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Abstract

Underground hydrogen storage (UHS) is the injection of hydrogen into the geologic porous
medium for subsequent withdrawal and reuse during off-peak periods to contribute to the
energy mix. Recently, UHS has gained prodigious attention due to its efficiency for the storage
of hydrogen on a large scale. Nonetheless, an adequate understanding of the storage process is
required for efficient and safe monitoring and to preserve reservoir integrity. Herein, the
hydrodynamics of injected hydrogen (H2) gas, reservoir fluids, and reservoir rock systems are
reviewed. Moreover, critical factors inherent to the reservoir (such as temperature, pressure,
salinity, and rock mineralogy) that affect the UHS process are elucidated. Based on the
available literature, the interplay of H> solubility, interfacial tension, wettability, adsorption,
and diffusion properties influence the geologic storage process. Overall, this review provides
extensive insight into fluid-fluid and fluid-rock interactions and their effect on underground
hydrogen storage process. Future research should focus on optimizing the process parameters

to improve storage and withdrawal efficiency, thus guarantee energy security.

Keywords: Underground hydrogen storage, interfacial tension, wettability, adsorption,

solubility, diffusivity.
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1. Introduction

There is a constant increase in global energy demand due to increasing population and global
industrialization [1,2]. Currently, a significant contribution to the world’s energy demand
comes from non-renewable sources like petroleum, and coal [3—5]. The use of fossil fuels for
energy is a cause for concern due to post-combustion emissions of carbon monoxide (CO),
carbon dioxide (CO2), and nitrous oxide (NO2) which constitute greenhouse gas emissions
[6,7]. The release of these gases into the atmosphere causes the greenhouse effect and
consequently, contributes to global warming and climate change. Intergovernmental policy on
recent (IPCC) and several other global organizations are working assiduously to ensure a
reduction in emissions to save the planet earth. Consequently, renewable sources such as hydro,

geothermal, wind, solar, and hydrogen are receiving enormous attention [8—10].

Of the numerous renewable energies, hydrogen offers the greatest potential based on
technoeconomic analyses [11,12]. It has inherent characteristics and unique properties such as
light weight, high calorific value, and high gravimetric density. The utilization of hydrogen in
the energy mix includes applications such as direct fuel for heat and power, power-to-gas
technology, and utilization in fuel cells, aerospace, and metallurgical industries [13—15].
Moreover, hydrogen is also applied for refining and upgrading fossil fuels, and conversion of
syngas to value-added products [7,16]. Compared to other sources of renewable energy, they
are unaffected by cyclic seasonal changes which may disrupt power generation and usage [17].
To achieve full incorporation of hydrogen energy for global energy supply, concerted efforts
are required to ensure suitable and sustainable large-scale storage of hydrogen [18,19]. Hence,
hydrogen storage has attracted global interest because it poses the major stumbling block to
achieving several targets for hydrogen contribution towards energy generation and utilization

[20].

Hydrogen is usually stored in the gaseous or liquid form and several storage methods have been
proffered for hydrogen. These can be widely categorized into physical storage methods,
material-based storage, and underground hydrogen storage [21]. Physical storage methods
involve the compression of hydrogen at extremely low temperatures and high pressures in tanks
and cylinders. However, the shortcoming of this method includes high energy consumption,

low volumetric capacity, and the requirement of heat management to avoid explosion [22,23].
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Contrariwise, material-based storage entails the storage of hydrogen on solid-state materials
such as hydrogen clathrates, porous adsorbents, and metal hydrides [24,25]. Nevertheless, the

stability, kinetics, and thermodynamics of the process remain challenging.

More recently, underground hydrogen storage has gained prominence due to its efficiency for
large-scale storage of hydrogen. Underground hydrogen storage (UHS) offers a low-cost
pathway for the storage of hydrogen in a geological medium [26,27]. As compared to other
storage techniques that require the use of expensive tanks or materials, UHS offers savings on
storage expenses as it can be conducted with modifications of existing facilities used for
depleted natural gas fields. The recognized media used for UHS includes coal seams, saline
aquifers, and depleted hydrocarbon reservoirs [20,28,29]. Currently, depleted gas reservoir and
salt cavern accounts for large percentage of existing UHS projects worldwide. Field
applications of UHS have been reported in Clemens (USA), Beynes (France), Diadema
(Argentina), and Teesside (United Kingdom) [30,31].

UHS in depleted oil and gas reservoirs offers immense benefits [30,32]. Firstly, they have a
confirmed trap structure, caprock, and porous and permeable reservoir formation [33].
Moreover, they have inherent fluids that can act as buffer to improve the H» storage process.
Nonetheless, the petrophysical properties of the porous medium are complex. With varying
porosities, permeabilities, heterogeneities, and rock compositions, the process of injection and
withdrawal of hydrogen during UHS requires appropriate screening of the subsurface
formations to be utilized such as to minimize and/or eradicate avoidable losses that may occur
in such formations. For suitable screening of subsurface formation for UHS, fluid-fluid and
fluid-rock interactions are crucial parameters. These parameters govern the sealing capacities
of caprock, pore-scale distribution and saturation of H» in the pore space, and displacement of

fluids as illustrated in Figure 1.

Numerous reviews exist in the literature on UHS processes. However, most of the reviews
focus on potential storage sites such as salt caverns, and saline aquifers and identifying the
challenges associated with UHS [11,20,27,34-36]. Due to the paucity of data, only a handful
of review exists on UHS in conventional and unconventional reservoirs. Besides, few of the
existing reviews on UHS in depleted oil/gas reservoirs have focussed on the comparative
analysis of hydrogen gas (Hz) gas, carbon dioxide (CO>), methane (CHs), and Nitrogen (N2) as
pressure-support/cushion gases for UHS applications [10,37]. More recently, due to an upsurge

in research on UHS, an avalanche of data has emerged providing more insights into the

3



96 hydrodynamics of UHS processes. Herein, an extensive review of UHS in conventional and
97 unconventional reservoirs with adequate consideration of fluid-fluid and fluid-rock interaction
98 is conducted. Firstly, the fluid-fluid properties of solubility and fluid-fluid IFT are discussed.
99  Subsequently, the rock-fluid properties such as rock-fluid IFT, wettability, adsorption, and
100  diffusion behavior of the H> gas are elucidated. This work intends to assess and properly
101  elucidate the current state-of-the-art, identify the research gaps, and provide recommendations

102  for future works on UHS.

(a)

Liquid (1)

Y Surface tension .
@ Contact angle Solid (s)

103
104 Fig. 1. (a) Fluid-fluid, (b) fluid-rock, and (c) reservoir system interactions during UHS.
105 Modified after [17].

106 2. Solubility

107  The concept of solubility is an important factor in determining losses and gas trapping in

108  subsurface formations. For instance, gases are usually contained (or trapped) in the subsurface
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via structural, capillary, dissolution (solubility), mineralization, and adsorption mechanisms

[10,30].

Structural trapping occurs when gas is trapped within the pores or fractures of the rock
formation due to the shape, size, and pore network connectivity. This trapping mechanism is
dependent on the properties of the reservoir rock such as permeability, porosity, and pore throat
size. Capillary trapping occurs when gas is trapped in the form of small droplets due to capillary
forces at the interface between the gas and the liquid phases and is dependent on the properties
of the pore fluid such as surface tension and contact angle. Solubility trapping occurs when gas
is dissolved in the pore fluid and is prevented from escaping due to the low solubility of the
gas in the liquid phase. Mineralization trapping on the other hand occurs when the injected gas
interacts with the formation’s minerals and fluids. These trapping mechanisms (i.e., dissolution
and mineralization) are dependent on the properties of the pore fluid such as salinity, pH, and
temperature. Adsorption trapping, however, occurs when gas molecules are adsorbed onto the
surface of the mineral grains in the rock formation due to the attractive forces between the gas
molecules and the mineral surfaces. This trapping mechanism is dependent on the properties
of the mineral surface such as surface area, surface chemistry, and pore size distribution

[10,30].

In the case of UHS, trapping mechanisms such as solubility (fluid-fluid — discussed herein) and
mineralization (fluid-rock) can lead to the permanent loss of the injected gas, making them
unfavorable. For example, if the solubility of a gas is high, more of the injected gas will dissolve
into the fluids, which can reduce the amount of gas trapped in the pore spaces. However, if the
solubility of gas is low, less of the injected gas will dissolve into the fluids, thus, the amount
of gas trapped in the pore space increases (see refs. for three phase IFT study [38]). Therefore,
understanding the solubility of hydrogen gas in the reservoir fluids (e.g., brine) in a three-phase
region is an important factor that determines how much of the injected gas can be lost via

dissolution into the fluids and how much will remain as a separate gas phase.

