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h i g h l i g h t s
� Numerical compositional simulation utilising CMG-GEM of underground hydrogen storage in a North Sea aquifer.

� Hydrogen recovery efficiency improves as the storage cycles increase.

� Heterogeneity and hysteresis are the most impactful mechanisms on underground hydrogen storage.

� Hydrogen solubility and diffusion in water have a minimal impact on the storage process when studied separately.

� Solubility and diffusion effects become more pronounced when studied in combination with each other and hysteresis.
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a b s t r a c t

Underground hydrogen storage (UHS) in aquifers, salt caverns and depleted hydrocarbon

reservoirs allows for the storage of larger volumes of H2 compared to surface storage in

vessels. In this work, we investigate the impact of aquifer-related mechanisms and pa-

rameters on the performance of UHS in an associated North Sea aquifer using 3D nu-

merical compositional simulations.

Simulation results revealed that the aquifer's permeability heterogeneity has a signifi-

cant impact on the H2 recovery efficiency where a more homogenous rock would lead to

improved H2 productivity. The inclusion of relative permeability hysteresis resulted in a

drop in the H2 injectivity and recovery due to H2 discontinuity inside the aquifer which

leads to residual H2 during the withdrawal periods. In contrast, the effects of hydrogen

solubility and hydrogen diffusion were negligible when studied each in isolation from

other factors. Hence, it is essential to properly account for hysteresis and heterogeneity

when evaluating UHS in aquifers.
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1. Background
Hydrogen energy is expected to play an essential role in the

energy transition from fossil fuel to renewable forms of en-

ergy in the quest for reducing greenhouse gases and limiting

climate change. Burning of hydrogen gas can provide energy

without the production of carbon dioxide or greenhouse

gases. The role of hydrogen in the energy transition can be

seen as an energy store for the excess energy produced from

other renewable energy sources. During low energy demand,

the excess energy produced from wind and solar can be con-

verted to hydrogen and stored for use during peak energy

demand periods [1,2,3,4]. Hydrogen itself is a major driver for

achieving the “Net-Zero” energy targets in addition to decar-

bonisation via the subsurface CO2 storage in the depleted

reservoirs combined with the enhanced oil and gas recovery

schemes, CO2 sequestration and storage in saline aquifers,

and subsea, and arctic permafrost conditions in the forms of

gas hydrates alone or combined with the methane-CO2

replacement in the natural gas hydrate reservoirs [5,6,7,8,9].

Hydrogen can be produced through steam reforming of

natural gas or water electrolysis using excess renewable en-

ergy [10,11,12]. The produced hydrogen gas can then be stored

underground in suitable geological formations. These forma-

tions can be aquifers, salt caverns, or depleted hydrocarbon

reservoirs. This process can be carried out through the injec-

tion of hydrogen gas utilising a drilled well into the specific

formation [13,14,15]. Underground storage formations provide

more suitable options for hydrogen storage compared to sur-

face storage due to the considerably larger volumes of

hydrogen that can be stored underground. The storage for-

mation should be a porous and permeable reservoir rock

where gas can be stored in the presence of a good sealing cap

rock that would limit the escape of hydrogen upward to the

surface [13,16,17].

Aquifers provide a suitable underground hydrogen storage

option owing to their availability at suitable pressures housing

large volumes of hydrogen gases. Several factors determine

the successful operations for the aquifer storage of hydrogen

that includes the injection and production rates, number of

wells, and number and length of storage cycles [18,19,20]. On

the other hand, the reservoir heterogeneity, relative perme-

ability hysteresis hydrogen solubility in brine and hydrogen

diffusion play an important role in defining the efficiency of

underground hydrogen storage (UHS) in aquifers [18,21].

Hydrogen gas-water relative permeability hysteresis re-

flects the difference in the behaviour of hydrogen gas and

water flow in porous media depending on whether imbibition

or drainage is underway. This phenomenon is expected to

lead to residual hydrogen gas being left behind due to during

the withdrawal (production) phase after its injection. The

change in flowbehaviour causes some of the trailing hydrogen

gas phase to get disconnected from the rest of the leading edge

of the connected gas phase during withdrawal. Hydrogen gas

solubility and diffusionmay also lead to a potential loss of the

amount of hydrogen gas stored inside the aquifer. CMG-GEM

based numerical simulation study by Delshad et al. [18]

revealed that relative permeability hysteresis improves

hydrogen gas injectivity and reduced hydrogen gas recovery
from aquifers. Molecular diffusion and solubility showed a

