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Abstract: Underground hydrogen storage facilities require cushion gas to operate, which is an
expensive one-time investment. Only some of this gas is recoverable after the end of UHS operation.
A significant percentage of the hydrogen will remain in underground storage as non-recoverable
cushion gas. Efforts must be made to reduce it. This article presents the results of modeling the
cushion gas withdrawal after the end of cyclical storage operation. It was found that the amount
of non-recoverable cushion gas is fundamentally influenced by the duration of the initial hydrogen
filling period, the hydrogen flow rate, and the timing of the upconing occurrence. Upconing is one of
the main technical barriers to hydrogen storage in deep saline aquifers. The ratio of non-recoverable
cushion gas to cushion gas (NRCG/CG) decreases with an increasing amount of cushion gas. The
highest ratio, 0.63, was obtained in the shortest 2-year initial filling period. The lowest ratio, 0.35, was
obtained when utilizing the longest initial filling period of 4 years and employing the largest amount
of cushion gas. The presented cases of cushion gas recovery can help investors decide which storage
option is the most advantageous based on the criteria that are important to them.

Keywords: underground hydrogen storage; green hydrogen economy; working gas; cushion gas;
non-recoverable cushion gas; upconing

1. Introduction

The green hydrogen economy is considered a potential successor to fossil fuel-based
energy in the global energy transition [1,2]. It has been identified as an essential instrument
in efforts toward global climate neutrality [3-7]. It is believed that, in the near future, hy-
drogen will be a key energy carrier in the transport, chemical, and metallurgical industries.
In the long term, this also applies to the maritime and aviation sectors [8-11].

Hydrogen is currently produced from fossil fuels but can also be generated using
renewable energy sources (RESs) through water electrolysis (green hydrogen) [2,12-14].
However, most RESs, such as wind or solar, are intermittent in production, and demand
and energy production do not necessarily overlap. There is a need to store surplus energy
during periods of increased supply to supplement deficiencies during increased demand.
Renewable energy in the form of hydrogen produced in the large-scale water electrolysis
process [2,15,16] will balance energy supply and demand, increase the efficiency of the
energy network management, and improve energy security [2,15,17]. Ensuring suitable
storage systems for hydrogen gas will pose a substantial challenge in the advancement of
the hydrogen economy. The scale of hydrogen storage requires the use of various storage
systems. Ekpotu et al. [18] discussed a historical review of hydrogen energy storage tech-
nologies. The types of hydrogen storage systems and their roles in the hydrogen economy
were recently presented by Amirthan and Perera [19], and the prospects for underground
hydrogen storage were characterized by Epelle et al. [20]. Al-Shafi et al. presented a review
of underground gas storage systems to engage with this topic: sequestration of natural gas,
hydrogen, and carbon dioxide [21]. It should also be emphasized that hydrogen storage on
a small scale can be a solid hydrate [22].
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Underground hydrogen storage requires the detailed consideration of numerous
aspects: geological, technical, economic, and the social acceptance of this project. In
particular, these aspects are concerned with geological characterization, screening, and
ranking of geological structures suitable for this purpose, geochemical and microbial
processes, storage integrity, storage performance, facilities and wells, economics and cost
estimations, and the social embeddedness of UHS. These issues have been published in
numerous studies today, including several review articles in this field [23-26]. Underground
hydrogen storage requires legal regulations at the EU and individual country levels [27].

Due to its large capacity demand, underground hydrogen storage (UHS) in porous
structures (deep aquifers) and caverns leached in salt deposits [23,24,28-32] is currently
being considered. Several review articles have recently considered the issue of UHS. Aftab
et al. [26] and Chen et al. [33] presented an analysis of the crucial aspects of underground
hydrogen storage on an industrial scale. Raza et al. [34], Tarkowski and Uliasz-Misiak [35],
Thiyagarajan et al. [36], Jafari Raad et al. [37], and Ma et al. [38] reviewed the challenges
facing the implementation of this technology. Sambo et al. [39] characterized operational
and potential UHS sites across the world.

1.1. State of the Art

Cushion gas and its role in UHS. UHS requires initial filling with a gas known as cushion
gas (CG) [25,30,37,40-42]. As Heinemann et al. pointed out [42], cushion gas is one of the
main factors controlling both the injection and withdrawal of hydrogen and, hence, directly
impacting storage capacity. Cushion gas’s role is to create the minimum pressure to prevent
water inflow into the storage space and ensure optimal gas injection and withdrawal
from the underground storage. This gas remains in underground storage throughout its
operation [42,43].