The experimental data depicted in Figure 2 reveals that H> solubility is dependent on factors
such as pressure, temperature, and salinity. However, the solubility characteristics of H> differ
when it is dissolved in an aqueous solution compared to a non-aqueous solution [39]. This
disparity is attributed to the diverse types of fluid compositions present, which will be

elaborated upon in the subsequent discussion.
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According to literature [40,41], temperature, pressure, and reservoir salinity have a significant
impact on H» solubility under UHS conditions, as depicted in Figures 2(a) to (c). An increase
in pressure and temperature generally results in an increase in H» dissolution, while an increase
in brine salinity leads to a decrease in H; solubility. For example, at 372 K, raising the pressure
from 3.3 MPa to 23 MPa increased the H» solubility in 3 mol/kg NaCl brine from 2.15 x 107>
mole fraction to 1.3 X 1073 mole fraction (refer to Figure 2(a)). Similarly, at 10.1 MPa,
increasing the temperature from 323 K to 373 K resulted in an increase in H» solubility in 3
mol/kg NaCl brine from 6.32 X 10~* mole fraction to 7.03 X 10™* mole fraction (see
Figure 2(b)). Additionally, H> solubility slightly decreased from 9.38 x 10~* mole fraction
t0 6.62 X 10~* mole fraction at 15.1 MPa and 323 K as brine salinity increased from 3 mol/kg
to 5 mol/kg (see Figure 2(c)) [40,41].

The observed trend in Figure 2 has been reported in various solubility studies, including both
experimental and simulation works. Experimental studies have been conducted on H»-pure
water [40—46] and H»-aqueous solution [41,47,48] systems. On the other hand, simulation
studies have focused solely on Hz-aqueous solution systems, as observed in different literature

[39,49-51].
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Fig. 2. H; solubility at different experimental conditions. Adapted from [52].

As anticipated, the solubility of hydrogen in water decreases in the presence of salt due to the
salting-out effect [39,51]. This effect occurs because the salt ions compete with the gas
molecules for space in the liquid, thereby decreasing the concentration of dissolved gas.
However, the magnitude of the effect depends on the nature of the gas as well as the salt
concentration. For example, the effect may be stronger for non-polar gases (as they do not have
a permanent dipole moment) like H2, CHas, N2, and CO» [53] than for polar gases (as they have
a permanent dipole moment due to an uneven distribution of charge within the molecule,
resulting in a partial positive and partial negative end) like CO, water [54]. Additionally,
different salts may have different effects on gas solubility due to differences in ion size and
charge. The H: solubility behavior with respect to brine concentration is often validated by
models. Chabab et al. [41] and Torin-Ollarves and Trusler, [47] models for H> solubilities in

pure water and at NaCl molalities below 0.5 mol NaCl/kg H>O, as observed by van Rooijen et



171 al. [39]. However, for NaCl concentrations higher than 0.5 mol NaCl/kg H>O, the two models
172 are likely to predict different H> solubilities.

173 With respect to temperature, the solubility of hydrogen decreases as the temperature increases,
174  possibly due to the shift in hydrogen's phase behavior. According to Rooijen et al. [39], despite
175  the use of different force fields for Na*, Cl-, and H» gas, the models by Torin-Ollarves and
176  Trusler, [47] and Lopez-Lazaro et al. [50] showed good agreement in terms of temperature.
177  Furthermore, Gholami [51] in Figure 3 compared the effect of monovalent ions (Na™ and K*)
178  with that of divalent ions (Ca?>" and Mg?") in terms of temperature. The study showed that
179  divalent ions have a greater impact on reducing the solubility of hydrogen in water compared
180  to monovalent ions. Among the monovalent ions, K™ was found to decrease the solubility more
181  than Na®, while among the divalent ions, Ca>" had a stronger effect on the solubility than Mg?".
182  This observation may be attributed to the size of the ions and their ionic energy in the solution

183  [51]. This trend can be seen to decrease as the temperature increased from 50 °C to 100 °C.
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185 Fig. 3. Hydrogen solubility in brine for different salt types at 20 MPa for (a) 50 °C and (b)
186 100 °C [51].

187  Lastly, the effect of hydrogen solubility with increasing pressure is that it generally leads to an
188  increase in the solubility of gases in liquids. This is because increasing pressure causes more
189  gas molecules to be forced into the liquid, thereby increasing the concentration of dissolved
190 gas in the liquid. However, the changes in solubility are influenced by the phase and
191  thermodynamic behavior of hydrogen in relation to the ionic solution [51,55]. As a result, the

192  relationship between solubility and pressure depends on the nature of the gas and the liquid.
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3. Interfacial tension (IFT)

A phase boundary exists at the interface of H> and other fluids in the reservoir. A crucial
characteristic of the phase boundary is the IFT amongst the several phases present in the
reservoir. The IFT of H» in the presence of reservoir fluids determines the fluid behavior in the
reservoir. Hence, this parameter is considered important for estimating the gas storage
efficiency and crucial for the proper design of injection and withdrawal schemes [37]. To
determine the IFT at the fluid-fluid interface, the pendant drop method is more commonly used.
The procedure involves profile drop analysis of a fluid droplet (liquid) suspended from a needle

in a chamber containing another fluid (gas).

3.1 Fluid-Fluid Interfacial Tension

Several factors impact the IFT of H: at the fluid-fluid interface. These include pressure,

temperature, salinity, presence of organic acids, and cushion gas.

3.1.1 Effect of pressure

Pressure influences the intermolecular interaction between H» and other fluids in the reservoir.
Increasing the pressure of the system causes the density of the gas to become higher and a
corresponding decrease in IFT is obtained at the fluid-fluid interface. However, the pressure
effect is considered infinitesimal on the IFT between H> and reservoir fluids [39]. This is often
attributed to the low solubility of H in brine. Moreover, H> has extremely low density. Higgs
et al. [56] noted that increasing the pressure of the Ha-brine interface from 6.89 MPa to 20.68
MPa resulted in a minimal reduction of IFT at the interface from 72 mN/m to 69 mN/m. Chow
et al. [57] conducted a comprehensive investigation of the IFT of (H2 + H20) at varying
temperatures and pressures. At a constant temperature (25 °C), increasing the pressure of the
system from 0.5 MPa to 45.2 MPa cause a slight reduction of the IFT from 72.3 mN/m to 68.7
mN/m (Figure 5). Also, Al-Mukainah et al. [58] observed a slight reduction in the Ho—brine
interfacial tension (Yy2_prine) With an increase in the pressure of the system. At 14.7 psi, 63.68

mN/m was recorded for the (Yyz_prine) Which decreased to 51.29 mN/m at 1,000 psi. Their
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observation corroborated the study of Hosseini et al. [59] with increasing pressure on Ha-brine
interfacial study as shown in Figure 4. Likewise, Esfandyari et al. [60] measured the IFT of
H-distilled water at varying temperatures and pressures. At 80 °C, the IFT of the H>—H>O
interface decreased from 71.0 mN/m to 68.4 mN/m when the pressure of the system was raised
from 10 to 100 bar, respectively. However, van Rooijen et al. [39] used molecular simulation
to compute IFT between Ho/H>O/NaCl as a function of pressure (1 — 600 bar), temperature
(298 — 523 K) and salinity (0.6 M NaCl). In terms of pressure, their simulation result found no
significant pressure dependence with IFT. More experimental and modeling studies are

required to understand the impact of the pressure of IFT during UHS.

80
75 o\‘\‘\‘
70
=65
= —8—25°C

Z 60 50 °C

=55 100 °C
50 150 °C

45

40
0 10 20 30 40

P (MPa)

Fig. 4. Effect of pressure on the IFT of H»-brine (brine molality = 1.05 mol./kg) [59].

3.1.2 Effect of temperature

As compared to pressure, increasing temperature causes the IFT of H»-brine to decrease
significantly [39]. The reduction in IFT with temperature is due to the higher thermal activities
of the molecules of H and the reservoir fluids which result in adhesive interaction between the
fluids at the interface. Hosseini et al. [59] investigated the IFT of the H>-H>O interface at
varying temperatures, pressures, and salinity conditions. At a constant pressure of 34.47 MPa,
the IFT of the H>-H2O interface was lowered from 69.25 mN/m at 25 °C to 46.97 mN/m at 150
°C. Similarly, at 10.1 MPa, Chow et al. [57] recorded the IFT of H>-H>O interface as 71.9
mN/m at 25 °C, and 59.3 mN/m at 100 °C, respectively. The recent work by van Rooijen et al.