negligible effect on the results. Amid et al. [22] also reported

that the hydrogen solubility in brine through geochemical and

biochemical evaluations is minimal (<0.1%) during under-

ground hydrogen storage. Moreover, sulfate reduction poses a

greater challenge to underground hydrogen storage compared

to methanation. However, hydrogen loss due to dissolution

was limited to less than 0.1%. Feldmann et al. [23] used nu-

merical modelling through DuMux to investigate hydrody-

namics and gas mixing during UHS in an aquifer. Gravity

override and viscous fingering phenomena were found to

hinder the UHS process. The mixing of hydrogen with other

gases is influenced by mobility ratios, densities, molecular

diffusion and mechanical dispersion. Mechanical dispersion

amplifies the gas mixing process and is more pounced than

molecular diffusion. In another work, Heinemann et al. [19]

investigated the role of cushion gas in anticline saline aquifers

using the commercial compositional simulator CMG-GEM at

varying three geological parameters (reservoir depth, trap

shape, reservoir permeability). They concluded that cushion

gas does not expand the storage capacity, however, it can be

used to exploit the existing capacity efficiently. The cushion

gas required is dependent on the desired amount of working

gas, hence, studies should be conducted early in projects for

determining cushion gas requirements to avoid any unnec-

essary investment losses. Moreover, their simulation results

showed that hydrogen storage in geological structures at

greater depths with higher reservoir permeabilities requires

lower amounts of cushion gas. They also concluded that

tighter anticlines make the injection process more difficult

without affecting the production and more open anticlines

result in increasing water production. Saeed et al. [24] utilised

the compositional simulation using CMG-GEM to understand

the effects of different cushion gases on the performance of

underground hydrogen storage in a North Sea aquifer. The

hydrogen recovery efficiency was found to be related to the

cushion gas density where CH4 resulted in the highest re-

covery followed by N2 and CO2. Hydrogen gas recovery of up to

80% was observed when using CH4 as a cushion gas within a

studied period of 10 years. Moreover, the use of a cushion gas

during underground hydrogen storage was preferred to stor-

ing hydrogen gas without utilising a cushion gas.

The effects of interactions between hydrogen, rock, brine,

and cushion gases on the underground hydrogen storage

process have been investigated in several studies. Aslannez-

had et al. (2023) [25] highlighted the importance of under-

standing the wettability of geological formations for safe and

efficient hydrogen storage. They emphasized the need for a

comprehensive review on hydrogen wettability, considering

parameters such as salinity, temperature, pressure, surface

roughness, formation type, and the influence of organic ma-

terial. Meanwhile, Ali et al. [26] examined the effects of organic

acid concentrations and types on hydrogen wettability using

mica surfaces. They found that increasing organic acid con-

centration led to higher hydrophobicity, potentially impacting

hydrogen containment security. Hosseini et al. [27] analysed

the hydrogen wettability of shales and evaporites under

different conditions, including organic acid concentrations.

They discovered that pressure, organic acid concentration, and

total organic content influenced wettability, sealing efficiency,
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and storage capacity. Yakeen et al. [28] focused on clay-gas

interfacial tension and highlighted the scarcity of data on

clay-hydrogen, clay-N2, and clay-CO2 systems. Their calcula-

tions revealed that hydrogen exhibited higher interfacial ten-

sion with clay minerals compared to N2 and CO2, suggesting

the suitability of nitrogen and carbon dioxide as cushion gases.

Alanazi et al. [29] investigated hydrogen storage efficiency and

cushion gas selectivity in organic-rich carbonate-rich Jorda-

nian source rock samples. They found that CO2 demonstrated

preferential behaviour as a cushion gas, indicating the

importance of considering the presence of organic residuals in

hydrogen storage. Saeed et al. (2023) [30] employed geochem-

ical modelling to assess the impact of geochemical reactions

on underground hydrogen storage performance. They vali-

dated the model against experimental data and observed

minimal hydrogen loss over 30 years, while CO2 losses were

more significant. They highlighted the need for remedial CO2

injections to maintain reservoir pressure and discussed the

effects of temperature, pressure, and CO2 on rock properties

and gas storage capacity. Yekta et al. [31]have emphasized the

potential for geochemical interactions involving stored

hydrogen gas, cushion gas, reservoir fluids, and reservoir

minerals during UHS. These interactions can lead to hydrogen

conversion into gases like methane and hydride sulphide,

resulting in potential losses in stored hydrogen. Additionally,

interactions with other gases in the reservoir can reduce the

purity of the hydrogen gas [32,33]. Understanding the impact of

these geochemical processes on hydrogen storage is crucial for

successful UHS implementation.

