log responses, as these correspond to a com-
bination of changing lithology, mineralogy, and porosity. Lithostratigraphic interpreta-
tions were made and used to mark depths of individual salt bed tops and bases. Addi-
tionally, geophysical logs were used to estimate halite purity and quality. Isopach thick-
nesses were calculated for each interpreted evaporite layer, and gridded contour isopach
and structure maps were created using Petra software. Depth and thickness criteria were
also established for viable salt cavern resources.

In Figure 1 a sample of the Petra software interface can be observed where we show
a cross-section of eight well logs cutting across Michigan with their respective evapor-
ite units correlated across the basin. An additional step that is needed to calculate the
lithostatic pressure from the depth to top salt involves taking into consideration the vari-
ations in elevation across the regions of interest. To do this, we access the USGS pub-
licly available Digital Elevation Maps (DEMs) which supply fine-grained elevation data
and then add these values to the depth values which are measured from sea-level based
on log well input data. This step is not a large source of error in the maps of the Michi-
gan Basin but it is in the Appalachian Basin, where, in addition to sparser well cover-
age, the topography varies significantly within short distances, creating significant vari-
ability on short-length scales.
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Figure 1. FEast-west cross-section of the lower Salina in the central Michigan Basin con-
structed using PETRA. Formation tops for the A-1 (purple), A-2 (blue), and B (pink) Evaporites
were manually marked for each log and the formation tops were then interpolated linearly across
the basin. The y-axis represents the depth in meters from the top of the B Evaporite, showing
the thickness of each salt layer. The measurements shown are the gamma rays (GR, yellow), the
density logs (RHOB, green), the neutron porosity (NPM, black), and the photoelectric factors
(PEF, red). The bottom right is a map of the wells (black dots) used to constrain the thickness
and depth of the A-1, A-2, and B Evaporites of the Michigan Salina Group. The East-West

cross-section is represented as the blue line that connects the points A and A’.

2.2 Physical Model

The mass of gas that can be stored in a cavern (Ssor) can be derived via the fol-
lowing equation:

Sstor = Pmax X Vmax — Pmin X Vmin (1)

For most gas storage in salt reservoirs, that operate via pressure swings, the volume of
the cavern, V', does not change significantly during operating cycles. Hence, the gas stor-
age definition can be simplified to be:

Sstor - (pmaw - pmzn) xV (2)

Here densities ppax and pmin are determined from pressures ppmax and pyin via the equa-
tion of state relating density to pressure and temperature discussed in Section 2.2.4%.

The variable inputs required for the physical model are the depth, thickness, rhe-
ological parameters, and temperature of the available salt resources. For the most part,
the thickness constrains the available cavern volume, while the depth determines the pos-
sible operating pressure range of the cavern. Taking both the volume and the operat-
ing pressures into account, we can then calculate the cushion gas, the working gas, and
therefore the storable mass of hydrogen.

1 An important exception is the Teesside Ha reservoir in the United Kingdom which operates at con-

stant pressure, with the volume of the cavern changing by injection and production of brine(Atkins, 2018).
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2.2.1 Cavern Shape and Volume

Most estimates assume that salt caverns for hydrogen storage are vertical cylin-
ders that take advantage of thick salts (+200m), such as those like the Permian-aged Zech-
stein present in the subsurface across much of Europe (Caglayan et al., 2020; Lankof &
Tarkowski, 2020; Stone et al., 2009). However, within our target regions, once the in-
terbedded non-halite layers are considered, the thickness of usable salt layers does not
exceed 160 meters, with an average thickness of approximately 70 meters. This indicates
that vertical cylinders, commonly utilized in salt diapirs and the thickest bedded salt de-
posits, would be an inefficient use of space for these comparatively thinner bedded salts.
This led us to consider other shapes such as spherical and horizontally oriented cylin-
drical caverns. We explored the geophysical stability of these different cavern shapes over
the lifetime of a cavern. It should be noted that due to difficulties in monitoring and pre-
cisely controlling the leaching process during cavern construction, the resulting cavern
shapes often deviate from their theoretical shapes (Wang et al., 2013).

Spherical caverns are currently deployed for gas storage in the natural gas storage
industry (Horvéth et al., 2018; Wang et al., 2019). Figure 2 is a schematic showing a spher-
ical cavern model in a bedded salt formation. The volume of a sphere is:

4
V:§71'><7“3

(3)

Here, V is the volume [m3] of the cavern and r [m] is the radius of the sphere.

Buffer

Salt Thickness

ckness

Buffer

Figure 2. A simplified representation of an example spherical cavern. Here d represents the

s

depth of the surface to the target salt structure, D represents the depth from the surface to the
top of the cavern, r represents the radius of the cavern, and the buffer represents the buffer dis-

tance of the cavern inside of the salt structure

We also explored the possibility of using horizontal cylindrical shapes for caverns
- see Appendix B.
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2.2.2 Pressure

Given our assumption that the volume change during a storage cycle is negligible,
maximizing the mass injected and extracted requires maximizing ppax and minimizing
Pmin- Determining pmax and pmin requires consideration of the rheological properties of
salt as a function of stress and temperature.

