
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 6 9 2 1e2 6 9 3 6
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Modeling hydrogen storage capacities, injection
and withdrawal cycles in salt caverns: Introducing
the GeoH2 salt storage and cycling app
Leopoldo M. Ruiz Maraggi*, Lorena G. Moscardelli

Bureau of Economic Geology, The University of Texas at Austin
h i g h l i g h t s
� Open-source web application for modeling hydrogen storage and cycling processes in salt caverns.

� Hydrogen real gas thermodynamic simulator.

� Modeling capabilities include: physical properties, volumetric, withdrawal, injection, and cycling processes.
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Salt caverns have been used as hydrogen (H2) storage solutions in four locations worldwide

with refineries and the petrochemical industry relying on these supplies as strategic back-

up. The viability of storing H2 within salt caverns is advantageous given their large volu-

metric capacities, their flexible operation with large injection and withdrawal rates, and for

being a proven technology for the underground storage of a wide variety of gases and

liquids. However, to our knowledge, there are no open-source web-based software tools to

assess the technical potential of salt caverns for H2 storage. This work aims to fill that gap

by introducing the GeoH2 Salt Storage and Cycling App, a computer program that models

H2 storage capacities, and injection/withdrawal cycles in salt caverns.

The GeoH2 Salt Storage and Cycling App is a web-based thermodynamic simulator,

which consists of the following modules: (a) H2 physical properties, (b) volumetric, (c)

production, (d) injection, and (e) cycling. The physical properties module provides the user

with the main thermodynamic, transport, and thermal properties of H2. The volumetric

module allows the user to estimate H2 storage capacities in salt caverns. The production

and the injection modules simulate the withdrawal and the injection of H2, respectively.

Finally, the cycling module models sequential withdrawal and injection processes.

This study validates the results of the physical properties and the volumetric modules

with real data. We validate the results of the production and the injection modules for

synthetic cases using an open-source thermodynamic simulator.

This work presents a novel tool suitable to assess the technical potential of H2 storage,

injection, withdrawal, and cycling operations in salt caverns. This application can also be

used, along with subsurface geological information, as a first order screening tool to assess

H2 storage capacity at a regional or hub scale.
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Introduction

The shift in energy consumption from fossil-based fuels to

renewable energy is reshaping the fabric of our energy sys-

tems. Hydrogen, a known energy carrier, can be used to help

society bridge the gap between fossil fuels and renewable

energies. However, a viable H2 economy requires the devel-

opment of several functional elements across the value chain

including feedstock, production method, storage, trans-

portation, and marketability (Fig. 1). Regarding storage, some

estimates suggest that if H2 gas were to replace 10% of U.S.

natural gas, H2 storage would need to be increased by a factor

of 200 and these could be rather conservative numbers [1].
Fig. 1 e Schematic rendition of above and below ground condit

development of the H2 economy. In addition to hydrogen storage

gas fields and proximity to steam methane reformers, as well a

sequestration. Likewise, use of green H2 will require access to

electrolyzers. Key components will include the development of

implementation of safety standards. (For interpretation of the re

to the Web version of this article.)
This emphasizes the need to increase H2 storage capacity at a

scale not seen before to fulfill the ambition to reach a net-zero

economy in the next decade or two.

There are proven above and below ground H2 storage op-

tions that include surface tanks, and subsurface lined rock

and salt caverns. From these options, salt caverns provide the

largest volumetric capacity for H2 storage and therefore the

best option to handle seasonal heat demand and to provide

broader bulk power management solutions. Salt caverns can

ensure both reliability and deliverability of high-power ca-

pacity during longer discharge times [2]. There are only four

locations worldwide where H2 storage in salt caverns exists,

bedded salt formations in Teeside in the United Kingdom and

three salt domes along the Gulf Coast of the United States:
ions and infrastructure necessary to facilitate the

in salt caverns, use of blue H2 will require access to natural

s to subsurface conditions for carbon capture and

water resources, renewable energy and expensive

H2 transportation networks, access to markets and

ferences to color in this figure legend, the reader is referred
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Clemens Dome, Moss Bluff, and Spindletop [3]. These H2

storage facilities are linked to oil refineries and fertilizer pro-

duction but not to power generation.

The HyUnder project [4], funded by the European Union,

evaluated the potential of different large-scale H2 under-

ground storage options such as salt caverns, depleted oil res-

ervoirs, depleted gas reservoirs, aquifers, and lined rock

caverns, among others. This research project [5] ranked salt

caverns as the most feasible option for large-scale H2 storage

because of their relative integrity or tightness, their inertness

to H2 if the salt formation is predominantly halite, their high

flexibility (large withdrawal and injection rates), and the

relatively modest investment and operating costs. Currently,

the European Union is funding the Hypster project [6] to

demonstrate that the use of salt caverns for H2 storage can be

paired with renewable energy generation to help decarbonize

industry and mobility. This project includes a pilot study in a

repurposed cavern in France where high-frequency H2 cycling

is to take place in 2023. Hypster seeks to demonstrate the

safety and low environmental impact associated with the use

of salt caverns for H2 storage and power generation. Results of

this study will provide with a better understanding of desir-

able subsurface conditions to preserve the quality of the

stored H2, as well as to improve estimates associated with the

cost of storing H2 within salt caverns.