In this work, we focus on investigating the effects of

aquifer-related factors and mechanisms on the performance

of underground hydrogen storage in an associated North Sea

aquifer. The investigated parameters in this study are aquifer

heterogeneity, relative permeability hysteresis, hydrogen
Fig. 1 e A 3D compositional aquifer model showing distri
solubility, and hydrogen diffusion. Further details on the

methodology utilised to carry out this study are outlined next.
2. Methodology

In this study, we employed numerical simulation tomodel the

process of storing hydrogen in a deep North Sea aquifer using

the multicomponent compositional simulator CMG-GEM™

[34] and investigate the impact of aquifer rock parameters and

fluid-fluid mechanisms on the overall performance of under-

ground hydrogen storage in the aquifer.

2.1. Aquifer model description

The model used in this study (Fig. 1) is of an aquifer in the

North Sea that is associatedwith a depleted oil reservoir and is

located to the South of the reservoir and is at a depth of 10,000

feet. The depressurization of the oil field and its associated

aquifer occurred due to the field's oil production, therefore,

the pressure support resulting from the aquifer was gradually

lost since 1997 when oil production increased significantly to

200,000 STB of oil. In this study, underground hydrogen stor-

age in three sandstone formations in the aquifer will be

evaluated. The depleted oil reservoir currently has a present

pressure of about 2030 psi and a temperature of 110 �C. These
same conditions are assumed for the aquifer. In this study,

underground hydrogen storage in three sandstone formations

in the aquifer will be evaluated. The original salinity of the

aquifer water is 24,000 parts per million (ppm), which is quite

low. A summary of aquifer properties is detailed in Table 1.

The fluid compositionalmodel consists ofwater and hydrogen

gas and used the Peng-Robinson Equation of State to calculate

the fluid properties. Henry's Law was utilised to include the
bution of permeability and position of operating well.
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Table 1 e Summary of aquifer properties.

Property Value

Depth (ft) 10,000

Temperature (�C) 110

Initial Pressure (psi) 6000

Current Pressure (psi) 2000

Salinity (ppm) 24,000

Water initially in place (Billion ft3) 2.1

Average porosity (%) 19

Aquifer gross thickness (depth 10,000 ft to 10,500 ft) 500
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effects of hydrogen gas solubility in the water, assuming that

the hydrogen gas and the aqueous phase are in thermody-

namic equilibrium. The hydrogen diffusion coefficient in

water was assumed to be 8.5 � 10�5 cm2/s. The reservoir's
dependence of rock compressibility on pressure and rock

compressibility are 6.12 � 10�12 psi�2 and 3.5 � 10�6 psi�1,

respectively. The H2-water relative permeability curves (see

Fig. 2) were adapted from the experimental investigations of

Yekta et al. [35]; accommodating the hysteresis effect. Based

on relative permeability curves the irreducible water satura-

tion during drainage is 0.15 and the trapped gas saturation
Fig. 2 e (a) H2-water relative permeability (b) capillary pressure

[35].

Table 2 e Summary of simulated modelling cases and respect

Case

Case Aq - 1

Case Aq - 2

Case Aq - 3

Case Aq - 4

Case Aq - 5

Case Aq - 6

Case Aq - 7
between the drainage and imbibition processes is 0.18. In this

work, the effects of geochemical reactions were not included

in the simulations.

2.2. Case studies

Six cases were run to investigate the effects of aquifer's
permeability heterogeneity, H2-water relative permeability

and capillary pressure hysteresis, hydrogen solubility and

diffusion on the injection and production of hydrogen gas

during UHS in the aquifer. In the base case (Case Aq e 1), a

single well is used for both hydrogen injection and production

during seven cycles. The first cycle consists of injecting

hydrogen gas at a rate of 35 MMscf/d for seven months and

producing hydrogen gas at a rate of 20 MMscf/d for seven

months. The cycles from the second to the seventh are then

identical to each other and they involve hydrogen gas injec-

tion at 35 MMscf/d for 5 months and producing it back for 7

months at 20MMscf/d. The seventh cycle is then followed by 3

years extended period of production to exhaust the aquifer of

its pressure. Both the hydrogen gas injection and production

are carried out through the top perforations of each sandstone

formation. The injection is limited by the maximum injection
curves for drainage and imbibition deployed in the model

ive studied effects.