If the gas pressure within the cavern is close to or greater than the lithostatic pres-
sure, failure via fracturing of the rock or injection hardware is expected. If the pyax is
too high, it may cause cracks in the salts which may lead to the escape of the gas. This
sets a limit on the maximum pressure p,.x where the top of the cavern, at depth D (Fig-
ure 2), is the weak point:

Pmax < p X gx D xcy (4)

where ¢ is a constant ~ 0.8 (Crotogino, 2022).

If the difference in stress between the gas inside the cavern and the rock mass sur-
rounding the cavern is too large (i. e., the gas pressure is too low compared to the litho-
static pressure of the rock), the cavern will collapse. This sets a limit to the minimum
pressure pmin. In contrast to the maximum pressure, this limit is at the bottom of the
cavern, at a depth of D+H, where H is the vertical height of the cavern. For pp;, there
are two mechanisms that can come into play: brittle failure (Berest & Brouard, 1998),
and ductile failure (X. Ma et al., 2021). The limiting value of ppyi, is the greater of these
two relevant pressures explained below:

1. Brittle failure occurs when the internal gas pressure is not large enough to offset
the external lithostatic pressure leading to collapse and loss of stability of the cav-
ern. This pressure limit is given by:

Pmin_brittle > P X g X (D + H) X Co (5)

where ¢ is a constant ~ 0.3 (Caglayan et al., 2020).

2. Ductile failure occurs when the internal gas pressure is not large enough to off-
set the external lithostatic pressure leading to creep failure over long time hori-
zons. The result of this creep is that the cavern slowly fills in over time. Ductile
flow of salt is highly dependent on the deviatoric shear stress o, and less so to the
temperature T'. The deviatoric strain rate is given by:

. -Q\ ,
e—Aexp<RT>a (6)
Here R is the gas constant. (Berest & Brouard, 1998; L. Ma et al., 2021; Nye &
Mott, 1953). Because the strain rate depends on the shear stress raised to the power
n, this is called power law flow. The three parameters A, @, and n are determined
experimentally by measuring ¢ at multiple values of ¢ and T and performing a fit-
ting exercise to constrain the parameters. This is experimentally challenging and
there are considerable uncertainties in estimates of individual parameters, as well

as substantial covariance among estimates. Because the collapse rate of a cavern

in the ductile flow regime depends on ¢™ and n is typically 4 or more, a critical
stress difference o* quantifies the conditions for rapid cavern collapse. For duc-

tile creep, the cavern shrinks significantly unless

Pmin_creep > p X g X (D+H) —0o" (7)
where ¢* is on the order of 20 MPa, and depends on the flow properties and tem-
perature of the salt surrounding the cavern (Berest & Brouard, 1998). In Appendix
A, the derivation of o* and how it relates to pmin_crecp is shown, considering both
spherical and horizontal cylinder cavern shapes.



200 2.2.3 Temperature

201 The temperature is calculated as a function of depth, based on the assumption of:
202 a) the surface temperature of 17C (290K) representing an average over the year (Fabig
203 & Briickner, 2011) and b) a geothermal gradient of 23 deg C/km. The center of the cav-
204 ern is taken as the point of reference for calculating the temperature as function of depth
205 (where D and H are in metres).
H

T =290+ 0.023 x (D + 5) (8)
206 2.2.4 Non-Ideal Gas Equation
207 Hydrogen, like most gases, deviates from ideal gas law behavior at high pressures
208 such as in the case for salt cavern storage. To calculate the equations of state, we em-
209 ploy the CoolProp Python package (Bell et al., 2014; Leachman et al., 2009). For our
300 cavern capacity calculations, we ignore dynamic behaviors related to change in cavern
301 volume via creep and thermodynamic interaction of gas injection and withdrawal. In other
302 words, we assume that both the temperature and volume are constant and determined

303 by equations (8) and (3), respectively.

304 2.2.5 Physical Model Analysis

305 The physical model allows us to calculate the operating pressures and volume of

306 the caverns based on the input parameters of the depth to the top of the cavern and the
307 thickness of the usable salt, as well as their rheological property values. This in turn also
308 allows us to then calculate the working and cushion gas in the cavern.

300 Figure 3) plots the maximum and minimum allowable pressures as function of depth
310 for the Salina salts (rheological properties described in Appendix A). We observe a trend
311 of increasing operating pressure range (Pqz — Prin) until around 1500 m where this

312 pressure difference once again begins to decrease. At this point, the creep driven crit-

313 ical pressure ¢* is reached leading to the minimum operational pressure being driven by
314 brittle failure rather than ductile failure. This optimal depth “sweet spot” corresponds

315 to the largest operational pressure range and therefore storable working gas.

316 Other models that also estimate hydrogen storage capacity, such as Caglayan et

317 al., do not explicitly take into consideration the ductile minimum pressure, leading to

318 the alternate finding that increasing depth leads to increasing gas storage. This would

319 in turn suggest that the most valuable salts are the deepest salts. This contradicts heuris-
320 tics found across the literature that assert that the optimum depth for cavern construc-

321 tion is in between approximately 800 m to 1700 m (Lankof et al., 2022; Michael Susan,
322 2019; Parkes et al., 2018; Williams et al., 2022; Zheng et al., 2020). One of the main con-

323 tributions of this paper is that it offers a reasonable description of these heuristics rooted
304 in geophysical models that is relatively easy to implement.

35 2.3 Geospatial Analysis

326 With the geospatial data of the available salts in the Michigan and Appalachian

327 basins of Section 2.1 and the physical model detailed in Section 2.2, we can combine both

38 methodologies to calculate the hydrogen storage potential in the Michigan and Appalachian
329 regions.