The sum of cushion gas (CG) and working gas (WG) represents the total volume of
gas stored in an underground storage facility during its operation [44]. The cushion gas
capacity in underground storage is influenced by the type of geological structure and the
established scenario of gas injection and withdrawal, as well as the allowable pressures [42].
Cushion gas represents a significant cost in underground hydrogen-storage operations.
Accurately determining the required cushion gas volume is crucial for a reliable estimate of
the total cost of the UHS [42,45-47].

In the case of hydrogen storage, the share of cushion gas in underground storage is
assessed differently. It is determined to range from approximately 22% [48] to two-thirds
or more [49]. Biinger et al. [50] indicate that the share of cushion gas in the underground
hydrogen storage of porous rocks was 40-50%, and in salt caverns, it was approximately
30%. In the case of depleted oil and gas fields, Bai et al. [51] and Zivar et al. [24] determined
the amount to be approximately 33% and 33-80% for hydrogen storage in the aquifer.
Muhammed et al. [52] calculated its share in the hydrogen storage of a salt cavern at 20-33%,
in an aquifer at 45-80% and in a depleted oil or gas deposit at 50-60%. It is emphasized
that using hydrogen as a cushion gas will be beneficial because it will affect the subsequent
operating costs, which is also related to the need to purify the gas withdrawn [52]. The use
of other gases as cushion gas is also being considered (CO,, CHy, N») [36,46]. Saeed and
Jadhawar [53] pointed out that the CG type can significantly impact the process’s recovery
efficiency and hydrogen purity. Some researchers also show the advantages of using a gas
other than hydrogen as a cushion gas [54,55]. Jahanbakhsh et al. [56] stated that using pure
hydrogen as a cushion gas is not economically effective. From a flow point of view, he
proposes other gases such as CO,, CHy, or N, as more financially advantageous alternatives
and chose nitrogen as the best for hydrogen storage. Higgs et al. [57] claimed that methane
or nitrogen will be a better cushion gas economically than hydrogen. However, this may
affect the purity of the withdrawn hydrogen. Kalam et al. [58] also proposed nitrogen,
argon, and helium as suitable cushion gases for hydrogen storage, pointing to nitrogen
as the best choice due to its abundance. Zhao et al. [46] indicate that the type of cushion
gas plays a significant role in storage costs when considering hydrogen storage in saline
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aquifers. Chen et al. [33] examined many factors affecting the efficiency of UHS and
concluded that cushion gas is one of the main economic factors that should be considered
in UHS. Lin et al. [59] stated that the cushion gas could be included in working capital,
assuming the possibility of selling it at the end of the storage life. Also, Heinemann
et al. [45] proposed that hydrogen cushion gas would be a reserve in the event of an energy
crisis. The research results mentioned above indicate the importance, from an economic
point of view, of withdrawing as much cushion gas as possible from the underground
hydrogen storage facility after its closure.

The ratio of cushion gas to working gas, extracted cyclically from the storage, is de-
scribed in terms of the percentage of CG/WG. Research by Heinemann et al. [42] indicated
that the CG/WG ratio varies depending on three geological parameters (reservoir depth,
shape of trap, and permeability), and with subsequent injection cycles, the required ratio of
CG/WG and the volume of water produced decrease. As Heinemann et al. point out [45],
CG stored in the reservoir to support the production of the WG is a cost of CAPEX, which
should be reduced to reduce the costs of implementing gas storage.

Preparation of underground storage for the cyclic operation. Simulations of hydrogen
injection into deep saline aquifers show that the cushion gas can effectively displace the
water present in formation from injection and withdrawal wells, creating conditions for
the subsequent injection and withdrawal of hydrogen [60,61]. In relation to the numerical
simulation of seasonal hydrogen storage in an anticline aquifer, Chai et al. [62] indicate
that multiple cycles of hydrogen storage in an aquifer are helpful. They also point out
that Ny, as a cushion gas, performs better than CO,. In a nitrogen-injection scenario,
the hydrogen-withdrawal phase has a very high recovery efficiency. By studying the
solubility of carbon dioxide, utilized as a cushion gas during hydrogen storage, Wang
et al. [63] found that approximately 58% of hydrogen can be withdrawn at a purity level
above 98%. Ershadnia et al. [40] suggest that H, recovery is successful if cushion gases
other than hydrogen are considered, with low-density and viscosity injected before Hj
storage. They also pointed out that if injection and withdrawal perforations are placed
appropriately at the bottom and top of the aquifer, the shut-in period between the injection
and withdrawal stages is minimized. Harati et al. [64] indicated that the efficiency of cyclic
hydrogen withdrawal could reach around 70% without the need for upfront cushion gas
injection, with the extraction of water from the aquifer having a minimal impact on the
hydrogen withdrawal efficiency. Storage capacity and delivery capabilities increase as
additional wells are added to the storage site [64]. Delshad et al. [65] found that cushion gas
volumes strongly depend on the configuration of injection and production wells. In another
work, Delshad et al. [66] examined various operational strategies and the arrangement of
production wells to maximize the amount of working gas and minimize the cushion gas.
The main takeaway is that effective hydrogen withdrawal involves strategic considerations.
If another gas is used as a cushion gas, it should have low density and viscosity. Optimizing
the placement of injection and withdrawal perforations in the aquifer is also noteworthy, as
is exploring operational strategies for maximizing working gas capacity while minimizing
the need for cushion gas.