Parameters/mechanisms investigated

Base Case: The original heterogeneous model without solubility or

hysteresis or diffusion effects.

Homogeneous model (permeability modified from Case Aq-1)

Relative permeability hysteresis

Solubility of H2 in water

Diffusion of H2 in water

Hysteresis, solubility, and diffusion combined effect

Effect of number of storage cycles (14 cycles case) in the combined

hysteresis, solubility, and diffusion effect

https://doi.org/10.1016/j.ijhydene.2023.07.272
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rate and a maximum bottomhole pressure of 4500 psi to avoid

reaching the formation's fracture pressure of 5100 psi. Simi-

larly, the production was restricted by the maximum pro-

duction rate and a minimum bottomhole pressure of 1900 psi

to avoid problems with lifting aquifer fluids to the surface.

The effects of aquifer heterogeneity, hysteresis, hydrogen

gas solubility and diffusivity on the performance of the un-

derground hydrogen storage in aquifers were studied both in
Fig. 3 e (a) Cumulative H2 injected and produced, and (b) H2 recov

UHS in aquifer.
isolation of each other and combined. Case Aq e 1, is the base

case, an original heterogeneous aquifer, vertical to horizontal

permeability ratio is approximately 40% and does not take into

account the effects of hysteresis, solubility and diffusion. Case

Aqe 2 represents a 500mDhomogeneous aquifermodelwhile

keeping all other properties unchanged. This case is then

compared to the base case (Case Aq - 1) to evaluate the effect

of aquifer heterogeneity on the UHS performance. Relative
ery and average aquifer pressure predicted for base case of

https://doi.org/10.1016/j.ijhydene.2023.07.272
https://doi.org/10.1016/j.ijhydene.2023.07.272


i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 5 0 ( 2 0 2 4 ) 5 5 8e5 7 4 563
permeability and capillary pressure hysteresis were invoked

using both the imbibition and drainage curves as shown in the

hydrogen gas injection and recovery, Case Aq e 3 was run

while considering Fig. 2. The isolated effects of hydrogen gas

solubility and diffusivity on the underground hydrogen stor-

age process were evaluated in Cases Aq e 4 and Aq e 5,

respectively. Another scenario, Case Aq e 6, was run to

investigate the collective effects of hysteresis, solubility, and

diffusivity on underground hydrogen storage in the studied

aquifer. Finally, Case Aq e 7 was run using a similar configu-

ration to Case Aq e 6 with an increased number of cycles, 14

cycles in Case Aqe 7 and 7 cycles in Case Aqe 6. Details of the

simulation cases indicating the effects evaluated in this study

are given in Table 2.
3. Results and discussion

3.1. Base case

The base case simulation (Case Aq-1) in this study involves

seven cycles of injecting hydrogen at a rate of 35 MMscf/

d and producing it at a rate of 20 MMscf/d from a single well.

Over a period of ten years, 39.5 Bscf of hydrogen gas was

injected during the injection cycle, followed by 30.7 Bscf

of hydrogen recovery with a 78% recovery factor while
Fig. 4 e Hydrogen gas saturation distribution in the bottom form

7th cycles and after the extended production period. The green d

in the injection and production (withdrawal) cycles respectively

legend, the reader is referred to the Web version of this article.
retaining 22% of hydrogen (see Fig. 3). The hydrogen re-

covery does, however, continue to improve with the

increasing number of storage cycles from 36.6% in the first

cycle to 62.8% at the end of 6th cycle and then 78.1% in the

final cycle., suggesting that the hydrogen recovery would be

higher if the storage cycles were increased (presented later

in Case Aq e 7). The injected hydrogen gas occupies a larger

space in the aquifer and spreads outward away from the

injection well as the cycles progress. This can be observed

from the 2D map presented in Fig. 4 where the hydrogen gas

saturation is shown at the end of the production stages of

the 1st, 4th, and 7th cycles and after the extended produc-

tion period. The average aquifer pressure (see Fig. 3b) is

initially at 2030 psi and it increases with the initial injection

of the hydrogen in the first cycle to 2534 psi followed by 82

psi pressure drop to 2452 psi due to the hydrogen production

in the first cycle. The pressure inside the aquifer continues

to increase and drop during injection and production stages,

respectively, with an overall rising trend as a result of the

residual hydrogen gas volume accumulating as the cycles

continue. Eventually, the built-up pressure inside the

aquifer reached a maximum of 3038 psi by the end of the

seventh cycle's injection stage. This pressure is then utilised

to produce hydrogen gas for a continuous three years

depleting the aquifer's pressure down to 2500 psi by the end

of the extended production period.
ation at the end of the production stage of the 1st, 4th, and

ot at the centre indicates the injection and production well

. (For interpretation of the references to color in this figure

)
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3.2. Reservoir heterogeneity effect