330 2.3.1 Spatial Cavern Placement

331 To rasterize the data, we gridded our results in 500 m x 500 m cells each with their
33 own depth and thickness value. To ensure the tightness of the salt, a 15 m buffer within
333 the evaporite layer is applied both above and below the cavern (totaling 30m) after which



Pressure ranges for a spherical cavern of radius 40 meters
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Figure 3. Pressure ranges for a spherical cavern of radius r = 40m for the Salina salts (rheo-

logical parameters reported in Appendix A). The depth "sweet spot”, corresponding to D = 1500
m and large working gas pressure difference, can be approximated by the intersection of the min-
imum pressure curves for ductile failure (7)) and brittle failure (Eq (5)). If creep were ignored,

Ap would increase with depth as seen by the widening difference between the maximum pressure

(orange line) and the minimum pressure by stress (dashed green line).
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the remaining thickness can be utilized for cavern construction. Given the variation in
bed thicknesses and therefore cavern sizes across the salt basin, multiple caverns are al-
lowed to be constructed in a single 500 m x 500 m grid cell to take full advantage of the
resource.

To avoid significant inter-cavern pressure interactions, we follow the available guid-
ance on inter-cavern spacing, from the design of compressed air energy storage caverns
(Allen et al., 1982) as well as natural gas storage (Energy Resource Committee of the
Interstate Oil and Gas Compact Commission (IOGCC), 1995), which recommend the
caverns be placed at a distance of 8 times the radius from their central axis from each
other as to prevent critical interactions between cavern pressures. This results in the num-
ber of caverns that fit into a single cell to be:

Area

N . =
caverns_sphere 71'(47‘)2 (9)

The resulting number of caverns in a grid cell may be a noninteger value. It is as-
sumed that these caverns can be distributed across the grid cells in a way that ensures
the non-integer values complement each other across cells to form complete caverns. By
multiplying this number of caverns by the working gas capacity of a single cavern, we
can approximate the total working gas potential of each grid cell.

Total working gas in cell = working gas in a cavern X Necaverns (10)

2.3.2 Land Exclusion Criteria

Despite the maturity of the salt leaching industry, not all land with salt resources
can be utilized for salt cavern storage. There are important environmental and safety
factors that must be considered. Salt (halite) is ductile and mobile, which can lead to
multiple issues, including cavern convergence, ground subsidence, borehole closure, high-
pressure gas and brine pockets, casing collapse, and in extreme cases, cavern collapse,
micro-seismicity, and long-term land subsidence issues (Bérest & Brouard, 2003).

For this purpose, following the approach of Caglayan et al. (2020), the open-source
model Geospatial Land Availability for Energy Systems (GLAES) tool originally devel-
oped by Ryberg et al. (2017) for wind turbine placement was adapted and applied for
land exclusion analyses. The land exclusion constraints are shown in Table 1, where a
distance buffer is applied based on a review of the literature on underground air com-
pression and natural gas storage technologies (Lux, 2009; Allen et al., 1982). The dis-
posal of brine, which presents a significant environmental concern (Crotogino, 2022), is
not explicity considered due to the abundance of USA EPA class II disposal wells in the
two regions (Michigan Department of Environment, Great Lakes, and Energy, 2024).

Once all land exclusion constraints have been applied, these ’exclusion maps’ are
overlayed on the salt resource map that reveals eligible land for cavern construction. The
resulting exclusion map for the Michigan and Appalachian regions is shown in Figure
4.

3 Results
3.1 Salt Resources Analysis

Evaporite layer characterization is detailed in the subsections below. The result-
ing maps for the A-2 Evaporite in the Michigan Basin and the F-4 Evaporite in the Ap-
palachian Basin, the most promising salt layers in each region respectively, is shown in
Figure 5. Full characterization of other layers in each basin are reported elsewhere in fur-
ther detail (7, 7).
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Table 1. Exclusion criteria based on different categories and their respective sources.

Criteria Excluded within = Source

Urban areas 2500 m 2020 U.S. Census populated places (class 6-10)

Rural areas 2000 m 2020 U.S. Census populated places (class 1-5)
Protected areas 200 m USGS Protected Areas Database (GAP Status 1 & 2)
Water bodies 200 m USGS National Hydrography Database

Railways and major roads 200m
Pipelines (Fossil Fuels) 200 m

U.S. Census Bureau TIGER /Line Files
U.S. EIA state maps

Figure 4. Exclusion maps of the Michigan and Appalachian regions in grey. Criteria for the

development of these maps are given in Table 1.

3.1.1 Michigan Salina Basin

The Michigan basin’s deepest evaporite layer, the A-1 Evaporite, has a maximum
thickness of approximately 143 meters in Bay County, reaching a depth of approximately
2508 meters below sea level. The thickest part of the evaporite is located near the cen-
ter of the basin in Isabella, Midland, and Bay Counties, while it thins out to the north
and south and gradually to the east and west, forming an elongated depocenter that trends
southwest to northeast across the basin. In addition, the A-1 Evaporite in the basin con-
tains potash minerals deposited in two distinct beds, which are discussed in detail and
shown in map view by W. Harrison IIT and P. Voice (7, 7).