One anticipated problem with hydrogen storage in aquifers is the high demand
for cushion gas, compared to depleted gas reservoirs where the naturally occurring gas
remaining in the reservoir can constitute a significant portion of the gas cushion [67].

When planning and designing the use of a depleted gas field for UHS, it is crucial
to stop gas extraction at the correct time, which will enable the construction of a storage
facility in less time and at a lower cost. The injection strategy, reservoir characteristics, and
performance parameters significantly impact the performance of gas storage in depleted
hydrocarbon deposits [24,52]. The results of a numerical simulation for seasonal hydrogen
storage in hydrocarbon deposits [68] showed that implementing four annual hydrogen
injection—withdrawal cycles after one more extended withdrawal period allows for a final
hydrogen recovery factor of 87% to be obtained.



Energies 2024, 17, 1493

40f17

In the context of the presented article, the authors’ previous results on the simulation
of hydrogen injection into the geological structures of deep saline aquifers are essential. A
computer simulation of hydrogen injection performed for the Suliszewo structure showed
that extracting a large amount of water could be a significant obstacle to the implementation
of UHS [69] and determined the influence of the depth and the time of the initial filling
with hydrogen on the subsequent UHS operation [43].

Our previous research focusing on the geological structure of Konary [70] was intended
to determine the conditions for the preparation and operation of the UHS in the geological
structure of Konary. This research defines the maximum injected hydrogen flow rate,
total capacity, working gas, and cushion gas capacities. We analyzed three options for the
initial hydrogen storage filling periods (2, 3, and 4 years), resulting in different cushion gas
capacities. We assumed that the cushion gas needed is between 75% and 87%, which is the
range for the shortest and longest initial filling period.

1.2. Objectives

In the literature on UHS facilities that use hydrogen as the cushion gas, issues related
to preparation for the operation of an underground storage facility and the cyclical injection
and withdrawal of this gas are usually analyzed. The withdrawal of hydrogen, which
constitutes the cushion gas after the hydrogen storage is completed, is rarely discussed.
Of interest is the amount of hydrogen that remains non-recoverable after the closure of
the underground storage. From the point of view of the storage operator, the extent
to which one can influence the amount of hydrogen withdrawn after the operation of
the underground storage is completed is also worthy of note. As the authors’ previous
results indicate [70], the answer should be sought when preparing the storage for cyclical
operation.

The research conducted on modeling hydrogen withdrawal from an underground
storage facility after the completion of its operation and closure of the storage facility had
three goals:

e To estimate the amount of hydrogen cushion gas that will remain in the geological
structure as non-recoverable cushion gas (NRCG) at the end of the underground
storage operations (gas injection and withdrawal);

e To propose conditions for preparing the underground storage for operation in such
a way as to limit as much as possible the amount of NRCG that will remain in the
underground storage at the end of the work;

o  To present cushion gas recovery scenarios.

2. Materials and Methods
2.1. Geological Model of the Konary Structure and Previous Research

The Konary geological structure and the possibility of storing hydrogen and carbon
dioxide are of interest to the authors [70-72]. The outline of the Konary structure model
is presented in Figure 1. In the vertical section, the model of the reservoir was divided
into 10 layers, each of which was assigned the designated values of porosity, permeability,
and rock density, which are constant in each layer. The injection and subsequent hydrogen
withdrawal would occur in one well located at the top of the Konary structure. The pressure
and temperature in the model were determined based on the pressure and temperature
gradient for each of the 10 separated layers. It was assumed that the structure’s model is
impermeable from above and below the reservoir. The cells on the model’s side boundaries
were given a large volume to simulate an open aquifer. In a previous work by Lubori
and Tarkowski [70], fracturing pressure and capillary caprock pressure at the top of the
reservoir layer were determined, and simulations of the three initial filling options (2, 3,
and 4 years) were carried out. Then, a simulation of the 30 cycles operation (injection and
withdrawal) of the UHS was performed. It was also assumed that hydrogen would not
exceed the spill point (marked as a —1000 m isoline in Figure 1). The summary of the
results of this research is presented in Table 1.
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Figure 1. Model of the Konary structure divided into 10 layers with vertical permeability and porosity
profile based on [70].