The effect of aquifer's heterogeneity on the performance of

UHS in aquifers is evaluated by comparing the original het-

erogeneous reservoir model (base case Case Aq e 1) with Case

Aq e 2 wherein the aquifer's vertical and horizontal perme-

ability was set to a fixed value of 500 mD. In both cases, the

maximum injection and production rates remained similar

(35 and 20 MMscf/d, respectively). Injected rates shown in

Fig. 5a decline earlier (than the complete cycle duration) in

cycles 5, 6 and 7 than the previous cycles, whereas the pro-

duction rates start to decline earlier right from the first cycle
Fig. 5 e Effect of aquifer heterogeneity on UHS in aquifer on

(a) H2 injection and production rates, (b) cumulative H2

injected and produced, and (c) H2 recovery and average

aquifer pressure.
which then delays in the consecutive cycles reaching the full

cycle length by cycle 7. This is attributed to the 500 mD uni-

form permeability in Case Aq e 2.

As shown in Fig. 5a, the total volume of hydrogen injected

in the homogenous case (Case Aq e 2), was 39.53 Bscf which

was slightly higher than that of the heterogenous case (Case

Aq e 1), 39.5 Bscf. The amount of recoverable hydrogen is also

higher in the homogenous Case Aq e 2, 33.53 Bscf, compared

to the heterogenous CaseAqe 1, 30.38 Bscf. Moreover, average

aquifer pressure remained above the initial aquifer pressure

of 2000 psi and below 3200 psi throughout the seven storage

cycles as depicted in Fig. 5c in both cases.

Permeability in heterogeneity affects the fluid flow

through the storage formation, thus impacting the hydrogen

injection (injectivity), its movement through the pore flow

paths (migration) and the subsequent withdrawal during the

production. The higher cumulative H2 injection and produc-

tion volumes can be attributed to the better injectivity, and

productivity experienced in the homogenous Case Aq e 2,

owing to the uniform vertical and horizontal permeability of

500 mD. This has resulted in the bottomhole pressure (BHP)

rising or dropping more gradually compared to the heterog-

enous Case Aq e 1 (see Fig. 5) and consequently avoids

violating the injection and production BHP constraints. This

allows for higher volumes of hydrogen gas injection and

consequent production. As a result, it can also be observed

from Fig. 5c that the hydrogen recovered as a percentage of

total hydrogen injection in the homogenous case (85.34%) is

higher than in the heterogenous case (78.3%). This is a result

Therefore, the UHS in a homogeneous aquifer is more fav-

oured in terms of storage capacity and stored hydrogen

recoverability to heterogeneous aquifers with an incremental

hydrogen recovery of up to 7% expected in the homogenous

aquifer. It is also observed from Fig. 5c that the average

aquifer pressure in Case Aq e 2 trends lower compared to the

average pressure in Case Aq e 1 due to the lower residual gas

volume in Case Aq e 2 (6 Bscf) in comparison to Case Aq e 1

(9.12 Bscf).

3.3. Effect of the hydrogen-water relative permeability
hysteresis

Relative permeability hysteresis affects the fluid flow in

porous media during both hydrogen injection and withdrawal

periods. This would consequently affect the overall injectivity

and productivity of hydrogen in the aquifer. In this study, we

examine the effect of relative permeability on the UHS process

using Case Aq-3 and then compare it with the no-hysteresis

first scenario (Case Aq e 1). Fig. 6a shows the effect of rela-

tive permeability hysteresis on the hydrogen gas production

rates. The production rate in the earlier cycles is not affected

by the hysteresis effect. However, at later stages and espe-

cially during the extended period of production after the

seventh cycle, the production rate declines as a result of the

inclusion of the hysteresis effect. A comparison of the cu-

mulative volumes in Fig. 6b indicates that the relative

permeability hysteresis declined the cumulative hydrogen

injection and production volumes in Case-3 by 0.5 Bscf (39.5

Bscf to 39 Bscf) and 1.24 Bscf (30.7 Bscf to 29.46 Bscf) respec-

tively against the no-hysteresis case (Case Aq-1). It is apparent

https://doi.org/10.1016/j.ijhydene.2023.07.272
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Fig. 6 e Effect of relative permeability hysteresis on UHS in aquifer on (a) H2 injection and production rates, (b) cumulative H2