Overlying the A-1 Evaporite and the A-1 Carbonate (the Ruff Formation), which
has a thickness ranging from approximately 15-25 meters, is the A-2 Evaporite. The depth
range of the top of the A-2 Evaporite is approximately 415-2364 meters below sea level.
The maximum thickness of the A-2 Evaporite is approximately 158 meters, and, like the
A-1 Evaporite, it thins to zero thickness at the basin margins. The thickness of the A-

2 Evaporite increases in the same direction as the depth, with the top of the A-2 Evap-
orite being about 143 meters shallower at the basin center than the top of the A-1 Evap-
orite and approximately 40 meters shallower at the basin margins. The depocenter of
the A-2 Evaporite is shifted to the north of the A-1 Evaporite, with the thickest center
of the A-2 Evaporite located in Alcona and Tosco counties.

The B Evaporite layer is separated from the A-2 Evaporite by the A-2 Carbonate
layer, which has a variable thickness ranging from 18 to 55 meters across the area of in-
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Figure 5.

Michigan A-2 (left column) and Appalachian F-4 (right column) Salina Evaporite

layer thickness (orange) and depth (blue) to the formation top maps. The thickness reaches up to

158 meters while the depth varies in between 477 meters and 3140 meters
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terest. The thickest interval of the A-2 Carbonate layer is found near the basin’s cen-
ter in Bay, Gladwin, and Midland Counties, with a maximum thickness of approximately
160 meters in Bay County. The depth of the top of the B Evaporite layer ranges from
283 to 2176 meters below sea level. At the basin center, the top of the B Evaporite is

on average approximately 187 meters shallower than the top of the A-2 Evaporite, and
about 131 meters shallower at the basin margins.

Combined, the A and B units in the Michigan basin contain three extensive and
continuous evaporite layers, each with a substantial thickness of pure halite that could
serve as effective sites for subsurface hydrogen storage. However, local evaluations should
be conducted to assess the heterogeneities in the evaporites before creating caverns. The
A-1 evaporite’s heterogeneities are limited to the basin center, while the A-2 evaporite
is the most homogenous, continuous, and thick halite package in the basin.

3.1.2 Appalachian Basin

The Salina A and B units from the Michigan Basin, which are characterized by sub-
stantial and pure halite beds, are missing in the Appalachian Basin. In the absence of
the A and B units, the F unit become the thickest and most widespread halite within
the Appalachian Basin.

The most abundant well penetrations of the Salina Unit F occur in northern Penn-
sylvania. Nonetheless, data scarcity and low-quality data contribute to significant un-
certainty as to whether these penetrations represent a uniform thickening of the salt into
northern Pennsylvania or rapid lateral thickness fluctuations. Regional uplift and orogeny
during the formation of the Appalachian Mountains distorted the Appalachian basin fill
and might have induced significant variations in salt thickness. The extent of this vari-
ation cannot be determined without seismic imaging or better well control. The anal-
ysis of the Appalachian Basin salts becomes less reliable due to increased deformation,
insufficient well control, and the presence of numerous interbeds of porous lithologies and
anhydrite within halite-rich intervals, compared to the Michigan Salina Basin salts.

The F-1 Evaporite is the most extensive of the F evaporites. It achieves its great-
est thickness in Northern Pennsylvania’s Tioga and Bradford counties, peaking at roughly
112 meters in Bradford County. Only two wells penetrate the F-1 Evaporite where the
thickness exceeds approximately 53 meters. The remainder of the identified thick F-1
Evaporite region in southern New York and northern Pennsylvania ranges between ap-
proximately 30 and 53 meters. The F-1 Evaporite diminishes to zero thickness moving
away from the two F-1 Evaporite depocenters towards the basin margins.

Separated from the underlying F-1 Evaporite by a thin layer of carbonates, dolomites,
and shales, the F-2 Evaporite is thickest in southern New York and northern Pennsyl-
vania. The most substantial F-2 Evaporite salt intervals sampled by well data, nearly
98 meters thick, are located in New York’s Schuyler and Tompkins Counties. Similar to
the other F unit evaporite beds, the F-2 Evaporite also has a second depocenter in east-
ern Ohio and western Pennsylvania; this secondary accumulation does not exceed a thick-
ness of approximately 23 meters. The F-3 Evaporite never surpasses a thickness of 27
meters, rendering it unsuitable for our cavern analysis.

The F-4 Evaporite, being the thickest and purest layer in the F unit, is over 150
meters thick in northern Pennsylvania. In western Pennsylvania and eastern Ohio the
F-4 Evaporite is under 61 meters thick within a second depocenter centered in Wash-
ington and Green counties in Pennsylvania. The F-4 Evaporite, like the F-1 Evaporite,
diminish to zero thickness away from the two F-4 Evaporite depocenters. The topogra-
phy of the F-4 Evaporite salt structure aligns with the structural contours of the full F
unit section and the previously described F evaporites. The F-4 Evaporite reaches its
maximum depth in northeastern Pennsylvania, approximately 2438 meters below sea level.
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The shallowest F evaporite identified, the F-5 Evaporite, only covers a small area
in Tioga County, New York, and Bradford County, Pennsylvania. Similar to the F-3 Evap-
orite, the F-5 Evaporite does not reach a thickness sufficient for the creation of hydro-
gen storage caverns and is not discussed further.