It is important to highlight that current H2 storage sites

experience infrequent hydrogen injection/withdrawal cycling.

The stored H2 in these facilities is meant to act as backup to

avoid expensive refinery shutdowns due to H2 supply dis-

ruptions. In contrast, in a scenario where H2 storage is

intended to mitigate renewable energy curtailment and

intermittency, the frequency of injection/withdrawal cycles

will increase to several cycles per year or month. Hydrogen

storage in salt caverns for the purposes of power generation

can be seen as the utilization of a large subsurface battery, but

this comeswithmany challenges. Upscaling of the technology

will require estimations of H2 storage capacity for new sites

based on subsurface conditions, as well as a better under-

standing of cavern's H2 cycling limitations.

The development of the H2 economy will require colloca-

tion of subsurface geological conditions and surface resources

including proximity to infrastructure and markets (Fig. 1).

Regions targeting green H2 production will require high

renewable power generation potential, and proximity to

electrolyzers. On the other hand, regions interested in blue H2

will require a steady supply of natural gas and proximity to

refineries with steam methane reformers and separation

plants to both produce H2 and capture carbon dioxide

respectively. In addition, blue H2 production facilities need to

be in close proximity to geological storage sites for permanent

carbon dioxide sequestration. Blue and green H2 production

methods require large volumes of clean water, either as

feedstock for green H2, or as a source of steam for blue H2

generation. The need to access clean sources of water for H2

production can also pose a challenge depending on

geographic location. All methods of H2 production at scale will

also require access to subsurface H2 storage facilities, the

presence of salt formations in the subsurface provide a solu-

tion to the H2 storage problem by way of using salt caverns as

a storage method. Unfortunately, salt formations are not
ubiquitous and only certain geographic areas are suitable for

the construction of salt caverns (Fig. 1). Finally, H2 producing

regionswill require access to pipelines capable to transport H2

to market; however, constructing new H2pipelines and/or

retrofitting existing natural gas pipelines is both challenging

and costly.

Recent efforts regarding the development of simulators

for modeling underground flow H2 include [7e9]. However,

these simulators are specifically designed for modeling flow

of H2 in porous media that assumes isothermal laminar flow

(Darcy's law). However, flow modeling in salt caverns re-

quires the incorporation of turbulent flow and the simulation

of heat transfer effects between the cavern and the sur-

rounding salt formation [10,11]. Current simulation chal-

lenges in salt caverns involve geomechanical modeling of

creep transient closure, subsurface subsidence, and induced

thermal tensile fractures during injection and withdrawal of

H2 [12,13].

The GeoH2 Salt Storage and Cycling App is a modular web-

based application that provides the user with a wide range of

capabilities such as storage capacities and modeling of with-

drawal, injection, and cycling operations in salt caverns. The

modular nature of the GeoH2 application allows the users to

perform different calculations according to their interest. The

web application consists of the following modules: (a) H2

physical properties, (b) volumetric, (c) production, (d) injec-

tion, and (e) cycling. The physical properties module provides

the user with the main thermodynamic, transport, and ther-

mal properties of H2. The volumetricmodule allows the user to

estimate H2 storage capacities in salt caverns. The production

and the injection modules simulate the withdrawal and the

injection of H2, respectively. Finally, the cycling module

models sequential withdrawal and injection operations.
Introduction to the GeoH2 salt storage and
cycling web application

The GeoH2 Salt Storage and Cycling App is a web-based ther-

modynamic simulator. It consists of five modules: (a) H2 fluid

properties, (b) volumetric, (c) production, (d) injection, and (e)

cycling. The physical properties module provides the user

with the main thermodynamic, transport, and thermal prop-

erties of H2. The volumetric module allows the user to esti-

mate H2 storage capacities in salt caverns. The production and

the injection modules simulate the withdrawal and the in-

jection of H2, respectively. Finally, the cycling module models

sequential withdrawal and injection processes.

Fig. 2 shows the homepage of the GeoH2 Salt Storage and

Cycling App. The menu on the upper left side of the web

application displays the different modules of the web appli-

cation: fluid properties, volumetric, production, injection, and

cycling. The user can access the different modules by clicking

on their respective icons. Web version 1.0 of the GeoH2 Salt

Storage and Cycling App will be released as a public domain

during the second quarter of 2023. The aim of this paper is to

describe the application and the engineering and geoscience

methods behind its formulation.

Each of the modules of the web application consists of two

main sections: (a) a section in which the user has to populate
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Fig. 2 e Homepage of the GeoH2 Salt Storage and Cycling App. The menu on the upper left side displays the different

modules of the web application: fluid properties, volumetric, production, injection, and cycling. The user can access the

different modules by clicking on their respective icons.
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the input variables, and (b) a section that presents the results

of the performed calculations.