[39] observed a nonlinear decrease of IFT with increasing temperature. Their findings

10
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corroborated the experimental data of Chow et al. [57] compared to Hosseini et al. [S9] who
reported a linear decrease of IFT with temperature. The authors reinforce their argument by
highlighting that the IFT between two phases in contact is nonlinearly dependent on the density
difference as noted by Poling et al. [61]. Additionally, since temperature also has a nonlinear
effect on the density difference between Hz and H2O, it is logical to assume that the relationship
between IFT and temperature will also exhibit nonlinear behaviour. Therefore, the nonlinear
relationship between IFT and temperature observed by their simulation is not surprising [39].
In the case of Ha-brine IFT, Esfandyari et al. [60] observed a decrease in the IFT of H»-brine
interface with temperature. At constant pressure of 100 bar, the surface tension at the interface
of H»-brine decreased from 62.8 mN/m at 20 °C to 57.2 mN/m at 80 °C, respectively. Similarly,
Isfehani et al. [62] noted a reduction of the IFT of the H,-CO»-brine interface with an increase
in temperature as shown in Figure 5. At constant pressure of 4,000 psi, the IFT of H>-CO»-
brine reduced from approximately 70 mN/m at 23 °C to 56 mN/m at 100 °C. Mirchi et al. [17]
recorded the IFT of H»-CO»-brine at 1,000 psi as 70.36 mN/m, 68.04 mN/m, and 65.94 mN/m
for 22, 40, and 60 °C, respectively.

80

——4000 psi

0 20 40 60 80 100 120 140 160
Temperature (°C)

Fig. 5. Effect of temperature on the interfacial tension of H>-brine interface at brine molality

of 1.05 mol/kg. Adapted from [62].

3.1.3 Effect of salinity

Salinity has a pronounced effect on the IFT of the H>-brine interface. Increasing salinity has

been shown to cause the interfacial tension of the H»-brine interface to increase. This is because

11
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hydrogen solubility in brine decreases with increasing brine salinity [41]. Since there is more
salt packed into the water, salinity notably increases the density of the brine. Meanwhile, Ho is
characterized with a lower density. Thus, the induced high differential density (Ap) causes a
higher [FT [59]. At constant temperature and pressure (323 °K, 20 MPa), the solubility of H»
in 1,000 ppm and 5,000 ppm NaCl brine is 0.0016 and 0.0012 mol/kg, respectively (refer to
Figure 3(a)) [51]. Divalent ion concentration further reduces the solubility of H> gas in brine.
Hosseini et al. [59] studied the effect of salinity on the IFT of the H»-brine interface. As
illustrated in Figure 6, the interfacial tension of the H»-brine interface becomes higher with
increasing molality of the brine. van Rooijen et al. [39] via molecular investigation also
observed a linear increase of IFT with solution molalities. Besides density difference (since the
density of saline H>O is greater than pure H>0), they observed that ions arrangement (cations
and anions) at the interface can play a significant role in promoting a linear increase of IFT
with salinity [63—68]. Specifically, cations strengthen the hydrogen bond network of H,O while
anions have the opposite effect, leading to cations being absorbed into the bulk phase and
anions being depleted from it [63,66,67]. Overall, the network of hydrogen bonds becomes
toughened and rigid, thereby increasing the IFT [64,65].
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Fig. 6. Effect of salinity on IFT of H»-brine interface. Adapted from [59].

3.1.4 Effect of cushion gas
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To improve the injection scheme and withdrawal efficiency of hydrogen in underground
geologic porous media, cushion gas has been proffered as supplementary gas to be injected
ahead of the working gas (in this case H> gas). CH4, CO2, and N> have been evaluated as
cushion gas during UHS. The injected cushion gas acts as a buffer to provide pressure during
the storage process, thereby enhancing H» gas deliverability during the withdrawal cycle [69].
Zamehrian and Sedaee [70] performed numerical simulations to study the role of cushion gas
during the hydrogen storage process in a gas condensate reservoir. They noted that the use of
N2 gas improved reservoir pressure, and consequently H» gas recovery efficiency. Nonetheless,
the introduction of cushion gas with H» into geological formations influenced the reservoir
hydrodynamics due to unavoidable gas mixing and molecular diffusion. Hence, it is crucial to

understand the effect of the cushion gas on the fluid-fluid interactions with H» gas.

Mirchi et al. [17] conducted IFT studies of H> — CHa/brine mixtures at typical reservoir
conditions. The composition of cushion gas in the mixture was varied from 20% to 100% CHa.
Increasing cushion gas concentration caused a reduction in the IFT at the H»-brine interface.
At constant temperature and pressure (60 °C and 1,000 psi), the IFT of 80% Hz - 20% CHa is
65.24 mN/m while the IFT of 50% H> - 50% CHy is 62.46 mN/m. Further increasing the CHy
concentration to 80% caused the lowering of IFT to 56.41%. The lower IFT recorded for the
H> — CH4 mixture was ascribed to the better solubility of CHs4 in brine, which caused greater
interaction between them at the interface. Similarly, Isfehani et al. [62] examined the IFT of
H>-CO»-brine mixtures. The IFT of H>-CO»-brine mixtures decreases with increasing
concentration of CO; as illustrated in Figure 7. At 50 °C, brine molality of 1.05 mol/kg, and
2,000 psi pressure, the IFT of 70% Hz- 30% CO2 mixture is 55.64 mN/m while the IFT of 30%
Haz- 70% CO: mixture is 34.87 mN/m. This was attributed to the increase in the density of the
gas mixture and consequently, a reduction in the density difference between the water solution

and gas mixture.

13



308

309

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

25 —4+—50 °C 80 °C

20
20% 30% 40% 50% 60% 70% 80%

Mole Percentage of CO,
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Alanazi et al. [72] recently conducted a study to investigate the IFT of Ho-CHa4/brine mixtures
with the addition of 2 wt.% NaCl and 1 wt.% KCI. The study was carried out at a temperature
of 323 K and pressures ranging from 0.1 to 1600 psi to assess the possibility of using CHs as a
cushion gas for structural and residual trapping. As shown in Figure 8(a), the change in
CHa/brine IFT with increasing pressure was more pronounced than that of Ha/brine IFT. The
study found that the CHa/brine IFT decreased rapidly after 400 psi due to the attainment of
critical CH4 conditions (i.e., 673 psi and 190.55 K). The study also revealed that the highest
IFT values were recorded in pure Hz, while the pure CH4/brine IFT values were the lowest. For
instance, at a temperature of 323 K, the IFT value of pure H/brine showed a minor decline
from 55 to 53 mN/m, whereas the CHa/brine IFT values reduced from 54.5 to 46.5 mN/m with
an increase in pressure from 200 to 1600 psi. The IFT values of H2-CHa/brine were found to
be intermediate between those of pure H> and pure CH4. The difference in density between
pure CH4, CH4-H> mixture, and pure H; (illustrated in Figure 8(b)) may account for the lower
IFT values recorded in pure CHa4/brine and H>-CHa4/brine compared to pure Ho/brine. This can
be attributed to improved intermolecular interactions in pure CH4 and CH4-H> molecules at the
interface compared to the Ho/brine system. The authors suggest that the use of a cushion gas
(such as CH4) before H» injection into geological storage formations could result in reduced
capillary pressure by decreasing IFT and increasing contact angles (as discussed in section 4).
However, this raises the possibility of H» diffusing across the caprock at the mixing zone
between the cushion gas (H2-CHs mixture) and stored gas. Table 1 summarizes the discussed

fluid-fluid IFTs, including the Ho-water, Ha-brine, Ho-CHy brine, and H>-CO»> brine systems.
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It is noteworthy that despite the advantages of using cushion gas during UHS, the excessive
introduction of cushion gas is highly discouraged. This is because it has the potential of
reducing hydrogen purity [74]. Moreover, a high concentration of cushion gas has the potential
of limiting the structural trapping, and may negatively impact the integrity of injection and
withdrawal wells [17,75]. Hence, more studies are needed to determine the optimum
concentration of cushion gas that is required to safely store H> in geological formations and
offer the required pressure for high H» recovery efficiency. Additionally, previous studies have
highlighted the role of N», CO,, and CHs4 as cushion gas for UHS with varying degrees of
efficiency [17,70]. The limitation of utilizing these gases has been identified as unavoidable
mixing which may ultimately result in hydrogen loss. Currently, there is no study that
quantifies the amount of hydrogen loss encountered from the unavoidable mixing of H» gas
with the existing cushion gases. Moreover, more gases with a lower tendency for unavoidable
mixing during their H> storage and withdrawal are desired and recommended for future

research.