The F-4 Evaporite layer is the most promising target for hydrogen storage in the
basin. As interpreted from its gamma-ray signature, the most readily available geophys-
ical log data, its homogeneity varies drastically from very clean halite salt in its thick-
est depocenter to significant interbedded lithologies that could present either solution
barriers or thief zones depending on the specific lithology. More detailed constraints on
the thickness and quality of the salts come from only a few wells with cored intervals.
Significant structural deformation should be considered very likely and related changes
in lateral thickness expected. Future work should include characterization using seismic
imaging since well log control is limited in much of the most promising regions for salt
storage in the F-4 Evaporite. Detailed local studies, targeted exploratory drilling, and
careful site assessment should be implemented before further consideration of the F-4
Evaporite for subsurface Hy storage.

3.2 Geospatial Analysis

By using the physical model for spherical caverns and limiting the results to the
availability of determined salt resources within the developed exclusion zone, we can map
the potential for hydrogen storage. Figure 6 is a map that depicts the potential for hy-
drogen storage in spherical caverns in the A-2 Michigan evaporite layer and the F-4 Ap-
palachian evaporite layer. This figure shows that for Michigan the maximum total storable
working gas potential in a single 500 m x 500 m grid cell is found in the A-2 Evaporite
layer and reaches approximately 11 000 metric tons, or 380 GWh. This amounts to 1.31
caverns of volume 980000 m?® with working gas of 8700 metric tons. For Appalachia, the
maximum storable working gas in a 500 m x 500 m grid cell is found in the F-4 Evap-
orite layer and can store approximately 7700 metric tons, or 256 GWh, in 3.74 caverns
of volume 200000 m? and working gas 2000 metric tons each.

However, directly comparing the storage capacities of two caverns can be mislead-
ing due to the difference in volumes. Larger caverns take more time and are more ex-
pensive to develop (Papadias & Ahluwalia, 2021), so utilizing another metric that con-
siders these differences in volumes is preferable (Lankof et al., 2022). Because of this,
the energy density is calculated by dividing a cavern’s storage potential by its volume.
In Figure 6, we show the energy density reaches 3908kW hm™3 in both the Michigan and
Appalachian regions, though Michigan does have a much larger area with this high en-
ergy density potential.

Observing this energy density map and comparing it to the Michigan A-2 Evap-
orite depth map in Figure 5, we can clearly see that there is a ring of high density in the
same location as the ring of depth of approximately 1500 m. This reinforces our conclu-
sion of having an optimal depth for cavern construction, especially as the calculation takes
into account how much hydrogen can be stored per m? of cavern.

3.3 Capacity Analysis

In this subsection we calculate the total hydrogen storage potential in salt caverns
in the Michigan and Appalachian regions. Since these layers are vertically separated by
only a few hundred meters, the constraint on inter-cavern separation distance leads us
to only select one salt layer per grid cell for consideration. Therefore, for every cell of
the grid, the salt layer with the highest working gas potential is selected while the oth-
ers are filtered out.
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Figure 6. Maps showing the Hs working gas potential (left column) and energy density (right
column) of spherical caverns in the Michigan Salina A-2 Evaporite (top row) and Appalachian
Salina F-4 Evaporite (bottom row). Salt layers in 500 m x 500 m grid cells are presented. The
working gas reaches up to 380 GWh stored in a single grid cell in the Upper-East corner of the
Lower Peninsula of Michigan. The Michigan A-2 Evaporite layer has overall better salt resources

than the Appalachian Salina F-4 Evaporite.
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Figure 7. Bar chart showing hydrogen storage potential [PWh] in the evaporite layers across
the Michigan (blue gradient) and Appalachian (green gradient) regions. Filter scenarios highlight
higher value caverns. Filter I only considers grid cell with less than 7 caverns. Filter II includes
Filter I while also excluding caverns that require more cushion gas than their working gas capac-

ity.

Table 2 shows the cumulative hydrogen storage potential across the overlaid an-
alyzed layers in Michigan and Appalachia. Figure 7 is the bar chart that visualizes these
results. We can see here that the working gas potential in Michigan is 2.1 x 10° met-
ric tons of Hy, or 69.9 PWh, while in Appalachia it is 1.32 x 10® metric tons of Hy, or
4.4 PWh. It is likely, however, that not all of these resources will be developed and that
instead, we will focus on the higher value caverns. While this paper does not focus on
the techno-economics of cavern construction, we can utilize two heuristics to broadly in-
fer higher value regions. From Papadias and Ahluwalia (2021), the two conditions that
are likely to drive up cost are :

1. Installation costs for building multiple caverns instead of fewer larger caverns, tak-
ing into consideration constraints from the existence of impure interlayers.
From this heuristic we can infer that grid cells that have thicker salts and there-
fore fewer numbers of caverns built are more valuable. With this criterion, we ap-
ply Filter I, which removes all the grid cells that have more than 7 caverns, leav-
ing us with Michigan at 66.5 PWh, while in Appalachia it is 0.85 PWh of Hy work-
ing gas potential in salt caverns.