Fig. 3 illustrates the fluid properties module of the web

application. Fig. 3a shows the input section of themodule. The

user needs to populate the input parameters, in this case: case

name, temperature, and pressure, and then click on the RUN

button to perform the calculations. Fig. 3b illustrates the

output section of the fluid properties module presenting a

table with the calculated properties. This table can be down-

loaded as a CSV file.
Theory and calculations

This section provides a comprehensive description of the

mathematical formulations used to perform the calculations

for each of the following modules: (a) H2 physical properties,
Fig. 3 e Fluid properties module of the web application. Fig. 3a

populate the input parameters, in this case: case name, temper

perform the calculations. Fig. 3b illustrates the output section o

calculated properties. This table can be downloaded as a CSV fi
(b) volumetric, (c) production, (d) injection, and (e) cycling.

The GeoH2 salt storage and cycling web application performs

the calculations of the differentmodules using correlations to

estimate thermodynamic, transport, and thermal properties

of gaseous H2 and macroscopic mass and energy balances

[14].

Calculations for the different modules use the following

assumptions: (a) single-phase single component gaseous H2.

We consider this assumption since H2 is stored in current

salt caverns with 95% purity [15], (b) perfect mixing: pressure

and temperature are uniform within the cavern. The

reasoning behind these assumptions are: the pressure

gradient in the cavern can be neglected due to the low den-

sity of H2 and the natural convection of H2 leads to a constant

temperature inside the cavern, (c) H2 acts as cushion gas, (d)

no presence of insolubles in the salt cavern. Insolubles might

account up to 22% of the salt cavern volume [16], the user
shows the input section of the module. The user needs to

ature, and pressure, and then click on the RUN button to

f the fluid properties module presenting a table with the

le.
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should consider this volume during the input of the height of

the salt cavern, (d) all caverns have the same shape and

volume, this assumption serves the purpose for screening

storage capacity calculations, (e) the salt cavern volume re-

mains constant throughout the entire withdrawal, injection,

and cycling process, implying no volume changes with

pressure and temperature. Future work plans to incorporate

both elastic and viscoplastic behavior of salt, (f) salt rock has

a constant thermal conductivity (ksalt) of 3.18 Btu/(h ft℉) [17],

(g) for a given depth, the salt rock mass has a constant

temperature 3.28 feet away from the cavern wall. This tem-

perature along with the salt rock thermal conductivity are

used to model the heat transfer between the cavern and the

salt rock mass during injection, withdrawal, and cycling of

H2.

Physical properties

This section describes the correlations used for calculating the

thermodynamic, transport, and thermal properties of H2.

Equation of state
The estimation of H2 compressibility factor (Z), density (r),

isothermal compressibility (cg), and coefficient of volume

expansion (b) are based on [18] equation of state (EOS).

ZðT; PÞ ¼ 1þ
X9

i¼1

ai

�
180R
TðRÞ

�bi
�
6894:75

PðpsiÞ
1 psi

�ci

; (1)

where ai, bi, ci are the empirical coefficients of the correlation,

see Ref. [18].

The real gas density uses Eq. (1) to estimate the H2

compressibility factor Z.

r ðT; PÞ¼ P Mr
ZðT; PÞ RT ; (2)

where R is the ideal gas constant (1.985 Btu R�1 lbmol�1) and

Mr is the molecular weight of H2 (2.016 lb/lbmol). The defini-

tion of the isothermal compressibility [19] is given by Eq. (3).

cg ¼ 1
r

�
vr

vP

�
T

¼ 1
P
� 1
Z

�
vZ
vP

�
T

: (3)

Finally, the definition of the coefficient of volume expan-

sion [19] is given by Eq. (4).

b ¼ �1
r

�
vr

vT

�
P

¼ 1
T
þ 1
Z

�
vZ
vT

�
: (4)

Equations 3 and 4 are calculated using the H2 compress-

ibility factor Eq. (1).

Gas viscosity
The program estimates the H2 gas viscosity using [20] corre-

lation, Eq. (5).

mðT; rÞ ¼ m0ðTÞ þ DmexcessðT; rÞ þ DmcritðT; rÞ: (5)

Equation (5) includes a base estimation k0 of the viscosity of

H2 at the limit of zero density, the termDmexcess accounts for the

increase in viscosity at elevated density, and correction factor

Dmcrit represents the contribution of all other higher-order ef-

fects to the viscosity of the fluid at elevated densities
including many body collisions and molecular-velocity cor-

relations. For further details related to the coefficients of this

correlation refer to Ref. [20].

Gas thermal conductivity
This work uses the [21] correlation for the thermal conduc-

tivity of H2.

k¼ k0ðTÞþDkexcessðT; rÞ þ DkcritðT; rÞ: (6)

The terms in Eq. (6) have the same physicalmeaning that in

Eq. (5); they represent the contributions of thermal conduc-

tivity at the limit of zero density k0, a correction for elevated

density Dkexcess , and the contributions of all other high-order

effects Dkcrit.

Volumetric calculations

The volumetric module estimates H2 storage capacities in salt

caverns. The module calculates storage capacities for a single

cavern ormultiple caverns given the salt dome geometry based

on [22]. This method assumes that all caverns in a given dome

have the same geometry. Given the geometry of the cavern and

the salt dome, the module computes the following variables.

1. Number of salt caverns that can be built per salt dome

using [22] method.

2. Geometric volume per cavern and for the total number of

caverns.

3. Working gas volume per cavern and for the total number of

caverns.

4. H2 combustion energy (based on the H2 lower heating

value) per cavern and for the total number of caverns.