injected and produced, and (c) H2 recovery and average aquifer pressure.
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from this comparison that the inclusion of relative perme-

ability hysteresis has a significant impact on the underground

hydrogen storage process. This is also reflected in the reduced

hydrogen recovery efficiency from 78.72% to 75.91% (see

Fig. 6c) This decline is attributed to the hydrogen gas entrap-

ment that occurs due to the discontinuity of hydrogen gas

during thewithdrawal period. The disconnected hydrogen gas

is then separated from the mobile gas at the front of the

migrating plume and is left immobile inside the aquifer. This

consequently reduces the amount of recoverable hydrogen

gas from the storage aquifer formation. The respective pres-

sure profile continually keeps rising in each successive cycle,

with minimal but noticeable higher values than the no hys-

teresis case. Hysteresis trapping makes more and more

hydrogen molecules left behind in the pores leading to higher

pressure compared to the no-hysteresis case.

This can further be observed by examining Fig. 7a and b

where the gas saturation distribution inside the aquifer at the

end of the studied period for Cases Aq e 1 and Aq e 3 are

shown. The inclusion of relative permeability hysteresis

resulted in higher trapped volumes of residual hydrogen gas

as shown in Fig. 7b. A comparison (see Fig. 7c and d) of the

change of hydrogen gas saturation during the storage cycles in

two localised (shown in Fig. 7a and b) reveals that the

hydrogen saturation continued to rise in each successive cycle
Fig. 7 e The hydrogen gas saturation at the end of the extended

the relative permeability hysteresis case (Case Aq e 3). Hydroge

¡1 and Aq e 3 captured in (c) Cell 1 and (d) Cell 2. The green do

production well in the injection and production (withdrawal) cy

color in this figure legend, the reader is referred to the Web ver
in those cells since the advent of the gas front, whereas the

extended production period clearly shown the higher gas

saturation due to the continuous hydrogen production. These

results highlight the importance of considering relative

permeability hysteresis when simulating and designing an

underground hydrogen storage process in aquifers.

3.4. H2 solubility effect

The hydrogen gas is expected to dissolve in aquifer water

depending on the pressure and temperature conditions and

salinity of the formation water. Hence, this affects the in-

ventory of hydrogen stored inside the aquifer. This was

studied by comparing the results of Case Aq e 1 where

hydrogen solubility in water was ignored to the results of Case

Aq e 4 where solubility was modelled. Fig. 8a exhibits the

injection and production rates for the two cases where the

maximum injection and production rates were maintained

similarly which were 35 and 20 MMscf/d, respectively. The

cumulative produced and injected volumes of hydrogen gas

for Cases Aq e 1 and Aq e 4 are depicted in Fig. 8b. Further-

more, the hydrogen recovery efficiency and average aquifer

pressure results are given in Fig. 8c. By examining the

comparative modelling results, we can observe that both

cases gave almost identical results which highlight the
production period in (a) the base case (Case Aq e 1) and (b)

n gas saturation change as a function of time for Cases Aq

t in (a) and (b) at the centre indicates the injection and

cles respectively. (For interpretation of the references to

sion of this article.)
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Fig. 8 e Effect of hydrogen solubility on UHS in aquifer on (a) H2 injection and production rates, (b) cumulative H2 injected

and produced, and (c) H2 recovery and average aquifer pressure.
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Fig. 9 e Effect of hydrogen diffusion on UHS in aquifer on (a) H2 injection and production rates, (b) cumulative H2 injected and

produced, and (c) H2 recovery and average aquifer pressure.
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Fig. 10 e Combined effect of relative permeability hysteresis, hydrogen solubility and diffusion on UHS in aquifer on (a) H2

injection and production rates, (b) cumulative H2 injected and produced, and (c) H2 recovery and average aquifer pressure.
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negligible effect of hydrogen gas solubility in aquifer water.

This observation is in line with previous studies where they

also concluded that hydrogen gas solubility had a minimal

impact on the UHS performance [22,18].