Table 1. Characteristics of hydrogen storage in the Konary structure based on [70].

Initial Filling Period Length Options 4 Years 3 Years 2 Years Unit

Amount of hydrogen injected during the initial
filling (total storage capacity)

WG for six months of hydrogen withdrawal 18,531
CG for six months of hydrogen withdrawal 128,922 94,120 55,012 [Mg]

147,453 112,650 73,543

Average amount of extracted water during every

cycle of hydrogen injection and withdrawal 6145 8525 14421

Total amount of extracted water during the 30

cycles of hydrogen injection and withdrawal 177,183 247,923 418,406

Hydrogen-injection simulations were carried out with the equation of the state 5
(EOS5) module in Transportation of Unsaturated Groundwater and Heat 2 (TOUGH?2)
software (version 5.4) [73]. TOUGH?2 is a software package to simulate heat, mass, and
transport flow in porous rocks and fractures. In the context of hydrogen storage, TOUGH2
can be used to simulate the processes involved in the injection and storage of hydrogen in
underground geological formations such as porous rocks. EOS5 is one of the equations of
state available in TOUGH2, which describes the thermodynamic properties of hydrogen in
porous rocks. In the context of hydrogen, TOUGH2 can use EOS5 to model its behavior
under different pressure and temperature conditions at different flow rates. It allows the
modeling of various hydrogen storage conditions, such as injection, storage, and possible
withdrawal. The software considers the flow of mass and heat in the deposit so it can
be seen how hydrogen moves and diffuses in underground formations. It allows for
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assessing the possibility of hydrogen injection and withdrawal from the implemented
model. The PVT relationships in TOUGH2 EOSS5 for hydrogen are based on the principles
of thermodynamics and use cubic equations of state that describe the thermodynamic
properties of real gases. EOS5, which is a cubic equation, includes hydrogen-specific terms
and coefficients. Detailed information on the algorithms, equations, and parameters used
in the TOUGH2 program can be found in Pruess et al. [73].

2.2. Research Methodology and Assumptions

This article is a continuation of the authors’ previous results, particularly the impact
of the initial filling options on the underground storage for cyclic operation. It constitutes
the basis for modeling hydrogen withdrawal after closing the UHS, which is new in the
presented work.

The modeling carried out for this article concerned the simulation of hydrogen with-
drawal for 10 years after the closure of the 30-cyclical hydrogen storage. During the
planning stage, it was assumed that the cushion gas withdrawal would be carried out until
the upconing phenomenon, i.e., a significant increase in water extraction, occurred. The
procedure is as follows:

1.  Simulation of cushion gas recovery across 10 years of operation after closing the
storage for fifteen cases (five cases each for the 4, 3, and 2 years periods of initial filling
shown in Table 2).

2. Determination of upconing for each of the 15 cases. The basis for determining the
upconing was a significant (average above 80% in about a month) decrease in the
hydrogen withdrawal and increased water extraction.

3. Calculation of recoverable cushion gas (RCG), non-recoverable cushion gas (NRCG),
and the amount of extracted water for the designated upconing moment (in each of
the 15 recovery cases).

Table 2. Case explanations.

Initial Filling Period 4 Years 3 Years 2 Years
Length Options Case Value Case Value Case Value
1 1.54 6 1.71 11 2.1
2 1.17* 7 1.17* 12 1.17*
Fluid flow (kg/s) 3 2 8 2 13 2
4 4 9 4 14 4
5 6 10 6 15 6

* refers to hydrogen flow.

After the hydrogen storage facility was closed (30 storage cycles), the modeling of the
hydrogen cushion gas withdrawal was carried out. Five fluid flow rates were performed
for each of the three initial filling periods (4, 3, and 2 years). Options 1, 6, and 11 used
fluid flows determined in previous work [70] to achieve the desired hydrogen flow in each
cycle, as shown in Table 2. For the initial filling period of 4 years, 1.54 kg/s of fluids was
used; for 3 years, 1.71 kg /s was used; and for 2 years, 2.1 kg /s was used. In the second
option, for each initial filling period (cases 2, 7, and 12, marked with an asterisk in Table 2),
a constant hydrogen flow rate in the withdrawal well was assumed at 1.17 kg/s. This is the
time-weighted hydrogen flow rate average from the initial injection period. The remaining
cases (3,4, 5, 8,9, 10, 13, 14, 15) involved a constant flow of fluids in the well, 2 kg/s, 4 kg/s,
and 6 kg/s, respectively.