5. H2 mass per cavern and for the total number of caverns.

The module can perform the calculations for cylindrical or

spherical salt caverns. Cylindrical caverns model the shape of

caverns in salt domes and spherical caverns represent cav-

erns in bedded salt formations.

Fig. 4 illustrates the key parameters for modeling H2 stor-

age in salt caverns and the geometric parameters that are

inputs for the volumetric calculations. These input parame-

ters are: (a) salt dome diameter D, (b) cavern diameter d, (c)

cavern height h, (d) edge length L (distance between centers of

adjacent caverns).

Total number of caverns
Equation (7) computes the total number of caverns n, given the

salt dome diameter D and the edge length L (see Fig. 4).

nðD; LÞ¼
p
�
D
2 �

ffiffiffiffiffiffiffiffi
1=2

p
L
�2

L2
: (7)

Effective number of caverns
Equation (8) calculates the effective number of caverns neff ,

given the total number of caverns n and the fraction of caverns

being built fbuilt. The effective number of caverns is a fraction

of the total number of caverns.

neff ¼ fbuilt n: (8)
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Fig. 4 e Schematic illustrating salt caverns in a salt dome: (a) lateral view and (b) top view. The input parameters for the

volumetric calculations are: (a) salt dome diameter D, (b) cavern diameter d, (c) cavern height h, (d) edge length L (distance

between centers of adjacent caverns).
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Geometric volume of caverns
This work assumes that cavern geometries are either cylin-

drical or spherical in shape. Equation (9) computes the geo-

metric volume of the cavern, given the cavern diameter d and

the cavern height h. If the input value for the cavern height is

either empty or zero, themodule performs the calculations for

a spherical cavern.

Vcavern ¼

8>>>><>>>>:
p

�
d
2

�2

h;hs0

4
3
p

�
d
2

�3

;h ¼ 0

: (9)

Total geometric volume of caverns
The total geometric volume of caverns is the multiplication of

the geometric volume of a cavern Vcavern by the effective

number of caverns neff . The total geometric volume is the

multiplication of the geometric volume of a cavern by the

effective number of caverns.

Vtotal ¼neff Vcavern: (10)

Working gas volume per cavern
The working gas volume of a cavern is the gas volume at

standard conditions that can be withdrawn or injected (total

gas volume minus cushion gas volume).

Vgas cavern ¼
24r

�
T; fsafety Poverburden

�
rðTstd;PstdÞ

35�1� fcushion
�
Vcavern: (11)

Total working gas volume
The total working gas volume is the multiplication of the

working gas volume of a cavern Vgas cavern by the effective

number of caverns neff . The total working volume is the

summation of the working gas volume over the effective

number of caverns that can be built inside a salt dome.
Vgas total ¼neff Vgas cavern: (12)

Energy per cavern
The energy per cavern is the combustion energy of the

working gas volume based on the lower heating value LHV per

unit volume of H2 (290 Btu/scf). Reference conditions for the

evaluation of the LHV are 77 �F and 14.69 psi(a).

Ecavern ¼Vgas cavern LHV

	
rð77�F;PstdÞ
rðTstd; PstdÞ



: (13)

Total energy
The total energy is the multiplication of the energy per cavern

Vgas cavern by the effective number of caverns neff .

Etotal ¼neff Ecavern: (14)

Mass per cavern
The mass per cavern is the mass of the working gas volume,

which is the multiplication of the standard density rstd by the

working gas volume.

Mcavern ¼ rðTstd;PstdÞ Vgas cavern: (15)

Total mass
The total mass is the multiplication of the mass per cavern

Mcavern by the effective number of caverns neff .

Mtotal ¼neff Mcavern: (16)

Production (withdrawal) calculations

This section describes the calculations performed by the

production (withdrawal) module. The module solves the

unsteady-state macroscopic mass and total energy balances

along with the equation of state to determine: (a) flow rate, (b)
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pressure, (c) temperature, and (d) remaining working gas at a

given time. The module performs the calculations in seconds

and then converts them into hours.

Mass flow rate
When a fluid flows through a restriction such as a pipe, the

upstream (salt cavern) and downstream (pipe) conditions

define the velocity. If the cavern pressure is high enough

relative to the pipe pressure, the velocity will reach the speed

of sound (Ma ¼ 1) and the flow will be the critical flow rate.

Equation (17) defines the critical pressure in terms of the up-

stream pressure (salt cavern pressure) and the gas isentropic

exponent.

Pc ¼P

�
2

gþ 1

� g
g�1

; (17)

where:

� Pc is the critical pressure (Ma ¼ 1).

� Pwf is the downstream, bottomhole flowing pressure.

� P is the upstream (salt cavern pressure).

� g is the isentropic coefficient, approximated by the heat

capacity ratio cp/cv.

Equation (18) gives the mass flow rate _m through an orifice

for choked and non-choked conditions [23,24].

_m¼

8>>>>><>>>>>:
Cd A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2g

gþ 1

�
P r

�
Pc

P

�2
g

"
1�

�
Pc

P

�g�1
g

#vuut ;Pwf � Pc

Cd A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2g

gþ 1

�
P r

�
Pwf

P

�2
g

"
1�

�
Pwf

P

�g�1
g

#vuut ; Pwf > Pc

; (18)

where:

� r is the density of the gas at the upstream (salt cavern)

conditions.