2. A high cushion gas requirement given the high cost of producing hydrogen.
From this heuristic we can infer that caverns with a high ratio of working gas to
cushion gas are desirable. Therefore, in Filter IT we add onto the constraints of
Filter I and remove all the caverns that have more cushion gas than working gas.
This results in Michigan having 32.36 PWh, while in Appalachia the working gas
potential is reduced to 0.54 PWh. While these filters cut the total working gas po-
tential roughly in half and significantly reduce the potential of the Appalachian
region, they are noticeably still within quite large. As a reminder, the current to-
tal underground natural gas storage capacity is 1.37 PWh, meaning that, disre-
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Table 2. Hydrogen storage capacity with different filtering scenarios. 1 PWh = 1000 TWh.
Filter 1 and 2 represent subsets of storage potential that meet specific technical criteria that
would favor commercial deployment: a) Filter 1 consider those grid cells with 7 or lower caverns,
since additional caverns add investment costs, b) Filter 2 considers the Filter 1 criteria and re-
moves all caverns where cushion gas mass exceeds working gas mass. All numbers reported on a

lower heating value (LHV) basis.

[PWh] No Filters Filter I  Filter II
Total Capacity 80.9 67.4 32.9
Michigan B Evaporite 30.4 27.6 15.3
Michigan A-1 Evaporite 14.3 9.31 2.2
Michigan A-2 Evaporite 24.9 29.6 14.8
Appalachian F-1 Evaporite 0.53 0.05 0.00
Appalachian F-2 Evaporite 0.27 0.00 0.00
Appalachian F-4 Evaporite 3.6 0.81 0.54

garding the important spatial placement and hydrogen transportation needs, these
regions alone could physically meet our underground energy storage needs.

In Figure 7, we can also appreciate differences in the salt resource potential. The
Michigan Evaporites clearly dominate the total potential working gas capacity across both
regions, with the Michigan A-2 Evaporite representing the greater share of potential within
Michigan. In Appalachia, the F-4 Evaporite clearly dominates this region’s working gas
capacity potential and even after the application of the filters offers a storage capacity
of 0.540 PWh.

4 Key Findings

In this paper, we have presented a new approach to assess resource potential for
hydrogen storage in salt caverns, based on physical well-log interpretations and a phys-
ical model grounded in geomechanical considerations. Our approach captures and con-
siders the heterogeneity of geological hydrogen storage, constrained by both above-ground
safety and below-ground physical considerations. Our main contributions are:

1. A new geologic interpretation of the Salina Group in the Michigan Basin and Ap-
palachian salt basins considered for hydrogen storage in salt caverns.

2. A simple analytical geomechanical model that calculates the cavern’s hydrogen
storage potential under a variety of scenarios.

3. A spatial resource analysis that includes excluded areas due to safety or environ-
mental concerns. Our analysis shows that the total technical working gas poten-
tial in Michigan is 2.1x10° metric tons of Hy or 69.9 PWh while in Appalachia
it is 1.3 x 108 metric tons of Hy or 4.4 PWh. .

Our geophysical model (Section 2.2.5) shows that there exists an optimal depth range
for cavern construction that, based on the Salina rheological parameters, occurs within
the approximate range of 1000 m to 1700 m, with the optimal depth at 1500 m. This find-
ing clarifies the heuristics presented in the literature and allows for estimations and vi-
sualizations of the physical potential of hydrogen storage to a new degree of accuracy.

Our capacity analysis (Section 3.3) shows that the overall technical working gas
potential in Michigan is 2.1x10° metric tons of Hy, or 69.9 PWh, while in Appalachia,
it is 1.32x10% metric tons of Hy, or 4.4 PWh. After applying the two above-mentioned
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filters, these potentials are reduced to 32.4 PWh in the case of Michigan and 0.54 PWh
in Appalachia. These are significant quantities, especially when compared to the US’ cur-
rent underground NG working gas capacity of 1.375 PWh. For a single 500 x 500 m?

area, the maximum total storable Hy working gas potential reaches 380 GWh, or 11 400 metric ton,

with an energy density of 398 kW hm™3.

When comparing the physical potential of the studied regions, Michigan has purer
and more abundant salts than Appalachia. This advantage translates to approximately
15 times the hydrogen working gas storage capacity for cases with minimal constraints
and approximately 60 times with more restrictive constraints when compared to Appalachia.
Furthermore, the formation of the Appalachian Mountains likely resulted in the defor-
mation of the Appalachian basin fill, potentially causing notable variations in our salt
layer thickness estimations which may distort our results for the region. Overall, our re-
search represents an advance in the understanding of hydrogen storage in salt caverns,
particularly within the context of the United States, and provides a solid foundation for
future work in this field.

5 Future Work

In this paper, we quantify the availability of hydrogen storage resources in salt cav-
erns in Michigan and the Appalachian region. This analysis emphasizes the physical ca-
pacity of storage; however, it is equally important to understand the techno-economics
of storage when compared to other potential hydrogen storage methods. Future work
could look into understanding the techno-economic outlook for Hy storage development
in these regions considering their role in balancing supply and demand in future low-carbon
energy systems. Such an analysis could be undertaken by representing the technical and
economic attributes of these resources in the multi-sector energy system planning mod-
els to study how their availability impacts overall energy system in terms of system cost
and infrastructure deployment under various technology and policy scenarios.

In addition, our approach and in-depth analysis could be expanded to other salt
basins in North America to better understand and compare these resources. The basins
that we suggest targeting in the US are the Permian basin, the Gulf Coast basin, the Willis-
ton basin, the Sevier Valley basin, and the Paradox basin.