The upconing moment was determined for the 15 cases considered, which involved
reducing the hydrogen flow rate in the production well and increasing water extraction.
The results of the simulation of hydrogen withdrawal up to the designated upconing
moment allowed for the determination of recoverable cushion gas (RCG) for each of the
15 cases. By comparing RCG with the amount of CG, the non-recoverable cushion gas
(NRCG) was calculated. The simulations also made it possible to determine the amount
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of water extracted during the recovery of the hydrogen CG. The calculation results were
presented in absolute values and using the NRCG/CG ratio.

3. Results

Figure 2 shows the simulation results of hydrogen withdrawal (CG recovery) for
10 years for 15 analyzed cases. The individual graphs display the amount of hydrogen with-
drawn (green) and extracted water (blue). The appearance of the upconing phenomenon
(vertical red lines) was marked, corresponding to a sharp increase in water extraction and a
decrease in hydrogen withdrawal (an average of above 80% in about a month).

A graph summarizing the CG recovery simulation results for the 15 analyzed cases is
shown in Figure 3. It indicates the amount of WG (identical for all cases considered) used
for the operation of the hydrogen storage (red on the left) and the amount of CG (light
green color), which is different for each of the initial filling periods. The RCG is marked
(green) depending on each of the 15 considered cases of CG recovery. The other values
of NRCG (yellow) and time after upconing (grey dots), as well as the amount of water
extracted through every cycle of hydrogen injection and withdrawal (light blue color), are
presented similarly.

The values of the NRCG/CG ratio (color light blue) and WG/NRCG (color dark blue)
ratio for each of the 15 considered cases of CG recovery are presented in Figure 4.

For the initial hydrogen filling period of 4 years (Figure 2, Table 3), with a fluid flow
of cushion gas recovery of 1.54 kg/s (case 1), upconing was recorded after 4.42 years. In
contrast, the phenomenon had already occurred after one year, with a fluid flow of cushion
gas recovery of 6 kg/s (case 5). For the shortest initial injection period of 2 years, with
a fluid flow of cushion gas recovery of 2 kg/s (case 13), upconing was recorded after
1.27 years, while with a fluid flow of cushion gas recovery of 6 kg/s (case 15) this occurred
most quickly—after 0.53 years. The longer the initial hydrogen filling period and, thus, the
greater the amount of CG, the lengthier the period of its withdrawal (until the upconing
phenomenon occurred) after the end of the cyclical storage operation.

The amount of RCG increases after the cyclic storage operation as the length of the
initial filling period increases (Table 3). With an initial filling period of 4 years (cases 1-5),
this is, on average, approximately 84,000 Mg. For 3 years, approximately 54,000 Mg can
be recovered, and for the initial filling period of 2 years, approximately 20,000 Mg can be
recovered. The amount of the NRCG depends less on the length of the initial filling period
than the amount of RCG (Table 3, Figure 3). For the largest amount of CG and, thus, the
most extended initial filling period, this is less than 45,000 Mg; for 3 years, this is slightly
over 40,000 Mg; and for the lowest volume of CG and the shortest initial filling period, this
is almost 35,000 Mg (Table 3).

Based on the results obtained for the CG, RCG, and NRCG values, the NRCG/CG ratio
and WG/NRCG ratio were calculated (Table 3, Figure 4). For a 4-year initial hydrogen filling
period (cases 1-5), the NRCG/CG ratio was the smallest and amounted to approximately
0.35, while for 3-year period (cases 6-10), the value was 0.43, and for the 2-year period
(cases 11-15), the value was 0.63 (Table 3, Figure 4). This shows that the largest quantity
of CG was withdrawn during the most extended initial hydrogen filling period and, thus,
constituted the largest volume of CG. Similar values were reported for the WG/NRCG
ratio (Table 3, Figure 4). This is a ratio showing what part of the NRCG is WG. For a 4-year
initial hydrogen filling period, the WG/NRCG ratio was the smallest and amounted to
approximately 0.41, while for the 3-year period, this was 0.46, and for the 2-year period,
this was 0.54. This shows that the greater the amount of CG, the greater the WG/NRCG
ratio. It should be noted that the quantity of CG for each of these initial filling periods is
different (light green bars in Figure 3).