� Cd is the discharge coefficient of the pipe, reference value:

0.60.

� A is the cross-sectional area of the pipe.
Unsteady-state mass balance
Equation (19) is the macroscopic mass balance equation [14].

d
dt

Z
Vcavern

rdVcavern ¼ �
Z
A

rð v!$�nÞdA; (19)

where:

� Vcavern is the cavern volume.

� A is the cross-sectional area for flow.

� v! is the gas velocity in the pipe.

� �n is unit normal vector of the surface of the control volume.

� t is the time.

Assuming uniform properties in the salt cavern we can

write Eq. (19) as follows:
dr
dt

¼ � _m
Vcavern

: (20)

Equation (20) gives the variation of the gas density in the

cavern with time.

Unsteady-state total energy balance
Equation (21) is themacroscopic total energy balance equation

[14].

d
dt

Z
Vcavern

r

�buþv2

2
þ gz

�
dVcavern ¼ �

Z
A

r

�bhþv2

2
þ gz

�

�ð v!� n� ÞdAþ _Q þ _W: (21)

where:

� bu is the internal energy per unit mass.

� v2

2 is the kinetic energy per unit mass.

� gz is the potential energy per unit mass.

� bh is the enthalpy per unit mass.

� _Q is the heat flow.

� _W is the work power.

Assuming: (a) no changes in the kinetic and potential en-

ergy of the fluid, (b) no work power, and (c) uniform properties

in the salt cavern, then we can write Eq. (21) as follows:

dðrbuÞ
dt

¼ � _mbh
Vcavern

þ
_Q

Vcavern
: (22)

Using the product rule on the left side of Eq. (22):

budr
dt

þ r
dbu
dt

¼ � _mbh
Vcavern

þ
_Q

Vcavern
: (23)

Inserting Eq. (20) into Eq. (23), after re-arrangement yields:

dbu
dt

¼
�

_m
rVcavern

�
½bu� bh� þ _Q

rVcavern
: (24)

Recalling the definitions of the internal energy, the

enthalpy, and the isentropic exponent:

bu¼ cvT: (25)

bh¼ cpT: (26)

g¼ cp
cv

: (27)

Replacing Eqs. (25)e(27) into Eq. (24), after re-arrangement,

produces:

dT
dt

¼
�

_m
rVcavern

�
T½1�g� þ

_Q
cvrVcavern

: (28)

Equation (28) gives the variation of the gas temperature T in

the cavern with time.

Overall heat transfer coefficient U
The heat flow equation is the following:
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_Q ¼U AheatðTi �TÞ; (29)

where:

� U is the overall heat transfer coefficient.

� Aheat is the area for the heat transfer.

� Ti is the salt rock temperature (equal to initial cavern

temperature).

� T is the gas temperature in salt cavern.

Equation (30) gives the heat transfer area for cylindrical

and spherical caverns, respectively:

Aheat ¼
�
pdh hs0
pd2 h ¼ 0

: (30)

This work considers both the natural convection heat

transfer coefficient of the gas in the cavern hcon and the heat

conduction in the salt rock surrounding the salt cavern ksalt.

Equation (31) gives the overall heat transfer coefficient

(referred to the cavern internal diameter d) for cylindrical and

spherical caverns, respectively:

U¼

8>>>>>>>><>>>>>>>>:

1
1

hcon
þ d
2ksalt

ln

�
d0

d

� hs0

1

1
hcon

þ d2

2ksalt

	
1
d
� 1
d0


 h ¼ 0

; (31)

where d0 is the external diameter at which the rock salt

temperature remains constant. This study assumes d0 ¼
3:28 ftþ d.

H2 convective heat transfer coefficient h
The heat transfer coefficient for systems subject to depres-

surization is modeled using natural convection. This section

presents the correlations to estimate the natural convection

heat transfer coefficient of the gas in the cavern hcon. The

natural heat convection coefficient depends on the geometry

of the salt cavern. Therefore, this section presents the heat

transfer coefficient for both cylindrical and spherical caverns.

� Cylindrical Systems

For cylindrical systems, [25] presents an empirical corre-

lation for calculating the natural convection heat transfer

coefficient of hydrogen:

Nu¼0:104 Ra0:352; (32)

where:

� Nu is the Nusselt dimensionless number.

� Ra is the Rayleigh dimensionless number.
� Spherical Systems

For spherical systems, [26] presents an empirical correla-

tion for calculating the natural convection heat transfer

coefficient:

Nu¼2þ 0:589Ra0:25h
1þ �

0:469
Pr

�9=16i4=9 ; (33)

where Pr is the Prandtl dimensionless number.

For both cylindrical and spherical systems, the fluid prop-

erties should be evaluated at the film temperature Tfilm.

Tfilm ¼Ti þ T

2
: (34)

Injection calculations

Given the cavern geometry, initial cavern conditions (pressure

and temperature), maximumworking pressure, and a constant

injection rate and injection temperature, this module

estimates:

1. Cavern pressure with time.

2. Cavern temperature with time.

3. Working gas (total gas volume minus cushion gas volume)

in cavern with time.