Appendix A Minimum Pressure by Creep

Salt ductile failure is highly dependent on the deviatoric strain rate € which is highly
sensitive to the deviatoric shear stress o, and less so to the temperature T and the ac-

tivation energy Q:
. -Q\ .,
€= Aexp (RT o (A1)

Where the gas constant R = 8.3144m3 PaK ' mol™'. Because the strain rate depends
on the shear stress raised to the power n, this is called power law flow. In the salt con-
text, it is often referred to as the Norton flow law.

The three parameters A, @, and n are determined experimentally by measuring
¢ at multiple values of 0 and T and performing a fitting exercise to constrain the param-
eters. This is experimentally challenging and there are considerable uncertainties in es-
timates of individual parameters, as well as substantial covariance among estimates (Berest
& Brouard, 1998; L. Ma et al., 2021; Nye & Mott, 1953).

The covariance between A and n makes comparing estimates of flow parameters
from different studies difficult. In particular, the dimensions of the parameter A are MPa™",

so the units of A depend on the stress exponent. This complication can be removed by

a change in variable: A* = (U‘:‘)n, where o* is a reference stress. If ¢ = 1 MPa, then
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A* = A. Alternatively, as we discuss later, the reference stress o* can be chosen to ob-
tain a particular value of A*.

It is also useful to define the parameter T = % such that the thermal activation

-
term in (A1) becomes e( T ) The effects of temperature variations depend on how large
these temperature variations are compared to T*. If we ignore the effects of tempera-
ture variations, it is useful to define a reference temperature, Tief, and rewrite (Al) as

oo (2) e () (2) =

There are analytic expressions for the ductile collapse of spherical and cylindrical
voids in a whole space consisting of a power law fluid (X. Ma et al., 2021). The radial
inflow velocity at the cavern wall is easily related to the volumetric collapse rate. The
contraction rates for a sphere and a cylinder are very similar, differing only by a con-
stant term. The rate at which the cavern collapses is proportional to its volume, lead-
ing to an exponential decrease in cavern volume with time. The rate at which the vol-
ume changes, which depends on the difference between the far-field lithostatic stress, piitn,
and the cushion gas pressure, p., is given by:

dln'V L _ (plith pc) "
_ Y _(n+1) n x| \Llth — Pe)
n = = — n~ "D |: " (A3)

Here a = % for a sphere and a = /3 for a cylinder.

Equation (A3) can be integrated to calculate the volume of the cavern as a func-
tion of time:
V =Vyexp (—a("+1)n_”D* [(plith - pc)} t> (A4)

0-*

Here Vj is the initial cavern volume. We assume that a collapse rate of 30% over
30 years as an acceptable loss of volume over time (X. Ma et al., 2021). Integrating (A4)
for 30 years, a 30% decrease in volume would result for

D/* _ a(nJrl)nan* (plith - pC) " _ 0.012 (A5)
o* year ’
for 0™ = piith — Pe-
Then, solving for the critical stress o™,
1/n
. 1 0.012
o= i (5 (49
Here, o* represents a critical stress difference where the contraction rate changes from

being negligible to large fairly rapidly. When [%} is less than one, raising it to

(p“t;i:“)] is greater than one, rais-

the power n gives a small contraction rate. When [
ing it to the power n gives a large contraction rate.

There is a wide range in estimates of the rheological parameters describing power
law creep of salt. In addition, the temperature of candidate reservoirs varies. Thus, the
value of the critical stress o* for a particular candidate reservoir must be determined via
a special study. After an extensive literature review (Berest & Brouard, 1998; H. Li et
al., 2021; X. Ma et al., 2021; Michael Susan, 2019; Wawersik & Zeuch, 1986), we collected
19 sets of rheological parameters from across the world which are compiled in Table A1.

20



629

630

631

632

633

634

635

636

637

639

640

641

642

643

644

645

646

647

Table A1l. Compilation of rheological parameters for salts. First 15 facilities were collected

by Berest and Brouard (1998) while the rest were collected by the author named in the Facility

column. The last columns refer o™ values calculated at different reference temperatures of 310 K

and 340 K respectively.

No. Facility n  T*[K] A [MPa "/year] o3, (MPa) o3%,, (MPa)
1 Avery Island (after D.V.) 3.14 6495 1.30 x 10* 14.4 8.0
2  WIPP 5.00 5035 1.04 27.3 20.5
3 Salado (WIPPT) 5.09 8333 3.67 x 10* 27.6 17.3
4 Asse (after W.) 6.25 9969  2.51 x 10 55.3 35.1
5  West Hackberry (WH1) 4.73 6606 4.52 x 102 23.7 15.9
6  West Hackberry (WH2) 4.99 10766 9.40 x 1071 1134.4 613.8
7 Bryan Mound (BM3C) 454 7623 1.32x 103 40.5 25.1
8  Bryan Mound (BM4C) 5.18 8977 1.04 304.4 185.9
9 Bayou Choctaw (BC I) 406 5956  6.40 x 10! 28.1 18.5

10  Etrez 3.10 4100 6.40 x 10! 29.6 20.3
11 Avery Island (after S. and al.) 4.00 6565 2.08 x 103 19.7 12.3
12 Salina 4.10 8715 2.78 x 103 31.5 17.2
13 Palo Duro - Unit 4 5.60 9760 1.81 x 105 42.4 25.8
14 Palo Duro - Unit 5 5.30 9810 2.52 x 10° 44.9 26.5
15 Asse (B.G.R.) 5.00 6495 6.57 x 10! 30.5 21.1
16  X. Ma et al. (2021) 3.50 0 6.00 x 1076 15.2 15.2

17 Michael Susan (2019) 5.00 6495 1.32 x 102 26.6 18.3

18  Wawersik and Zeuch (1986) 5.00 6485 2.29 x 102 23.6 16.3

19 J. Liet al (2020) 3.50 0  1.50x 1076 22.5 22.5

From this table, we utilize the measure Ohio Salina rheological parameters (Berest

& Brouard, 1998):

n=4.1,
T = 8715 K,

A* = 2.7752 x 10° MPa™".