Overall, studies on fluid-fluid interaction between H> and reservoir fluids are very few in the
literature. More studies of the interaction between hydrogen and formation brine are required
to ascertain their interaction at the pore scale. More importantly, previous studies have only
established the effect of individual salts as representative of reservoir brine. However, the
formation brine in reservoirs is usually a mixture of monovalent, divalent, and sometimes
trivalent cations. Future studies should consider the effect of the formation’s brine-containing
salt mixture on Hj-brine IFT behavior. Furthermore, hydrocarbon reservoirs (especially
depleted reservoirs) contain organic acids. The solubility of H> in organic acid differs from
aqueous solutions. Hence, the effect of organic acid concentration on the IFT of H»-brine

should be considered for further studies.

3.2 Rock-fluid interfacial tension

The importance of rock-fluid IFT during UHS cannot be overemphasized as it determines the
fluid-spreading behavior of H> gas on reservoir-rock systems [32]. Besides, rock-fluid IFT
dictates the distribution and migration of H> gas in the underground reservoir [52]. Unlike fluid-
fluid IFT which is easily determined experimentally, there is currently a lack of experimental

methods to effectively estimate rock-fluid IFT. Hence, semi-empirical methods and
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correlations such as Young’s equation and Neumann’s equation of state are used to determine

the rock-fluid IFT.

3.2.1 Effect of temperature and pressure

Temperature and pressure are critical parameters that affect the rock-fluid IFT. Several studies
posited that the IFT of rock-H> decreases with increasing temperature and pressure. Increasing
pressure causes the density of gas to increase and resultantly the rock-H> intermolecular forces.
Consequently, the IFT of the gas at the rock surface is lowered. In similitude to the effect of
pressure, higher temperature causes the kinetic energy of H» gas to increase. Resultantly, the
mobility of H gas increases, thereby having less time to react with the solid surface [32]. Pan
et al. [76] evaluated the rock-fluid IFT of H» gas interaction with clean quartz rock using a
semi-empirical method. They noted that the IFT of the rock-fluid (Vyock—fiuia) interface
decreases with an increase in the temperature and pressure of the geologic medium. At 50 °C,

the Yquartz— , decreased from 101 mN/m to 88 mN/m when the pressure is raised from 5 MPa

to 25 MPa. Similarly, at constant pressure of 20 MPa, increasing the temperature from 50 °C

to 70 °C caused the Y gyartz-n, to decrease from 92 mN/m to 83 mN/m.

Additionally, Ali et al. [77] observed that at 50 °C, the IFT of mica-H; reduces from 114 mN/m
to 95 mN/m when the pressure is increased from 5 MPa to 20 MPa as illustrated in Figure 9.
Also, at a constant pressure of 10 MPa, the IFT of mica-H; reduced from 111 mN/m to 102
mN/m when the temperature condition was increased from 35 to 70 °C. Yekeen et al. [78]
applied Neumann’s equation to understand the impact of temperature and pressure on clay-
hydrogen interfacial tension. At 60 °C and 5 MPa, the IFT for ¥montmorillonite—#, 1S recorded
as 67 mN/m; whereas the IFT decreased to 58 mN/m at 20 MPa. Also, the IFT of yqyartz—n,
decreased from 100 mN/m at 5 MPa to 94 mN/m at 20 MPa. Furthermore, Esfandyari et al.
[79] quantified the y;ock—p, as a function of temperature and pressure. At 40 °C, the Ypasaic—m,
decreased from 72.01 mN/m to 68.00 mN/m while the ygypsum—n, reduced from 64.07 mN/m
to 59.66 mN/m when the pressure of the system was adjusted incrementally from 10 to 100

bars.
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Fig. 9. Effect of temperature and pressure on the IFT of mica-H» interface. Adapted from
[77].

3.2.2 Effect of stearic acid concentration

An increase in the concentration of organic acid causes the y,ock_p2 to decrease. This is
because the presence of organic acid increases the hydrophobicity of the system which prevents
water from attaching to the surface. Nonetheless, H> can easily attach to the surface as it
contains no external dipole moment. Hence, less energy is required by H» gas to interact with
the surface. Pan et al. [76] investigated the role of organic acid on the rock-fluid IFT of quartz
and H> gas and compared the effect to CO». As illustrated in Figure 10, at constant temperature
and pressure (50 °C and 25 MPa), increasing the concentration of stearic acid from 107° to
1072 mol/L decreased the Yquartz—n, from 85 mN/m to 72 mN/m. Likewise, Hosseini et al.
[80] determined the Yo ck—fiuig Of calcite-H» interface at constant temperature and pressure (50
°C, and 10 MPa). They observed that the y.4)cite—n2 decreased significantly from 71.77 mN/m

to 29.26 mN/m when the organic acid concentration is raised from 107° to 1072 mol/L.
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Fig. 10. Effect of stearic acid on the IFT of quartz-H>. Adapted from [76].
3.2.3 Effect of salinity

An increase in the ionic strength increases the y,ock—fuia €specially at lower temperatures.
Hosseini et al. [80] measured the effect of salinity on yyock_fui USing empirical methods. At
constant temperature and pressure, an increase of the salinity from 0 to 4.95 mol/kg cause the
Yrock—fluia Of Ho-water system to increase from 50 mN/m to 57.17 mN/m. Similarly,
Esfandyari et al. [79] studied the rock-fluid IFT of mineral/H»/H>O via theoretical methods. At
40 °C and 10 MPa, the Y aicite—pn2 1n distilled water was recorded as 33.02 mN/m while the
Ycalcite—Hz 10 brine was recorded as 47.89 mN/m. Comparably, at the same temperature and
pressure, the Yquartz-nz Was 16.52 mN/m and 28.79 mN/m in distilled water and brine,
respectively. This was attributed to the adsorption of the dissolved ions of the brine to the rock
surface, thereby causing an increase in the surface charge and a reduction in the polarity at the
rock surface. Consequently, the van der Waal’s forces on the rock surface decrease whereas

the IFT of the rock-H» gas increases.
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3.2.4 Effect of rock mineralogy

Rock mineralogy has a significant effect on rock-fluid IFT. Pan et al. [76] assessed the rock-
fluid IFT of H» gas interaction with clean quartz and basaltic rock using a semi-empirical
method. At the same temperature and pressure (50 °C and 10 MPa), the Yyock—p, for clean
quartz is 100 mN/m while the yrock—p, for basaltic rock is 75 mN/m. The observed difference
recorded in the IFT for the two rocks was ascribed to the presence of organic matter in the
basaltic rock. This is consistent with the previous discussion of the role of organic acid on the
rock-fluid IFT. Similarly, Yekeen et al. [78] investigated the impact of rock mineralogy on
rock-fluid IFT for quartz and clay surfaces. At 5 MPa and 60 °C, the yquartz—n, Was recorded
as 100 mN/m while the ¥montmorillonite—#, 1S recorded as 67.26 mN/m. This was ascribed to
the high quantity of silanol function group on the surface of quartz which implies minimal
available sites for interaction with Ha. Besides, the yiaolinite—#, and Vijjite—n, Was recorded as
68.64 mN/m and 67.89 mN/m, respectively (see Figure 11). The high IFT recorded during
interaction of clay-H> is indicative of minimal interaction between the clay mineral and H» gas.
Since caprock of most geological structure consists of clay and mudstone, the similar IFT of

the rock-H» interface means the UHS is unlikely to be affected by change in clay composition.
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Fig. 11. Predicted H>-clay interfacial tension as a function of pressure for montmorillonite,

illite and kaolinite at 60 °C. Adapted from [78].
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447  Overall, rock-fluid IFTs are quite tedious to compute, however, the use of these empirical
448  methods and correlations can help reduce the level of uncertainties in establishing relevant data
449  for UHS application. Table 2 therefore, summarizes the discussed rock fluid (i.e., rock/H> and
450  rock/brine) IFT experiments.
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4. Wettability

A key and crucial factor during UHS is the wettability property of the rock. This parameter
dictates the fluid distribution in the reservoir rock system and determines the fluid-flow
behavior, trapping potential, storage capacity, and caprock sealing capacity during UHS [59].
To measure the wettability of rocks and substrates, several methods have been used. These
include the sessile drop method, titling plate method, Wilhelmy plate method, capillary-rise
method, capillary penetration method, captive bubble method, and micro-computed
tomography imaging method [37]. The wettability property of the Ho-rock system is governed
by several parameters. These include temperature, pressure, salinity, surface roughness, the
presence of organic acid, and surface contamination. Generally, for caprock which is
responsible for structural trapping during UHS, a more water-wet and less H>-wet environment
is favored to de-risk the UHS storage process. Besides, the low density of H> gas and its low
solubility in brine enable its transportation during injection and withdrawal schemes. Table 3

presents the summary of the wettability studies of the H>—brine—rock system.