Themodule performs the calculations until the pressure in

the cavern equals the maximum allowable working pressure.

The module can perform the calculations for cylindrical

and spherical salt caverns.

Unsteady-state mass balance
The macroscopic mass balance is:

dr
dt

¼ _m
Vcavern

: (35)

Unsteady-state total energy balance
Using the same assumptions as in the productionmodule, the

macroscopic total energy balance is:

dbu
dt

¼
�

_m
rVcavern

�
½bh� bu� þ _Q

rVcavern
: (36)

Replacing Eqs. (25)e(27) into Eq. (36), after re-arrangement,

produces:

dT
dt

¼
�

_m
rVcavern

��
gTinj �T

þ _Q
cvrVcavern

: (37)

Equation (37) gives the variation of the gas temperature T in

the cavern with time.

H2 convective heat transfer coefficient h
The heat transfer coefficient for systems subject to filling is

modeled by combined natural and forced convection (mixed
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Fig. 5 e Validation of the correlations used in this work (dashed curves) against H2 data (solid dots) from the National

Institute of Standards and Technology: (a) compressibility factor, (b) density, (c) isothermal compressibility, (d) coefficient of

volume expansion, (e) viscosity, and (f) thermal conductivity.
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convection). This section presents the correlations that esti-

mate themixed convection heat transfer coefficient of the gas

in the cavern hmix con. The mixed heat convection coefficient

depends on the geometry of the salt cavern. Therefore, this
section presents the heat transfer coefficient for both cylin-

drical and spherical caverns.

� Cylindrical Systems
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Table 1 e Hydrogen storage data in salt caverns [22].

Parameter/Salt Name Simone Clemens Moss Bluff Spindeltop Teeside

Cavern geometry cylindrical cylindrical cylindrical cylindrical spherical

Edge length [ft] 600 N/A N/A N/A N/A

Salt Dome diameter [ft] 6262 N/A N/A N/A N/A

Maximum working pressure [psi] 1400 1110 1755 2553 641

Geometric volume [MMft3] 15.70 20.48 19.99 32.00 2.47

Number of caverns N/A 1 1 1 3

Fraction of caverns being built 0.50 N/A N/A N/A N/A

Fraction of cushion gas 0.30 N/A N/A N/A N/A

Table 2 e Comparison of the volumetric module calculations and the data reported by Ref. [22]. The actual data and the
calculated values are in good agreement, showing less than 10% relative error. These small differences relate to missing
input data such as fraction of cushion gas volume, cavern temperature, and maximum allowable working pressure.

Salt Name/Example Parameter Data Volumetric Calculation Relative Error [%]

Simone et al., 2021 Total number of caverns 63.00 63.00 0.00%

Effective number of caverns 31.00 31.00 0.00%

Geometric volume cavern [MMft3] 15.70 15.71 0.06%

Working gas cavern [BSft3] 1.05 0.938 �10.67%

Hydrogen mass cavern [Ton] 2482.00 2258.00 �9.02%

Total hydrogen mass [Ton] 76,950.00 69,986.00 �9.05%

Clemens Geometric volume cavern [MMft3] 20.48 20.48 0.00%

Working gas cavern [BSft3] 0.96 0.96 0.00%

Energy per cavern [GWh] 81.00 77.28 �4.59%

Hydrogen mass cavern [Ton] 2400.00 2319.13 �3.37%

Moss Bluff Geometric volume cavern [MMft3] 19.99 19.99 0.00%

Working gas cavern [BSft3] 1.47 1.45 �1.36%

Energy per cavern [GWh] 120.00 116.33 �3.06%

Hydrogen mass cavern [Ton] 3690.00 3490.93 �5.39%

SpindelTop Geometric volume cavern [MMft3] 32.00 32.00 0.00%

Working gas cavern [BSft3] 3.27 3.27 0.00%

Energy per cavern [GWh] 262.84 274 4.25%

Hydrogen mass cavern [Ton] 8230.00 7866.00 �4.42%

Teeside Geometric volume cavern [MMft3] 2.47 2.47 0.00%

Total geometric volume [BSft3] 7.42 7.42 0.00%

Total Energy [GWh] 27.00 25.00 �7.41%

Total Hydrogen mass [Ton] 810.00 759.28 �6.26%
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For cylindrical systems, [27] presents an empirical corre-

lation for calculating the mixed convection heat transfer co-

efficient of hydrogen:

Numix conv ¼0:56Re0:67 þ 0:104 Ra0:352; (38)

where:
Table 3 e Inputs for the validation of the GeoH2 production m
[29].

Input/Example Case 1

Initial pressure Pi [psi] 2466

Initial temperature Ti [℉] 140

Final operating pressure Pfinal [psi] 723

Bottomhole flowing pressure Pwf [psi] 145

Height, h [ft] 804

Diameter, d [ft] 230

Fraction of cushion gas f cushion 0

Tubing internal diameter, d tubing [in] 3.46

Discharge coefficient, Cd 1
� Numix conv is the mixed convection Nusselt dimensionless

number.

� Ra is the Rayleigh dimensionless number.

� Re is the Reynolds dimensionless number.