These values were chosen because the Salina evaporite formation is shared across Michi-
gan, Ohio, and the Appalachian region and we infer can serve as a good approximation

to the rheological properties of the studied regions.

If instead, we use the median values from this table, Figure A1l highlights result-

ing pressure differentials as a function of depth, similar to the plot noted for the Salina
salts Figure 3. By comparing both of these plots, we can see that the rheological param-
eters impact the optimum depth where in the case of the Ohio Salina rheological values
seen in Figure 3, the optimum depth is approximately 1500 m while the optimum depth

for the median rheological values is approximately 1250 m.

Appendix B Note On Horizontal Cylindrical Cavern Shapes

Horizontal caverns can be thought of as a series of spherical caverns that overlap

on the same horizontal line. These shapes are attractive since they would allow for larger
volumetric caverns within the same bedded salt which would allow for savings in instal-

lation equipment and operating costs. Innovations in horizontal drilling technologies in
the 90s led to a surge in interest and studies in the possibility of utilizing the horizon-

tal cavern shape. These studies concluded that although the structure of the caverns are
stable, the construction process is difficult, lengthy, and therefore expensive (Kunstman

21



648

650

651

652

653

654

655

656

657

658

659

660

661

662

Pressure ranges for a spherical cavern of radius 40 meters
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Figure A1l. Pressure ranges for a spherical cavern of radius 40 meters when taking the
median rheological parameters from Table Al. The depth ”sweet spot,” slightly deeper than

D = 1250m, can be approximated as the pressure where the minimum pressure ductile failure
(Eqs difference Apmax (7)) overcomes the brittle failure (Eq (5)) leading to the largest working
gas pressure difference Apmax. If creep were ignored, Ap would increase with depth as seen by
the widening difference between the Maximum Pressure orange line and the Minimum Pressure

by stress dashed green line.

& Urbanczyk, Kazimierz M., 1995; Thoms & Gehle, 1993). However, given the growing
interest in hydrogen storage—a gas that demands larger storage volumes of storage com-
pared to natural gas (Wallace et al., 2021)—and a scarcity of thick bedded salt deposits
globally, there is a renewed interest in further understanding and evaluating the viabil-

ity of horizontally oriented cylindrical caverns, particularly in the context of China (Liu
et al., 2019, 2020; Wan et al., 2019; Ban et al., 2021).

Overall, the storage potential calculations are similar to that of the spherical cav-
ern with the main difference given by the potential cavern volume being much larger for
horizontal cylinders where the volume of a cylindrical cavern is given by:

‘/Cylinder = 7TT2L (Bl)

Where we take L, the length of the cylinder, to be as long as desired or as allowed
by the salt formations.

Acronyms

VRE Variable Renewable Energy
H, Hydrogen Molecule
IEA International Energy Agency
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663 NG Natural Gas

664 SPR Strategic Petroleum Reserve

665 ESOGIS Empire State Organized Geologic Information System
666 ASH Appalachian Storage Hub

667 EDWIN Exploration and Development Wells Information Networ
668 DEM Digital Elevation Map

669 IOGCC Interstate Oil and Gas Compact Commission

670 GLAES Geospatial Land Availability for Energy System

671 USGS United State Geological Survey

672 Appendix C Open Research

673 The physical well logs that were used are proprietary and we were not granted per-
674 mission to share them.

675 The Michigan basin physical well logs were provided by the Dr. William Harrison
676 and Dr. Peter J. Voice from the Michigan Geological Repository for Research and Ed-

677 ucation at Western Michigan University. These physical well logs may be accessed by

678 reaching out and requesting the data to these the mentioned researchers.

679 The Appalachian basin physical well logs were data-mined from publicly available
680 geophysical databases at the state-level. While we do not have permission to share these
681 files directly, other researchers may gain access through the following file repositories:

682 + The Empire State Organized Geologic Information System (ESOGIS) from New

683 York State.

684 e The Appalachian Basin Tight Gas Reservoirs Project File Repository provided

685 by the Appalachian Oil and Natural Gas Research Consortium for West Virginia
686 and Pennsylvania.

687 « The “Pipeline” oil and gas well data repository through the West Virginia Geo-

688 logical and Economic Survey.

689 e The West Virginia Geological and Economic Survey digitized logs file server.

690 + The Appalachian Storage Hub (ASH) Project File and Data Search contains well
601 files from Ohio, West Virginia, and Pennsylvania.

692 + The Exploration and Development Wells Information Network (EDWIN) from Penn-
693 sylvania.

694 We can, however, share the resulting salt maps, exclusion zones, and Python scripts
695 that were utilized in the analysis. The salt basin data and Python scripts used for the

696 mapping and analysis in the study are available at the Mendley Data repository via: https://
697 data.mendeley.com/datasets/rrn4x86x7y/1
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