4.1 Effect of Salinity

Depleted reservoirs being considered for UHS contains inherent formation brine salinity which
may have a considerable impact on the storage process. Hence, it is pertinent to consider the
impact of brine salinity on H2-Brine-rock wettability. Higgs et al. [56] estimated the wettability
of Ha/brine/quartz at varying NaCl concentrations (0.1, 0.2, and 0.5 wt.%). They observed a
weak correlation to no correlation between contact angle and brine salinity at low pressures
and high pressures, respectively. Likewise, Hashemi et al. [82] utilized the captive bubble
technique to evaluate the wettability of a Hj/brine/sandstone rock system. The authors
conducted the experiments close to in situ conditions and observed that varying the salinity of
the system is insignificant on the wettability of the sandstone rock surface. Esfandyari et al.
[60] conducted wettability experiments of Ho/brine/rock in distilled and formation water brine
at constant temperatures and pressures. At ambient conditions, the change in the salinity
gradient only yielded an infinitesimal increase in the contact angle (CA) of the Ha/brine/rock

system.

On the other hand, Zeng et al. [83] conducted surface complexation modelling to investigate
the role of salinity on the Hy-rock wettability behaviour of carbonates by calculating the calcite

surface potential to predict the structural disjoining pressure. They noted that the disjoining
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pressure decreases with increasing salinity which consequently causes the contact angle to
increase, and the calcite system became H»-wet. Similarly, Hosseini et al. [84] noted that the
increase of brine salinity of Ho/brine/rock for a carbonate rock from 0 mol/kg to 4.95 mol/kg
resulted in an increase in the CA of the system. At 50 °C and 15 MPa, the advancing CA
increased from, 69.8° to 80.65° while the receding CA increased from 63.35° to 73.3°. The
dewetting of the surface was ascribed to reduced surface polarity resulting from the increase in

salinity.

Hou et al. [85] conducted a comprehensive investigation on the effect of salinity on
Ha/brine/rock wettability of carbonate rock surfaces. As illustrated in Figure 12, an increase in
the solution salinity caused the water contact angle to increase, and consequently a decrease in
the water wettability. Moreover, at the same concentration, the type of ions also influences the
H» wettability of the surface. For example, the presence of potassium (K) ions causes more
de-wetting of the surface compared to sodium (Na") ions. This is adduced to the higher atomic
size of K ions which causes more compression of the electrostatic double layer compared to
Na" ions. Furthermore, the presence of divalent ions increases the Ho/brine/rock wettability of
the carbonate rock surface. At 5.0 wt.% concentration, the advancing contact angles of 8, =
71.3° and 109.5° were recorded for NaCl, and CaCl,, respectively. This is attributed to the
more electropositive nature of the divalent cations. Besides, higher adsorption of the divalent

cations will occur on the carbonate rock surface compared to the monovalent ions.
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Fig. 12. Effect of monovalent and divalent ion concentration on the Hz/brine/carbonate rock

wettability. Adapted from [85].

Overall, existing data reported in the literature for the effect of salinity on the wettability of
Hy/brine/rock is inconsistent. While some authors reported that salinity has no effect on the
wettability of the Ha/brine/rock system, other researchers noted infinitesimal to significant
changes. Moreover, previous studies of the impact of salinity have mostly used individual salt
concentrations (e.g., NaCl) to represent formation brine. This is at variance to real field
conditions where the formation brine consists of a mixture of several salts. Indubitably, more
studies of the impact of salinity on Haz-brine-rock wettability are required to de-risk UHS

projects.

4.2 Effect of Pressure

An increase in the system pressure causes the density of H» gas to increase. Consequently, an
increase in the intermolecular interaction Ha/brine/rock occurs, and this is accompanied by an
increase in the contact angle [86]. Hosseini et al. [84] observed an increase in the CA of calcite
rock with an increase in pressure. At 25 °C, the advancing CA, 6, = 0° at 0.1 MPa, indicative
of strongly water-wetting condition. This changes to 8, = 83.6° at 20 MPa corresponding to
an intermediate wetting condition. Also, Iglauer et al. [87] noted an identical trend of increasing
CA with an increase in the pressure on a quartz surface. Ali et al. [77] investigated the effect
of pressure on the equilibrium CA of a Hy/brine/mica system. They remarked that the
equilibrium CA increased at higher pressures. Likewise, Ali et al. [88] reported that raising
the pressure from 15 MPa to 25 MPa causes the wettability of mica aged with hexanoic acid to

increase from 67.5° to 80.3°. Similarly, an increase in the wettability of the mica substrate was
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recorded for lauric acid and lignoceric acid whose advancing contact angle changed from 75.4°
to 89.2°, and 91.8° to 106.2°, respectively. Al-Yaseri et al. [89] deduced the wettability of
Haz/brine/shale using a semi-empirical thermodynamic model at typical geo-storage conditions.
The authors acknowledged that increasing the pressure from 5 MPa to 20 MPa resulted in an

increase in the hydrogen wettability of shale (see Figure 13).
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=B-5Shale-1,H2 —&—>Shale-2,H2

18 4 Shale-3,H2 —A—shale-4,H2
=f=shale-5,H2

16 -
14 -
12 4

10 4

Equilibrium Contact Angle

0 L] L] T 1
0 5 10 15 20

Pressure (MPa)

Fig. 13. Effect of pressure on the wettability of Hy/brine/shale [89].

Contrarily, Al-Mukainah et al. [58] noted that the CA of Hy/brine on shale decreases with an
increase in pressure. The authors attributed the deviation from previous studies to the ultra-low
density of H> gas at the pressure studied (1,000 psi). It is worth noting that an improved form
of the sessile drop technique was used by the authors compared to other reported studies where
the tilted plate method was used. It is therefore expected that the adopted methodology will
promote contact angle decrease with increasing pressure as a single pendant was used by
constantly compressing the pendant with increasing H, gas pressure. Whereas, the existing
tilted plate method procedure involves an initial injection of H» gas at a set pressure before
releasing the drop. Hashemi et al. [82] reported that the Ha/brine/rock contact angle is not
influenced by the presence of pressure. Similarly, Higgs et al. [56] observed no correlation

between the CA of H»-brine-rock and pressure at constant temperature. This was ascribed to
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the low solubility of hydrogen in water. More studies are required to elucidate the effect of

pressure on the wettability of Ho-Brine-rock systems.

4.3 Effect of Temperature

At high temperatures, the kinetic energy of H» gas increases. High collision and accelerated
diffusion occur while the molecular cohesive energy of the Hz gas reduces. Consequently, the
molecular interaction between H> gas and the rock surface of the geologic medium reduces.
Zeng et al. [83] recorded an increase in the disjoining pressure of the calcite surface with an
increase in the temperature of the system via geochemical modelling of the rock surface.
Resultantly, a decrease in the contact angle and an increase in the hydrophilicity of the H»
/brine/rock system was observed. Ali et al. [90] studied the wetting property of the
Hy/brine/rock system and observed that an increase in the temperature of the system resulted
in the reduction of the contact angle. At a fixed pressure of 15 MPa, the contact angle of the
mica/H»/brine was recorded as 8, = 53.1° and 8,, = 47.3° at 35 °C, while §, = 35.4° and 6, =
29.2° at 70 °C, respectively (see Figure 14). Hosseini et al. [84] observed that an increase in
temperature reduced the water contact angle on Hz /brine/carbonate surface. At 15 MPa, the
advancing CA decreased from 6, = 80.35° at 25 °Cto 8, = 57.85° at 80 °C while the receding
CA decreased from 6, = 76.6° at 25 °C to 68, = 53.15° at 80 °C.