� Spherical Systems
odule validation using HyDown thermodynamic simulator

Case 2 Case 3

2973 2176

122 122

1208 458

435 145

574 918

164 115

0 0

3.46 3.46

1 1
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Fig. 6 e Comparison of GeoH2 and HyDown results in terms of: (a) mass flow rate, (b) pressure, and (c) temperature for the

four simulation cases presented in Table 3. There is an excellent agreement between the results of both simulators.
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For spherical systems, [26] presents an empirical correlation

for calculating the mixed convection heat transfer coefficient

using natural and forced convection correlations:

Numix conv
3 ¼Nuconv

3 þNuforced
3; (39)

where:
� Numix conv is Nusselt dimensionless number for mixed

convection.

� Nuconv is Nusselt dimensionless number for natural

convection.

� Nuforced is Nusselt dimensionless number for forced

convection.
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Fig. 7 e Comparison of GeoH2 and HyDown results in terms of: (a) pressure, (b) temperature, and (c) gas in cavern for the four

simulation cases presented in Table 4. There is an excellent agreement between the results of both simulators.
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Table 4 e Inputs for the validation of the GeoH2 injection
module validation using HyDown thermodynamic
simulator.

Input/Example Case 1 Case 2 Case 3

Initial pressure Pi [psi] 870 1160 1450

Initial temperature Ti [℉] 122 140 158

Maximum operating pressure Pfinal [psi] 2350 2878 2850

Injection rate, q inj [MMScf/h] 17.66 21.19 21.19

Height, h [ft] 725 919 919

Diameter, d [ft] 131 131 115

Fraction of cushion gas f cushion 0 0 0

Tubing internal diameter, d tubing [in] 3.46 3.46 3.46

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 6 9 2 1e2 6 9 3 6 26933
Equations (40) and (41) give the natural and forced con-

vection correlations, respectively.

Nuconv ¼2þ 0:589Ra0:25h
1þ �

0:469
Pr

�9=16i4=9 : (40)

Nuforced ¼2þ 0:60Re1=2 Pr1=3; (41)

where:

� Pr is the Prandtl dimensionless number.

� Re is the Reynolds dimensionless number.

For both cylindrical and spherical systems, the fluid prop-

erties should be evaluated at the film temperature Tfilm.

Cycling calculations

This cyclingmodule that simulates the sequential withdrawal

and injection processes of H2 in salt caverns. Themodule uses

the equations of the production and injection modules,

respectively.
Results and discussion

This section presents the validation of the different modules.
Table 5e Initial conditions and three production andwithdrawa

Input/Example

Initial pressure Pi [psi]

Initial temperature Ti [℉]

Maximum operating Pfinal [psi]

Height, h [ft]

Diameter, d [ft]

Fraction of cushion gas f cushion

Tubing internal diameter, d tubing [in]

Discharge coefficient, Cd

Variable/Process Production Injection Producti

Final pressure [psi] 4000

Injection rate [MMScf/h] 10

Final pressure [psi] 2000 2000

Bottomhole pressure [psi] 1500 1500
Fluid properties module

This study validates the results of the correlations used in the

fluid properties and subsequentmodules against H2 data from

the from the National Institute of Standards and Technology

(NIST) [28].

Fig. 5 illustrates the validation of the correlations used in

this work against H2 data from NIST [28] for different pres-

sures and temperatures for the following H2 physical prop-

erties: (a) compressibility factor, (b) density, (c) isothermal

compressibility, (d) coefficient of volume expansion, (e) vis-

cosity, and (f) thermal conductivity. There is an excellent

agreement between the empirical data and the correlations

used in this work.

Volumetric module

This section validates the calculations of the volumetric

module against real H2 storage data in salt caverns.

Table 1 presents the data for salt caverns that store H2 [22].

Table 2 compares the results of the volumetric module

calculations and the data reported by Ref. [22] for these salt

caverns. The actual data and the calculated values are in good

agreement, showing less than 10% relative error. These small

differences relate to missing input data such as fraction of

cushion gas volume, cavern temperature, and maximum

allowable working pressure.

Production module

This section shows the validation of the production calcula-

tions using an open-source real gas thermodynamic simu-

lator (HyDown) built for H2 injection and withdrawal in

pressurized cylindrical vessels [29]. The main differences

between the HyDown software and the GeoH2 are the

following. First, our software is specifically designed to model

heat-transfer between hydrogen in the cavern and the salt

rock mass for both cylindrical and spherical caverns. In

contrast, HyDown software models heat transfer between

hydrogen and the air surrounding the pressurized vessel.

Second, HyDown software does not account for cushion gas
l processes for the cycling simulation results shown in Fig. 8.

Case 1

4000

100

4000

1000

100

0.30

3.46

0.60

on Injection Production Injection Production

4000 4000

10 10

2000 2000

1500 1500
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volume fraction. Third, the GeoH2 app is a modular applica-

tion specifically designed to model storage, withdrawal, in-

jection, and sequential cycling of H2 in salt caverns allowing

the user to estimate storage capacities in salt domes and to

simulate sequential injection and withdrawal processes in

salt caverns. HyDown lacks these features.

Here we compare the results for 3 different cases based on

a constant overall heat transfer coefficient using the GeoH2

Storage and Cycling App and the HyDown open software in

terms of the mass flow rate, pressure, and temperature.

