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Introduction

The interplay of energy and environmental concerns is
a critical global issue, primarily due to the imbalance
in electricity supply and demand. During high-demand
seasons (typically autumn and winter), energy demand
often exceeds supply, while low-demand seasons
(spring and summer) see surplus energy in the grid.
Efficiently storing this excess energy can be a solution
[1]. However, medium- to long-term energy storage
is challenging due to the limitations of current large-
capacity batteries, resulting in substantial energy
loss and carbon emissions that contribute to global
warming [2, 3]. In addition, with the shift towards
renewable energy, Hydrogen, a clean energy source
with a high gravimetric energy density (energy per
unit of weight) is gaining traction as a power source.
In addition, large-scale hydrogen storage, however,
requires considerable infrastructure. Underground
hydrogen storage in salt caverns, saline aquifers,
and depleted oil and gas reservoirs offers promising
potential, balancing energy and environmental
goals [4]. Furthermore, salt caverns, in particular,
are ideal due to their high containment integrity,
minimizing leakage risks. While saline aquifers are
abundant and have high storage capacities, they face
challenges related to hydrogen leakage due to the
high permeability of hydrogen. Depleted oil and gas
reservoirs are also viable, though the risk of hydrogen
mixing with residual hydrocarbons can affect purity.
Extensive research has focused on UHS in salt
caverns, highlighting essential factors such as safety,
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storage capacity, and geotechnical integrity. Moreover,
key concerns in UHS include microbial, hydrological,
and geochemical reactions, which they can reduce
hydrogen purity and quality through interactions with
in-situ fluids [5-7]. Computational fluid dynamics
simulations have been employed to explore temperature
effects on hydrogen storage, aiming to improve the
selection of suitable salt caverns for stable, efficient
storage.

Despite some challenges with reactive impurities, salt
caverns remain a leading choice for UHS due to their
containment reliability and scalability [8, 9].

Materials and Methods

Underground hydrogen storage in salt caverns is an
implementable solution for renewable energy storage
due to safety, capacity, and feasibility. However,
challenges arise from impurities like carbon dioxide
affecting hydrogen purity and the temperature's impact
on reaction rates within the storage environment.
Carbon dioxide can infiltrate salt caverns either
through surrounding formations, from the hydrogen
production process, despite purification efforts or as
cushion gas, reducing hydrogen purity and overall
energy efficiency. In addition, the reaction between
carbon dioxide and hydrogen, known as the Sabatier
reaction, leads to methane and water formation, an
undesired side process jeopardizing hydrogen quality.
The Sabatier reaction is represented as follows
(Equation 1):



CO,+4H,—CH,+2H, O (1)
Temperature plays a crucial role in the Sabatier reac-
tion. Temperature fluctuations can influence the reac-
tion rate and sometimes lead to the formation of hydro-
carbons with higher carbon content. The reaction rate
is described by the Arrhenius equation, where higher
temperatures promote methane formation, thereby af-
fecting hydrogen purity. Equation 2 represents the Ar-
rhenius equation, indicating the effect of temperature
and activation energy on the reaction rate coefficient.
Subsequently, Equation 3 illustrates the reaction rate
equation.

k =ATﬂe_’% &
r=k[4]"[B] A3)

Since, we utilized a comprehensive approach,
employing the Navier-Stokes equation to describe fluid
flow behavior, the heat transfer equation to analyze
temperature variations, the mass transfer equation to
assess the movement of substances, and the equation
of state to characterize the thermodynamic properties
of the system. Also, these governing equations
collectively provided a robust framework for
investigating the complex interactions involved in the
Sabatier reaction and its dependence on temperature
fluctuations within the storage environment.

The total volume of the pre-washed salt dome was 28.27
million cubic meters. Following washing, the volume
of the salt cavern obtained is 10.47 million cubic
meters. Moreover, injection and production well depth
was measured at 850 meters, with a corresponding
well diameter of 0.1 meter, determining the physical
dimensions and accessibility of the storage system.
In addition, the initial pressure of the salt cavern was
recorded at 2900 psi, providing crucial insight into the
initial conditions for gas storage operations. Moreover,
the initial amounts of carbon dioxide, water, and
hydrogen were measured at 0.02, 0.03, and 0 moles
per square meter respectively, representing the initial
gas composition within the storage environment and
influencing subsequent chemical processes.

Hydrogen saturation, quality, and recovery vary
between storage and extraction phases, necessitating
separate analysis for each cycle [8]. Since the assumed
carbon dioxide amount is limited in this study,
reaction rates decrease less in subsequent cycles due
to decreased carbon dioxide concentration. Therefore,
the initial cycle holds greater importance. The
simulation lasts for 1000 days, with the well injecting
86.4 kilograms of hydrogen daily for the first 240 days.
Subsequently, the well is closed to observe hydrogen
saturation changes for following 760 days [9].