It should also be noted that as the length of the initial hydrogen filling period increases,
the amount of water extracted during the process of hydrogen withdrawal during the cyclic
operation of the storage facility decreases (Figure 3). However, after 30 storage operation
cycles, the longer the initial hydrogen filling period, the longer the recovery period and
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the greater the amount of extracted water during CG withdrawal. For the most extended
initial filling period of 4 years, the amount of water extracted during the withdrawal of the
CG was the greatest, amounting to approximately 122,000 Mg on average; for the 3-year
injection period, the value is 115,000 Mg, and for the shortest period of 2 years, the value is
79,000 Mg (Table 3, Figure 3). A significantly higher quantity of water extracted was noted
in the case of operation with a constant hydrogen flow rate (cases 2, 7, and 12).

The longer the initial hydrogen filling and, therefore, the greater the amount of CG
injected into the storage at this stage, the longer the period of its recovery at the end of
the storage operation (until the upconing phenomenon occurs). The amount of RCG after
cyclic storage increases with the increase in the length of the initial filling period and, thus,
with the rise in the amount of CG. The amount of NRCG depends to a lesser degree on
the length of the initial filling period and, by extension, on the amount of CG. It decreases
slightly as its volume decreases (the shortening of the initial filling period).

Table 3. Simulation results of CG withdrawal after the closure of the cyclical hydrogen storage

operation.
Initial Filling Period 4 Years 3 Years 2 Years Unit
Length Options Case Value  Average Case Value  Average Case Value  Average
1 4.42 6 2.88 11 1.27
Period when upconin; 2 245 7 165 12 075
a earsp 8 S 328 2.53 8 2.46 1.81 13 1.27 0.91 [Year]
PP 4 1.48 9 1.21 14 0.72
5 1.00 10 0.86 15 0.53
1 83,632 6 52,381 11 19,453
2 83,695 7 54,845 12 21,916
RCG 3 82,541 84,040 8 52,294 53,665 13 19,214 20,363
4 82,698 9 53,090 14 20,063
5 87,617 10 55,712 15 21,170
1 45,290 6 41,738 11 35,559
2 45,227 7 39,275 12 33,096 Mgl
NRCG 3 46,381 44,890 8 41,826 40,455 13 35,798 34,649 &
4 46,224 9 41,030 14 34,949
5 41,304 10 38,407 15 33,842
1 131,321 6 102,822 11 64,554
Amount of extracted 2 152,194 7 163,260 12 122,667
water during CG 3 124,214 122,455 8 102,664 114,917 13 60,793 79,369
withdrawal 4 103,492 9 99,317 14 70,483
5 101,052 10 106,523 15 78,348
1 0.35 6 0.44 11 0.65
2 0.35 7 0.42 12 0.60
NRCG/CG ratio 3 0.36 0.35 8 0.44 0.43 13 0.65 0.63
4 0.36 9 0.44 14 0.64
5 0.32 10 0.41 15 0.62
1 0.41 6 0.44 11 0.52
2 0.41 7 0.47 12 0.56
WG/NRCG ratio 3 0.40 0.41 8 0.44 0.46 13 0.52 0.54
4 0.40 9 0.45 14 0.53
5 0.45 10 0.48 15 0.55
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Figure 2. Simulation results for 10 years of CG withdrawal after the closure of the 30 operation cycles of hydrogen storage.
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Figure 3. Results for the RCG and NRCG after the closure of the 30 storage operation cycles.
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Figure 4. NRCG/CG and WG/NRCG ratio for 15 considered cases.

It should also be noted that as the length of the initial hydrogen filling period increases,
the amount of extracted water in the course of hydrogen recovery during the cyclic storage
operation decreases. However, after 30 storage cycles, the amount of extracted water in the
process of CG withdrawal is the highest for the longest, 4-year initial filling period. This
is because the CG recovery period increases. A much larger volume of extracted water is
observed when operating with a constant hydrogen flow rate (cases 2, 7, and 12).

Regarding absolute values (expressed as mass), the 2-year option is best because, from
an investor’s perspective, the final costs of hydrogen consumed as NRCG are significant.
At the same time, adopting this option minimizes the cost of the CG at the initial filling
stage. It should also be emphasized that each presented option (2, 3, and 4 years) allows for
regular storage operation.