70
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Fig. 14. Effect of temperature and pressure on the contact angle of Ha/brine/mica. Adapted

from [77].
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Hosseini et al. [91] noted that the brine wettability of basalt increased water contact angle with
an increase in temperature. For example, at 5 MPa, as 8, = 32.29° at 35 °C, while 8, = 47.86°
at 70 °C. This was attributed to the breakage of hydrogen bond between the water molecule and
silanol group of silica rich basaltic rock, thereby decreasing the hydrophilicity. Similarly,
Iglauer et al. [87] discovered that an increase in temperature resulted in an increase in the
contact angle for the Hy/brine/quartz system. The authors explained this phenomenon by
postulating that as temperature increased, there was a higher probability of breaking hydrogen
bonds between water molecules and silanol groups on the quartz surface. This led to a decrease
in the concentration of surface hydrogen bonds, thereby reducing the hydrophilicity of the
quartz and increasing the hydrogen wettability. At a pressure of 10 MPa, the contact angle
increased from 12.3° at 23 °C to 33.7° at 70 °C, providing evidence for the relationship between

temperature and hydrogen wettability.
4.4 Effect of organic acid

The evolution of hydrocarbon from biological materials in hydrocarbon reservoirs implies that
there is a tendency for trace amounts of organic acids (OA) to be present in depleted
hydrocarbon reservoirs [37]. Hence, to mimic real reservoir conditions, the impact of OA
concentration on the wettability of the H> /brine/rock has been investigated to understand UHS
trapping and containment security. The presence of organic acid (even in minute quantity)
increases the hydrophobicity due to adsorption at the rock interface and causes the de-wetting
of the rock surface [87]. The de-wetting of rock surfaces has a significant impact on the
trapping potential and containment safety of hydrogen in the geologic medium. Hosseini et al.
[91] observed a reduction in water wettability when the OA concentration is increased. This
was attributed to OA adsorption on the surface of the basaltic rock. Similarly, Ali et al. [86]
studied the H>—rock wettability using a quartz sandstone substrate. Three organic acids namely
lauric acid, hexanoic acid, and lignoceric acids were used to mimic the presence of
hydrocarbons typical of real reservoir conditions. An increase in hexanoic acid concentration
from 107°M to 1072 M at a fixed temperature 323 °K and pressure 25 MPa caused a wettability
alteration to an intermediate wetting condition (6, = 68.2°, 8,, = 61.5°) from a water wetting
condition (8, = 42.9°, 8, = 38.6°). Similarly, 1072M lignoceric acid concentration increased
the CA of quartz/Hy/brine to intermediate wetting condition (6, = 91.3°, 8, = 82.7°) from
water wetting condition (6, = 55.6°, 8, = 55.6°).
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As shown in Figure 15, Ali et al. [88] investigated the role of organic acid structures on the
wetting characteristics of mica as a representative of the caprock. At 25 MPa pressure and
1072M fixed concentration for hexanoic acid, lauric acid, and lignoceric acid, the contact angle
changed to 80.3°, 89.2°, and 106.2°, respectively. Furthermore, at a fixed concentration of
organic acid, the molecular structure of organic acid plays a crucial role in determining the
degree of change of the wetting condition. Increasing the alkyl chain length (number of carbon
atoms) causes an increase in the quartz/Ha/brine contact angle. Similar result was reported in
the case of Indiana limestone rock [92]. This is because the increasing concentration of the
alkyl chain causes an increase in the standard energy of adsorption and consequently, stronger
interaction with the mica substrate. Hence, the presence of organic acid in geological
formations at high pressure implies that there is a possibility for the structural trapping capacity

of the caprock to fail and a high possibility for H> gas leakage.
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Fig. 15. Comparison of H> /brine/rock wettability for mica and quartz surface at different

temperature and pressure conditions. Adapted from [88].

4.5 Effect of rock mineralogy
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The mineralogy of rock also plays a distinct role in the wettability of rock and hence, the
trapping potential of the geologic medium. Ali et al. [88] studied the H» /brine/rock wettability
of quartz and mica under similar organic acid concentrations, temperatures, and pressure
conditions. At 1073M lignoceric acid concentration, the advancing contact angle for quartz/
H; /brine is recorded as 51.3°, 69.2°, and 84.6° for 0.1, 15, and 25 MPa, respectively. On the
other hand, at similar conditions, the advancing contact angle for mica/ H» /brine is recorded
as 60.7°, 85.7°, and 96.2° for 0.1, 15, and 25 MPa, respectively. The higher contact angle
recorded for mica compared to quartz was adduced to the presence of more silanol groups on
the quartz surface which presents it with more hydrophilic sites and enabled maximum

interaction with the H» moieties.

Al-Mukainah et al. [58] evaluated the potential of UHS in shale formations. Two shale rocks
namely Eagle-ford shale and Wolf-camp shale rocks have total organic carbon (TOC) of 3.83%
and 0.30%, respectively. At low pressures, the Eagle-ford shale was intermediately wet. On the
other hand, the Wolf-camp shale was weakly water-wet throughout the pressure range studied.
This was attributed to the increase in the TOC content of shale which decreases the water-
wettability of the Hz-brine-rock system. Al-Yaseri et al. [89] studied the effect of shale TOC
on the wettability of the H» /brine system. They noted that shale with higher TOC recorded
high contact angles due to its high hydrophobicity. Hosseini et al. [93] observed a similar trend
for shale rock samples with different TOC concentrations. The authors noted that when the
TOC of the shale rock sample was increased from 0.09 wt.% to 14 wt.% (at 15 MPa, and 50
°C), the receding contact angle of H> /brine/rock increased from 31.77° to 82.4°, indicating a
decrease in the water-wetness of the shale rock. It was inferred that the increase in the TOC
cause an increase in the hydrophobicity of the shale rocks and consequently a decrease in the
water-wetness of the shale rock. Furthermore, the authors noted that shale samples with higher
amounts of calcite and clay tend to have more hydrogen wettability (i.e., high water contact
angle and low water-wetness). On the other hand, evaporite rock sample with high content of

gypsum tends to be water wet.

Esfandyari et al. [60] investigated the H» /brine/rock wettability of different rocks under
varying salinities, temperatures, pressures, and OA concentrations. They observed that the
mineralogy of the reservoir rock system has a distinct effect on the CA values of H> /brine/rock.
At a temperature of 80 °C and pressure of 10 bar, the CA of H, /brine/rock for gypsum, quartz,
anhydrite, calcite, shale, dolomite, granite, and basalt are recorded as 48°, 45°, 40°, 40°, 39°,
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37°, 27°, 21°, respectively. However, the mechanism of the influence of rock mineralogy on
the wettability of the system was not elucidated. Likewise, Hou et al. [85] measured the H»
/brine/rock wettability of three different rocks namely sandstone, shale coal, and carbonate
rocks. At 5 wt.% NaCl concentration, the average contact angle was recorded as 42.3°, 48.4°,

and 67.2° for sandstone, shale coal, and carbonate rocks, respectively.

Al-Yaseri et al. [94] inferred the Ha /brine/rock wettability of different clays (kaolinite, illite,
and montmorillonite) using empirical correlations on measurement of other similar gases (COz,
N», He, and Ar) conducted at subsurface conditions. All evaluated clays were found to strongly
exemplify water-wetting behavior. The water-wetness of the clay surface in the presence of
hydrogen is in the order of kaolinite > illite > Montmorillonite. The lower water contact angle
(i.e., high water wetness) of kaolinite clay surface was ascribed to the hydrophilic surface of
kaolinite clay characterized by a 1:1 tetrahedral siloxane (T-sheet) and octahedral hydroxide
surface (O-sheet). Contrariwise, illite and montmorillonite are 2:1 clay whose O-sheets are
placed in-between two T-sheets. The contact angle result depicts that the structural and residual

trapping of hydrogen would be highly favoured on a clay surface.

4.6 Effect of Cushion gas

The injection of cushion gas as a buffer to improve the storage and withdrawal efficiency of
H: necessitates that the impact of the cushion gas on the wettability of the process be studied.
Nevertheless, only a handful of experimental studies on mixtures of H> with cushion gas exist
in the literature. For example, Mirchi et al. [17] performed contact angle experiments using the
captive bubble method for Ho/CH4 mixtures on oil-wet sandstone and limestone at 1000 psi for
three different temperatures (22, 40, and 60 °C) and 2 wt.% salinity. The contact angle of the
oil-wet rock surface was recorded as 130.4° and 136.2°. On the other hand, the presence of the
gas mixtures altered the wettability of the rock surfactant to weakly water-wetting conditions
of 59.72° and 71°. Their findings further posited CH4 gas as a promising cushion gas option

in a depleted oil and gas reservoir [17].