Results and Discussion

Now, after constructing the simulation model, we
need to investigate the effect of temperature on key
parameter. Pressure changes consist of two phases.
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Initially, upon opening the injection well and
commencing underground storage, pressure noticeably
increases. Then, after a specified duration when the
well is closed, due to the introduced reactions, the
number of moles of lighter components like hydrogen
decreases, while heavier components like methane and
carboxylic acid increase. As a result of these reactions,
cavern pressure decreases insignificantly. The trend of
pressure changes in the salt cavern at a temperature of
60 degrees Celsius is illustrated in Fig. 1.

In gas mixture phenomena, each gas component has
a partial pressure representing the system pressure as
if occupied alone the entire initial mixture volume at
that temperature. Moreover, the total pressure of an
ideal gas mixture is the sum of the partial pressures of
gases present [ 10]. Changes in the partial pressure of
mixture components occur due to chemical reactions,
where reactant partial pressures decrease and product
partial pressures increase.
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Fig. 1 Pressure changes throughout the entire system from
the beginning of hydrogen gas injection to the end of the
storage period.

Therefore, understanding changes in partial pressure
is crucial for comprehending reaction trends. In
underground hydrogen storage, after the injection
well is closed, the partial pressure of all components
begins to change. Since hydrogen and carbon dioxide
are consumed, changes in their partial pressures are
negative, while methane, as a product of this chemical
reaction, experiences positive partial pressure changes.
Reaction rates, as per Equations 2 and 3, are temperature-
dependent. Fig. 2 illustrates changes in the partial
pressures of hydrogen, methane, and carbon dioxide
for temperatures of 40, 60, and 80 degrees Celsius. In
addition, partial pressure changes are intensified with an
increase in temperature for all three gases. In multiphase
flow, lighter gases like hydrogen tend to occupy upper
regions due to density differences, while heavier fluids
like water settle in the lower parts of the system [11].
Moreover, prior to chemical reactions, during hydrogen
storage, carbon dioxide and water initially occupy the
upper to lower cavern regions. The reaction between
hydrogen and carbon dioxide occurs at the contact
surface, gradually reducing hydrogen mole quantity and
saturation over time.
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Fig. 2 Changes in the partial pressures of hydrogen, methane,
and carbon dioxide for different temperatures.

As hydrogen and carbon dioxide are consumed, methane
is produced, remaining at the contact surface due to its
lower density compared to carbon dioxide and higher
density compared to hydrogen. Undesirable impurities from
methane production reduce the contact between hydrogen
and carbon dioxide, limiting further methane production
over time. Temperature increases molecular mobility,
leading to more collisions and increased hydrogen loss,
consequently reducing the quality of produced hydrogen.
Changes in hydrogen gas mole quantity over time at
three different temperatures are observed, indicating that
higher temperatures more significantly impact hydrogen
quality reduction in caverns. Additionally, assuming
isolation, hydrogen quality decline over time is less gradual
in a cavern. Hydrogen quality can serve as a suitable
comparative metric for selecting appropriate caverns for
mid-term hydrogen storage. Hydrogen quality decreases
with methane production. Fig. 3 illustrates the final hydrogen
quality after 1000 days after beginning of injection and 760
days of well closure for three examined temperatures. In all
three scenarios, hydrogen quality decreased by at least 14%,
indicating an inevitable decline in hydrogen gas quality
during the storage process. The temperature's influence in
causing a greater reduction beyond this threshold suggests
that lower temperatures result in less reduction in hydrogen
quality, making them more suitable. Higher temperatures
lead to a more severe decline in quality due to increased
reaction rates and gas mixing.
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Fig. 3 The effect of cavern temperature on hydrogen quality

in underground hydrogen storage.

Conclusions

In this study, computational fluid dynamics simulations
were conducted to investigate the effect of cavern
temperature on various parameters in underground
hydrogen storage. The examined parameters included
partial pressures, hydrogen quality, saturation, and
hydrogen molar quantity. The results are summarized
as follows:

1) Generally, in underground hydrogen storage in salt
caverns, pressure decreases over time due to various
reactions. This pressure reduction occurs initially at a
faster rate and gradually slows down.

2) The partial pressures of components inside the
cavern undergo changes during the storage period,
with hydrogen and carbon dioxide experiencing a
decrease and methane experiencing an increase in
partial pressure.

3) Changes in partial pressure are influenced by
cavern temperature, with higher temperatures causing
more significant changes in partial pressure for all
components.

4) The majority of the chemical reaction producing
methane occurs at the interface between hydrogen and
carbon dioxide in the lower parts of the cavern.

5) The produced methane acts as a barrier between
hydrogen and carbon dioxide, preventing further
hydrogen consumption.

6) Hydrogen quality is affected by cavern temperature,
with up to a 4% decrease in stored hydrogen quality at
higher temperatures.
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