4. Discussion

Due to the high cost of cushion gas, which is H, questions arise as to how much of it
can be recovered after the end of the storage and what should be done to recover as much of
it as possible. The research results indicate that when considering the amount of hydrogen
to be recovered after storage, attention should be focused on limiting the amount of the
cushion gas and on the upconing phenomenon at the end of the storage operation. This
topic is essential because cushion gas is an expensive one-time investment. On the other
hand, Heinemann et al. [45] observed that the recoverable portion of the cushion gas could
serve as a strategic gas reserve, especially during an energy crisis. Lin et al. [59] propose
that the cushion gas should be included in working capital, assuming the possibility of
selling it at the end of the project/storage life.

The simulations presented, covering 10 years after the closure of the hydrogen storage
facility, show that only some of the cushion gas is recoverable and that a significant
percentage of the hydrogen will remain in underground storage as non-recoverable cushion
gas (NRCG). The simulation of the cushion gas withdrawal allowed us to assess the
amount of hydrogen remaining in the structure as NRCG in each of the 15 considered cases,
covering the 4-, 3- and 2-year periods of initial hydrogen filling. The amount of NRCG is
fundamentally influenced by the initial hydrogen filling period and the hydrogen flow rate,
adapted to the allowable pressures of fracturing, the capillary caprock pressure, and the
time when the upconing phenomenon was recorded [42,43,74].

Similar to the findings presented previously in the authors’ articles [43,69,70], the
amount of cushion gas used changed with the elongation of the initial filling periods.
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Increasing the cushion gas (simultaneously increasing the CG/WG ratio) positively affects
the subsequent operation of the storage because it reduces the amount of water extracted
during hydrogen withdrawal. It was confirmed by the results of Heinemann et al. [42],
showing that the amount of water extracted during hydrogen withdrawal decreases with an
increase in the CG/WG ratio. Moreover, although nitrogen is used as a cushion gas, Pfeiffer
et al. [75] agree that this initial period requires significant effort. Harati et al. [64] claim
that it would be possible to operate a hydrogen storage facility without initial filling, i.e.,
without a cushion gas, but by using numerous wells and their appropriate configuration.
The efficiency of cyclic hydrogen withdrawal in such a case could reach approximately 70%
in the short term.

The simulation of cushion gas withdrawal allowed us to determine when upconing
began. The longer the initial filling period, the later the upconing was recorded, and
therefore, the more extensive the cushion gas, the lengthier the hydrogen withdrawal
period after the end of the 30 operation cycles of the underground storage. The modeling
results confirm previous observations [36,64,76] that upconing is one of the main technical
barriers to hydrogen storage in deep saline aquifers. In the simulations of hydrogen
injection and withdrawal shown by Chai et al. [62] and Sainz-Garcia et al. [48], as in the
present paper, upconing depends on the duration of the initial hydrogen filling period.
It is also affected by the option of the case to withdraw cushion gas at the end of the
cyclical storage operation that was adopted in the article. In the case of the initial filling
period of 2 years and thus the least amount of cushion gas, upconing occurs most quickly,
and depending on the flow rate, this is between 0.53 and 1.27 years. However, for the
4-year option (the greatest amount of cushion gas), upconing is observed after a much
more extended period of between 1 and 4.42 years. This phenomenon can be delayed by
reducing the flow rate of fluids in the withdrawal well [77,78], which is also confirmed by
the results of the presented article. The issue of upconing is especially noticeable when we
operate the storage with one well, which is used for both the withdrawal and injection of
hydrogen, as was presumed in this paper. Appropriate well-placement strategies [30,68]
can help solve this problem. The Oldenburg et al. [79] analysis showed that horizontal
permeability provides a stronger regulator on upconing if permeability is low and less
sensitive when permeability is high. Upconing is also an issue when gases other than
hydrogen are utilized as cushion gas [62,63].

The simulation of cushion gas withdrawal allowed us to determine the amount of
water extracted through the cushion gas withdrawal. After 30 storage operation cycles, the
longer the initial filling period, the longer the recovery period, and the greater the amount
of extracted water during cushion gas withdrawal. In the case of the most extended initial
filling period of 4 years, the greatest amount of water was extracted during the withdrawal
of the cushion gas. The extraction of significantly more water was noted in the case of an
operation with a constant hydrogen flow rate.