Table 3 shows the inputs for the simulations using the

GeoH2 and HyDown software.
Fig. 8 e Results of the cycling module simulation in terms

of: (a) flow rate, (b) cavern pressure, and (c) cavern

temperature histories for input parameters presented in

Table 5.
Fig. 6 illustrates the comparison of GeoH2 and HyDown [29]

results in terms of: (a) pressure, (b) temperature, and (c) gas in

cavern with time. There is an excellent agreement between

the simulations performed by the GeoH2 app and the HyDown

software.

Injection module

This section presents the validation of the injection calcula-

tions using an open-source real gas hydrogen thermodynamic

simulator: HyDown [29]. Here, we compare the results for 3

different cases based on a constant overall heat transfer co-

efficient using the GeoH2 Storage and Cycling App and the

HyDown open software in terms of the pressure, the tem-

perature, and the gas in cavern.

Table 4 shows the inputs for the simulations using the

GeoH2 and HyDown software.

Fig. 7 illustrates the comparison of GeoH2 and HyDown [29]

results in terms of: (a) mass flow rate, (b) pressure, and (c)

temperature. There is an excellent agreement between the

simulations performed by the GeoH2 app and the HyDown

software.

Cycling module

This section illustrates the cycling module capabilities. This

module allows the user to simulate sequential injection and

withdrawal cycles in salt cavern. Table 5 illustrate the initial

cavern conditions and three production and withdrawal cy-

cles for the cycling simulation.

Fig. 8 illustrates the results of the simulation in terms of

the: (a) flow rate, (b) cavern pressure, and (c) cavern

temperature.
Conclusions

This work presented the development, the validation, and the

application of a novel software tool suitable to assess the

technical potential of H2 for storage, injection, withdrawal,

and cycling operations in salt caverns. Future work plans to

incorporate geomechanical effects to assess salt cavern sta-

bility during withdrawal and injection operations and eco-

nomic analysis to evaluate capital and operating expenditures

during the construction and operation of salt caverns.

The pressing urgency to accelerate the development of a

viable H2 economy to mitigate the adverse effects of climate

changewill require a better understanding of our real capacity

to store hydrogen in the subsurface and the effects of rapid H2

injection/withdrawal cycles. Rapid changes in flow rates,

cavern pressures and temperatures will pose engineering

challenges that need to be carefully assessed so that product

loss and contamination can be avoided and for safety con-

siderations. Hydrogen storage in salt caverns has been cate-

gorized as a proven technology; however, the use of H2 as an

energy carrier broadens the scope of use beyond refinery

processes and the manufacture of fertilizers. There are many

above and below technical challenges that still need to be

tackle using both engineering and geoscience approaches.
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Nomenclature and Units

A cross-sectional area for fluid flow, L2, ft2

Aheat heat transfer area L2, ft2

cg isothermal compressibility, Lt2/m, psi�1

cp heat capacity per unit mass at constant pressure, L2/

(T t2), Btu/(lb ℉)

cv heat capacity per unit mass at constant volume, L2/

(T t2), Btu/(lb ℉)

Cd discharge coefficient, dimensionless

d cavern diameter, L, ft

d0 cavern outer diameter at which the temperature is

the salt rock temperature, L, ft

dtubing tubing internal diameter, L, ft

D salt dome edge length, L, ft

Ecavern combustion energy per cavern, mL2/t2, GWh

Etotal total combustion energy, mL2/t2, GWh

fbuilt fraction of caverns built, fraction

fcushion fraction of cushion gas, fraction

fsafety safety factor for calculatingthe maximum allowable

working pressure, fraction

h cavern height, L, ft

hcon natural convection heat transfer coefficient, m/(Tt3),

BTU/(h ft2�)
hmix con nixed convection heat transfer coefficient, m/(Tt3),

BTU/(h ft2�)
k gas thermal conductivity, mL/(Tt3), BTU/(h ft ℉)

ksalt Salt rock thermal conductivity thermal conductivity,

mL/(Tt3), BTU/(h ft ℉)

L edge length, L, ft
_m mass flow rate, m/t, lb/s

Mcavern mass per cavern, m, Ton

Mtotal total mass, m, Ton

Mr hydrogen molecular weight, lb/lbmol

Ma Mach dimensionless number

n total number of caverns, number

Nu Nusselt number, dimensionless

P pressure, m/(L t2), psi

Pr Prandtl number, dimensionless

R ideal gas constant, m L2/(T t2), Btu R�1 lbmol�1

Ra Rayleigh number, dimensionless
Re Reynolds number, dimensionless

t time, t, seconds

T temperature, T, ℉, R

Ti initial cavern temperature or salt rock mass

temperature, T, ℉, R

Tinj temperature of the injected hydrogen into the

cavern, T, ℉, R

v velocity, L/t, ft/s

V gas volume, L3, ft3

Vcavern geometric volume of cavern, L3, ft3

Vtotal total geometric volume, L3, ft3

Z compressibility factor, dimensionless

b coefficient of volume expansion, T�1, ℉�1

g isentropic coefficient, dimensionless

m viscosity, m/Lt, mcp

r density, m/L3, lb/ft3
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