In a similar manner, Hashemi et al. [95] utilized a captive bubble setup to measure the contact
angle of H>-CHs Bentheimer sandstone under UHS conditions, including pressures,
temperatures and varying salinities. Their findings indicated a strongly water-wet condition
with contact angles between 25 to 45°. They also revealed that the measured contact angle

remained unaffected by the investigated reservoir temperature, pressure, and salinity. A recent
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study by Alanazi et al. [72] used the tilted plate method to investigate the impact of CHa-
cushion gas on substrates derived from organic-oil-rich shale source rocks from Jordan. The
researchers examined the effect of gas type (pure CHa, pure H», and H>-CH4 mixtures) and
pressure on geo-storage conditions by measuring the contact angle at 50 °C under various
pressures and salinities. The results indicated that the contact angle levels for rock/CHa/brine
were greater than rock/Ha/brine, while the H>-CHa/brine mixture contact angles were

intermediate between those for pure gases.

From the above cushion gas type, it can be observed that only CH4 has been experimentally
investigated with respect to H>-CHs mixtures on wettability. Hence more studies on other
cushion gas types such as CO2 and N> are highly encouraged to fully comprehend the general
behaviour during hydrogen injection. Moreover, the choice of cushion gas is determined by
various factors. One such factor is the gas wettability, which is higher in N> and CO2[90,96,97],
making them easier to separate during production cycles. Similarly, cost [98,99], physical
properties [100], and geological parameters such as reservoir depth, trap shape, and
permeability [69] are other considerations that need to be considered during cushion gas

selection.
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5. Adsorption

Adsorption of hydrogen is another important parameter that plays a critical role in fluid-rock
interaction and hence, is considered very crucial to the success of underground hydrogen
storage. Previous studies of gas adsorption processes have investigated N>, CO», and CHs
adsorption on reservoir rock, shale, and coal. However, only a handful of research contributions
exist on H» adsorption due to the complexity involved in handling H> gases. The adsorption of
H: on reservoir rock systems is controlled intrinsically, based on the van der Waal’s bonding
the gas exhibits on the host rock system. Hence, it has lower/weaker adsorption compared to
other gases (e.g., CO2, CHs) on a reservoir rock system due to the low hydrogen density. The
adsorption of H> on porous media is dependent on several factors; these include temperature,

pressure, organic acid content, mineral content, and surface chemistry.

Samara et al. [104] studied the adsorption behavior of H, and CO» on Jordanian shale rocks.
Mineralogical characterization of the rock depicts that it predominantly contains calcite and
other minerals such as quartz, dolomite, and pyrite. The adsorption of Hz and CO> gas at 50
bars measured from a magnetic suspension balance was recorded as 0.015 wt.% and 0.83 wt.%,
respectively. The higher adsorption of CO> on the shale rock surface compared to H> gas is
attributed to the composition of the shale, with calcite as the dominant mineral which provides
a higher affinity for CO; gas due to higher electronegativity difference. Also, the dissolution
of CO; on kerogen increases the quantity of CO> trapped on the surface of the shale.
Conversely, Hz gas has a quadrupole moment which is one order of magnitude lower than CO»,
hence recording lower adsorption due to the weaker interaction between H> with calcite, and

H; with kerogen.

Additionally, the storage of hydrogen in shale is a function of its aromaticity. Raza et al. [105]
evaluated the effect of kerogen content and maturity on Ha, CO2, and CH4 storage potential in
underground reservoirs via molecular dynamics simulation. The adsorption process was
conducted at a broad range of pressure (2.75 to 20 MPa) and temperature (50 — 150 °C) regimes.
To portray the impact of maturity, four kerogen structures were used, namely type II-A, 1I-B,
II-C, II-D. The carbon content and hence the maturity of the kerogens are in the order of 1I-A
<II-B <II-C < II-D. At a given temperature and pressure, the computational result indicates
that the sorption of the gases increases with an increase in kerogen maturity and carbon content.

For example, the adsorption of H increased from 2.4 to 3.0 mmol/g for type II-A (40% carbon
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content) and type II-D (80% carbon content), respectively. This was ascribed to the increasing

heteroatomic functional groups of the kerogen and the effective volume of the pores.

Furthermore, Abid et al. [106] investigated the effect of organic acid (humic acid) on the
adsorption behaviour of H, and CH4 on shale rock via a PCT pro adsorption analyzer. The
experiment was carried out to depict real geo-storage conditions. Experimental results revealed
high adsorption of H> gas on shale contaminated with humic acid compared to the raw shale
sample. At 30 °C and 42.7 bar, the adsorption of raw shale and shale with humic acid (shale-
HA) is recorded as 0.056 mol/kg and 0.3 mol/kg, respectively (see Figure 16). The high
adsorption witnessed by shale-HA was adduced to the increase in total organic content (TOC)

caused by the presence of humic acid, higher micropore content and increased surface area.

0.40 r : : T v T ” T

—a&— Shale-HA .

—a— Shale

0.35 -

kg

0.30 5

=
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=
1

—
Ln
1

0.10 —

H, Adsorption Capacity (mol

¥ T d T ¥ T T T ¥ T T
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Fig. 16. Adsorption behaviour of H» gas on raw shale and shale aged with humic acid [106].

Apart from shale, hydrogen storage has also been explored in coal seams due to its large surface
area and its previously established capacity for the sequestration of carbon dioxide [107,108].
Iglauer et al. [109] experimentally determined the feasibility of storing hydrogen in coal seams.
The H> adsorption experiment on sub-bituminous coal was performed using a PCTpro

adsorption analyzer and compared to CO. Notably, the H> adsorption increases drastically as
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a function of pressure until it reaches a plateau as depicted in Figure 17. Meanwhile, Ha
adsorption decreases as a function of temperature albeit infinitesimally. The maximum H
adsorption on the monolayer of the coal was recorded as 0.60183 moles of Hy/kg of coal at
14.3207 MPa. Similarly, Keshavarz et al. [110] evaluated the adsorption behaviour of H> on
coal seam and noted that the adsorption of H> decreases with an increase in temperature.
Additionally, H> adsorption on coal is a function of the aromatic content of coal. Arif et al.
[111] experimentally analysed hydrogen storage as a function of coal ranking at varying
temperatures and pressures using anthracite, bituminous, and sub-bituminous coals with a
vitrinite content of 78.9, 58.7, and 33.3, respectively. At a particular temperature and pressure,
the highest adsorption was recorded on high-rank coal (see Figure 18). This implies anthracite
coal with relatively higher aromatic and lower oxygen content demonstrated the highest

adsorption compared to bituminous and sub-bituminous coals (anthracite > bituminous > sub-

bituminous).
| | T I : . -
1 ]
_____ il s
T; .___.‘ ..... e Pl -’:
- “i_‘_.--. e e d
fj ____,-.:_-""___ —
=) Ay -
E P P .
—? . y
S 0.1 L |
'E f“-l'c -‘ - H,-E'lluf_’ E
E.. !:.f:-’ I . 7
Z r. —v— H_45'C ]
o o
E A ~4--H-60C 4
W .*ﬂ(r -
= I;{
O 4
'}.{"—_ f" i
1/ :
T | T 1 ¥ T T T N T .
0 20 40 6 80 100 120

Absolute Pressure (bar)

Fig. 17. Adsorption of hydrogen on sub-bituminous coal. Modified from [109]
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Fig. 18. H; adsorption versus vitrinite content of coals [111].

Underground hydrogen storage has also been conducted in representative reservoir rock
systems. Carchini et al. [112] assessed the feasibility of UHS in depleted gas reservoirs via
experimental and molecular modelling approaches. The adsorption/desorption experimental
analysis was conducted using a Rubotherm magnetic suspension balance on carbonates and
sandstone rocks. At a moderate temperature of 50 °C and pressure of 20 bar, no adsorption of
H> gas on calcite was recorded while a negligible quantity (0.06 mg/g) of H> gas adsorption on
dolomite was achieved. Likewise, no uptake of H> gas was recorded on Berea and Scioto
sandstone, indicative of low and high clay-rich sandstone, respectively. Moreover, a further
increase in the temperature to 100 °C yielded no considerable result. The low physisorption of
H> gas in the pore network of the reservoir rock system was adduced to a lower kinetic diameter

of hydrogen.