The 15 presented cases of cushion gas recovery allow the investor to decide on the
method of storage (30 cycles) and the final plan of the cushion gas recovery. The two
extreme groups of cases considered1-5, i.e., those with the 4-year first filling option, and
11-15, i.e., the 2-year first filling option—each have advantages and disadvantages. For
the group of cases with a 4-year first filling option, the disadvantage is the large volume
of the cushion gas. Still, the advantage is the small amount of water extracted during
cyclic hydrogen withdrawal. The disadvantage for the cases with the 2-year first filling
option is that a large amount of water is extracted during cyclic hydrogen withdrawal. The
advantage is the small volume of the expensive cushion gas. The amount of recoverable
and non-recoverable cushion gas for these two cases differs significantly, and both RCG and
NRCG are larger for the 4-year injection period. However, it should be remembered that
the size of the cushion gas is different for the initial injection periods considered, and the
largest amount of RCG does not necessarily mean the best case because it is also associated
with the largest amount of NRCG.
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Therefore, the NRCG/CG and WG/NRCG ratios may help choose a cushion-gas-
withdrawal scenario. The highest NRCG/CG ratio of 0.63 was obtained during the shortest
2-year initial filling period and thus used the least amount of cushion gas. However,
the lowest value for this ratio, 0.35, was obtained during the longest initial filling period
of 4 years, utilizing the largest amount of cushion gas. Concerning the working gas,
the WG/NRCG ratio provides similar dependences—the shorter the initial filling period
(i.e., the lower the volume of cushion gas), the higher the ratio, in the range of 0.41-0.54.
Generally, the lower the ratio of both NRCG/CG and WG/NRCG, the better it is for the
storage operation. The smaller the NRCG/CG ratio, the less cushion gas will remain
unrecoverable and, therefore, lost. A lower WG/NRCG ratio also means that less cushion
gas relative to the working gas will be lost. This would suggest that the group of cases for
4-year first filling option is the best in terms of cushion gas recovery and cyclic operation.
However, it should be remembered that this group requires the highest investment outlays
for the largest cushion gas.

Individual cases for each first filling option should also be taken into account. It
can be concluded that the higher the flow rate we use, the faster we will complete the
RCG withdrawal process (i.e., the faster the upconing will take place). For the group of
4-year cases, the first filling option (1-5) decreases the total water extraction, while for the
remaining cases (6-15), it increases. When a constant hydrogen flow is used, the amount of
water extracted is the highest of all options. RCG for each first filling option and each of
the 15 cases increases with the increase in flow.

When analyzing the results of the conducted research, it should be remembered that
they concern the considered geological structure of Konary. Considering the heterogeneity
of underground geological structures in saline aquifers, the results of similar considerations
in a different structure (especially with other parameters such as porosity, permeability,
temperature, and pressure) may give different results. The relationship between various
geological parameters may be a good field for future research. For example, Luboni and
Tarkowski [43] researched the initial filling period and operation of hydrogen storage at
different depths for a different geological structure [70].

5. Conclusions

Underground hydrogen storage facilities require cushion gas, which is an expensive
one-time investment. Only some of this gas is recoverable after the end of the UHS
operation. A significant percentage of the hydrogen will remain in the underground
storage as non-recoverable cushion gas. Efforts must be made to reduce it.

The presented results of modeling the cushion gas withdrawal after the end of a
cyclical storage operation carried out on a selected geological structure show that the
amount of non-recoverable cushion gas is fundamentally influenced by the duration of
the initial hydrogen filling period, the hydrogen flow rate, and the timing of the upconing
occurrence. Upconing is one of the main technical barriers to hydrogen storage in deep
saline aquifers. The longer the initial filling period, the later the upconing occurs.

The ratio of non-recoverable cushion gas to cushion gas (NRCG/CG) decreases with
an increasing amount of cushion gas and, for the analyzed Konary structure, varies in
the range of 0.35-0.63. The highest NRCG/CG ratio was obtained in the shortest 2 years
initial filling period. The lowest value was obtained when utilizing the longest initial filling
period of 4 years and employing the largest cushion gas.

The presented cases of cushion gas recovery can help the investor decide which
scenario is the most advantageous based on the criteria they consider important.
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Nomenclature
UHS underground hydrogen storage
RES renewable energy sources

the total amount of hydrogen injected into the structure at a given time, not
exceeding allowable pressures and the spill point

working gas—the amount of hydrogen that can be withdrawn from storage
at a given time and flow rate

cushion gas—is the share of gas left in the reservoir, which is used to pressurize
CG the reservoir to reach the target hydrogen withdrawal rate; it is the capacity
difference between total storage capacity and working gas

ratio of cushion gas to working gas; a mass of injected and withdrawn hydrogen

Total storage capacity

WG

CG/WG as WG relative to the mass of CG present in the reservoir
RCG recoverable cushion gas
NRCG non-recoverable cushion gas
NRCG/CG non—recgveral?le cushion gas to cushion gas ratio; determines what part of
the CG is left in storage after closure
ratio of working gas to non-recoverable cushion gas; determines what part
WG/NRCG of the NRCG is WG
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