3.5. H2 diffusion effect

Hydrogen diffusion in water is another factor that is expected

to affect the performance of UHS in aquifers. It is predicted

that it will increase the amount of hydrogen gas trapped in

aquifer water. To understand the effect of diffusion on the

underground hydrogen storage process, we compare the re-

sults of the base case, Case Aq e 1, with the results of Case Aq

e 5, which considers the effect of diffusion. The H2 injection

and production rates and cycles for the two cases are shown in

Fig. 9a. A comparison between the cumulative hydrogen gas

volumes produced and injected (see Fig. 9b), shows that

diffusion has a minimal effect on the overall performance of

the underground hydrogen storage. This is also reflected in

the overall hydrogen recovery efficiency and average aquifer

pressure as shown in Fig. 9c where the differences are negli-

gible. These results align with the findings from Ref. [22]

where they found that losses of hydrogen due to dissolution

and diffusion amount to less than 0.1% of the hydrogen gas

inventory.

3.6. Hysteresis, solubility, and diffusion combined effect

To understand the overall impact of hysteresis, solubility, and

diffusion on the UHS in the aquifer, a scenario (Case Aq e 6)

was run while considering these mechanisms together. The

results from Aq e 6 were compared with the results of base

case Aqe 1. A comparison of the cumulative results over the 7

cycles shown in Fig. 10a, reveals that the overall injected

hydrogen gas volume decreased from 39.5 Bscf to 38.85 Bscf as
Fig. 11 e Effect of aquifer homogeneity (Aq e 2), relative perme

hydrogen diffusion (Aq e 5) and combined effect of hysteresis,

production and injection.
a result of the combined effects of hysteresis, solubility and

diffusion. It is also observed that the cumulative hydrogen gas

produced decreased from 30.8 to 29.34 Bscf. This drop in the

produced hydrogen gas resulted in a decrease in the hydrogen

recovery efficiency from 78.7% to 75.8%. A comparison of the

average aquifer pressures in Case Aq e 1 and Aq e 6 as

exhibited in Fig. 10c shows that the pressure in the two cases

remains similar throughout the first seven cycles with the

pressure in Case Aq e 6 slightly higher than Case Aq e 1. This

is due to the higher residual hydrogen gas volume inside the

reservoir as a result of the combined effects of hysteresis,

solubility, and diffusion. During the extended production

period, the difference in the pressure in the two cases in-

creases to 100 psi whereby at the end of the production period

the average pressure in Case Aq e 6 is 2554 psi and in Case Aq

e 1 2454 psi. This increase in the pressure difference between

the two cases is the result of the higher residual gas saturation

due to the hysteresis effect that becomes more pronounced

during the extended production period as observed previously

in Fig. 6.

To evaluate the contribution of each mechanism on the

overall UHS performance, we have a look at Fig. 11 which

displays the isolated impact of each mechanism on the cu-

mulative hydrogen gas injected and produced. The most im-

pactful aquifer rock parameter or mechanism is the reservoir

heterogeneity, such that an aquifer with a homogenous

permeability result in a 0.5% increase in cumulative volume

injected compared to the heterogenous case (Case Aq e 1). It

also leads to a 9.26% higher volume of hydrogen gas produc-

tion over the same period of time. This signifies the impor-

tance of selecting a storage site with lower permeability

heterogeneity to be able to enhance the hydrogen gas storage

capacity and recovery efficiency. The inclusion of relative

permeability and capillary pressure hysteresis effects in Case

Aq e 3, resulted in a 0.76% reduction in the total hydrogen gas
ability hysteresis (Aq e 3), hydrogen solubility (Aq e 4),

solubility and diffusion (Aq e 6) on cumulative hydrogen
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Fig. 12 e Comparison between Case Aq e 6 where seven cycles were used and Case Aq ¡7 where 14 cycles were simulated

in terms of (a) H2 injection and production rates, (b) cumulative H2 injected and produced, and (c) H2 recovery and average

aquifer pressure.
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volume injection and a 4.26% decrease in the hydrogen gas

volume produced compared to the base case. Therefore, it is

crucial to include the hysteresis effect in any modelling study

during UHS process design to avoid overestimating the aqui-

fer's H2 storage capacity and recovery efficiency. Both

hydrogen solubility (Case Aq - 4) and diffusion (Case Aq - 5)

amount to very negligible per cent changes in the overall

injected and produced volumes compared to the base case.

However, the effects of solubility and diffusion became more

apparent when combined together with the hysteresis effect

in Case Aq e 6. Where the combined effect of the three

mechanisms showed a 1.15% decrease in the total hydrogen

gas injection and a 4.58% drop in the cumulative hydrogen gas

produced compared to the base case. And if we compare this

impact with the isolated impact of hysteresis studied in Case

Aq e 3, we can conclude that solubility and diffusion do have

an impact on the overall injected and produced volumes of

hydrogen gas. Hence, studying these effects in isolation from

each other may lead to the slightly misleading conclusion of

the minimal impact of each mechanism, especially, solubility

and diffusion.

3.7. Increasing the number of storage cycles

As observed from the previous results, the hydrogen recovery

efficiency increases with the number of storage cycles.

Therefore, in this section, we investigate the effect of doubling

the number of storage cycles on the overall performance of

underground hydrogen storage in the studied aquifer. Case Aq

e 7was runwith the same configuration as Case Aqe 6 except

that the number of storage cycles (before the extended 3 years

period) was 14 cycles compared to 7 cycles in Aq�6. Hydrogen

gas maximum injection and production rates are shown in

Fig. 12a.

A comparison between the cumulative injection and pro-

duction volumes of the hydrogen gas in the two cases is

shown in Fig. 12b where the cumulative volumes injected and

produced in Case Aq e 7 were 87.4 and 72.4 Bscf, respectively.

The injected and produced hydrogen gas volumes in Case Aq

e 6 were 38.9 and 29.5 Bscf. In this section, the important

comparison is the comparison of the hydrogen recovery effi-

ciency in the two cases Aq e 6 and Aq e 7 as depicted in

Fig. 12c. Results show that the hydrogen recovery efficiency of

the underground hydrogen storage improved in Case Aq e 7

where the hydrogen recovery at the end of the studied period

was 84% which is higher than the 75.9% hydrogen recovery

obtained in Case Aq e 6. This observation highlights the

importance of timescale on the technical and economic

feasibility of underground hydrogen storage projects. More-

over, this calls for predicting the maximum hydrogen gas re-

covery expected in an underground hydrogen storage project

to properly account for the economical aspect of the project.

This maximum hydrogen recovery efficiency or Ultimate

Hydrogen Recovery (UHR) can be defined by extending the

simulation process and storage cycles until no further in-

crease in recovery efficiency is observed.
4. Conclusion

In this study, we evaluated the impact of aquifer rock pa-

rameters and mechanisms on the performance of under-

ground hydrogen storage in aquifers. Numerical simulations

of underground hydrogen storage were conducted to evaluate

the impact of these factors. The following reservoir parame-

ters and mechanisms were considered: aquifer rock's het-

erogeneity, relative permeability hysteresis, hydrogen gas

solubility in brine, and hydrogen gas diffusion. Results ob-

tained from the numerical simulation revealed the following:

- The hydrogen gas recovery efficiency improves with the

increasing storage cycles; hence the overall efficiency of

the process is expected to improve with time.

- Aquifer permeability heterogeneity has a significant

impact on the total volume of hydrogen produced where

the cumulative volume of hydrogen produced in the ho-

mogenous case, was 33.53 Bscf which was higher than that

of the heterogenous case, 30.38 Bscf. This resulted in an

incremental hydrogen recovery of 7% in the homogenous

case compared to the heterogeneous case. This was

attributed to the better productivity expected in the ho-

mogenous aquifer model.

- The inclusion of the effects of relative permeability hys-

teresis led to the lower total injected and produced vol-

umes of hydrogen gas compared to the base casewhere the

hysteresis effect was ignored. A loss of 0.5 Bscf (39.5 Bscf to

39 Bscf) in the injected hydrogen volume and 1.24 Bscf (30.7

Bscf to 29.46 Bscf) in the recoverable hydrogen volume is

observed due to relative permeability hysteresis effect.

This is a result of the hydrogen gas entrapment that occurs

due to the discontinuity of hydrogen gas during the with-

drawal period. The disconnected hydrogen gas is then

separated from the mobile gas and is left immobile inside

the aquifer.

- When each parameters evaluated in isolation from the

others, hydrogen gas solubility and diffusion resulted in

minimal effects on the overall performance of under-

ground hydrogen storage in aquifers. However, when

combined and with the hysteresis effect, the impact of

solubility and diffusion is more pronounced. Therefore, it

is important to study thesemechanisms collectively rather

than in isolation for any underground hydrogen storage

evaluation.
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