Lopez-Chévez et al. [113] conducted a modelling and simulation study of the adsorption
behaviour of H> on calcite rock for geo-storage. Firstly, they described and optimized the
calcite rock model using density function theory (DFT). Moreover, the naturally fractured rock
was characterized using DFT to obtain the Mulliken population analysis, electronic,
thermodynamic, structural, and thermodynamic properties. Lastly, molecular dynamics
simulation process was carried out to simulate the adsorption process and to estimate the H»
adsorption on the surface of the calcite rock. The simulation process revealed that 0.42 mass

percent of H» is adsorbed on the surface of calcite rock.
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The adsorption/desorption behaviours of Hz on clay structures have also been studied. It is
crucial to understand the integrity of the caprock which is typically made up of a clay structure.
Wolff-Boenisch et al. [114] evaluated the adsorption behaviour of hydrogen on
montmorillonite clay. As can be seen in Figure 19, the adsorption process was fitted using
Langmuir and Freundlich isotherm. At 30 °C, 0.18 mol/kg of H> was adsorbed on the clay
indicative of low adsorption. This was attributed to the lack of dipole moment on H> symmetry
to enable intermolecular bonding with the clay structure. Besides, desorption of the H, gas on
the montmorillonite clay was observed with increasing temperature due to an increase in kinetic
energy. Conspicuously, the gas prefers to stay in the gas phase rather than adsorb on the solid
phase of the clay structure. Hence, the authors recommended the injection of Hz deeper into
the formation because the temperature and pressure reduce hydrogen loss via adsorption, and

this enhances higher storage volumes of H> gas.

0.5
) ® 303K
&2
3 04" =L
S| wseae F
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& 0.3
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< 02
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0o &~
0 10 5 - - |
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Fig. 19. Adsorption of hydrogen on clay [114].

Likewise, Bardelli et al. [115] determined hydrogen adsorption on clay-rich rock formation.
The experiment was carried out on raw clay samples (COX,,,) and pure clay sample
(COXpyre) at pressures up to 80 bars and temperature of up to 90 °C. The sorption experiment
at the highest temperature indicates that the hydrogen uptake reaches a plateau at around 40 —
60 bars and the adsorption for COX,.4,, and COX,,,,. was estimated as 0.12 + 0.01 wt.% and

0.2 + 0.02 wt.%, respectively. Moreover, Didier et al. [116] evaluated H> adsorption on similar
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rock samples at the same temperature (90 °C) but a lower pressure of 0.45 bar. H> sorption of

0.05 wt.% and 0.06 wt.% was recorded for COX,4,, and COX,,,, samples, respectively.

The low adsorption behaviour of H> gas on conventional and unconventional reservoir rock
systems is indicative of the good potential for storage and subsequent withdrawal from the pore
networks of their geologic structure. However, only a few studies exist on the adsorption
behaviour of Hz gas on reservoir rock systems. Most of the existing H> adsorption studies were
carried out on representative reservoir rock systems. Extended studies on the adsorption
property of H» gas on carbonate, sandstone, and dolomite rocks at typical reservoir conditions
are desired. Moreover, most experimental studies of H> adsorption at high pressures are
conducted over a short time due to volatility issues. A systemic approach that allows for long-
term evaluation of H; storage at typical geo-storage conditions is required to ascertain real field
conditions. Furthermore, cushion gas has been suggested to act as a buffer during UHS.
However, studies of the impact of cushion gas on the sorption behaviour of H» gas are lacking
in the literature. Finally, the effect of fluid composition, pore structure, and pore geometry on
H adsorption behaviour on reservoir rocks remains obscure. This is required to fully

understand the trapping mechanism of H» storage in reservoir rock systems.
6. Diffusion

Diffusion is a transport phenomenon that describes the spreading of fluids and particles through
a medium. In fluid-fluid systems, diffusion is related to the transport of one fluid component
through another fluid whereas in fluid-rock systems, diffusion can be used to describe the
transport of fluids (such as gas) through a porous rock matrix. Diffusivity, on the other hand,

is a physical quantity that describes the ability of a substance to diffuse through a medium.

Hydrogen diffusivity (Dy,) — herein, refers to the ability of hydrogen molecules or atoms to
move through a medium by diffusion. It is a measure of how quickly or slowly hydrogen can
move through a material and is influenced by factors such as temperature, pressure, brine
salinity, fluid type and the properties of the material or transport medium itself. Therefore,
understanding Dy, is important in hydrogen storage and transport through the porous media as
it can be used to calculate the amount of H» lost [39]. The role of Dy, with respect to UHS
cannot be overemphasized as it is one of the key factors influencing the leakage tendency of

H; in the overlying caprock during structural trapping.
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Figure 20 illustrates the dependence of Dy, on various temperatures, pressures, and fluid types.
It can be observed that, for each hydrocarbon fluid type, Dy, decreases with increasing
temperature and pressure. For example, when the pressure increased from 0.53 MPa to 2.2 MPa
at 323 K, Dy, in C4Ho decreased from 740 x 1078 m?s to 250 X 1078 m?/s, whereas it
decreased from 620 X 1078 m%/s to 220 x 1078 m?/s at 298 K. A similar trend is also
observed for C3Hg, CoHe, and CH4 gases [52,117-119]. Additionally, the number of carbon
atoms in the hydrocarbon fluid is inversely proportional to the value of Dy,. This can be
observed in the decrease of Dy, values for CHa, C2Hg, C3Hs, and C4Hio at 323 K and 1.4 MPa,
which were 650 X 1078 m?%/s, 480 x 1078 m?%s, 390 x 1078 m?/s, and 350 X 1078 m%/s
respectively [52,117].

1100 ~ -0-H2in C4H10, @ 323 K —e—H2 in C4H10, @ 298 K
-A-H2in C3HS, @ 323 K  —A—H2in C3H8, @ 298 K
900 - EI\ -E-H2in C2H6, @ 323 K  —-H2 in C2H6, @ 298 K

-©-H2in CH4, @ 323 K —8—-H2 in CH4, @ 298 K

H, diffusivity in gases (10-% m?%/s)

700 -
500 -
A N
100 T 7 T . T T
0.5 1 1.5 2 2.5 3 35 4

Pressure (MPa)

Fig. 20. H; diffusivity for hydrocarbon fluids as a function of temperature and pressure.
Adapted from [52].

On the other hand, Figure 21 illustrates Dy, in water as a function of pressure and temperature.
Unlike the case of hydrocarbon fluids, it can be observed that Dy, increases with an increase in
both temperature and pressure. For instance, at 25 MPa, as the temperature increased from 650
K to 970 K, Dy, in water increased from 15.1 x 1078 m%s to 219 X 1078 m%s [119]. This

phenomenon is attributed to the effect of temperature on molecular momentum, and
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intermolecular forces, which ultimately influence diffusivity [120]. When both cases (i.e.,
Figures 20 and 21) are compared, it can be seen that hydrogen has a relatively high diffusion
rate in water (or brine) compared to other gases. As a result, diffusion-induced hydrogen loss
from aquifers is likely to be higher than in depleted oil and gas reservoirs where less residual
brine is present. This, amongst many other factors, makes depleted gas reservoirs to be
considered the most promising means for large-scale H> storage in porous media as the leakage
potential is minimal [30,32]. However, only a 1% loss of injected H» via diffusion in aquifers
has been reported after 15 years of simulation in a 7 m high reservoir with 20% porosity [121].
The reason for the difference in diffusion can be adduced to its small molecule size

characteristics compared to other gases [118,119].
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Fig. 21. H, diffusivity in water as a function of temperature and pressure. Adapted from [52].

Dy, has also received significant attention from both experimental and simulation perspectives.
In both cases, the available literature sources — experimental [122—128] and theoretical, via
molecular dynamics simulation [118,119,129—131] have been limited to the case of H-pure
water systems. Only, the recent study by van Rooijen et al. [39] made an effort to assess the
self-diffusivity of Hz in an aqueous solution at various pressures (1 — 1000 bar), temperatures
(298 — 723 K) and brine molalities of 0 — 6 m NaCl/kg. As presented in Figure 22(a), the self-
diffusivities of H> show weak pressure dependence, which is consistent with the findings of

Tsimpanogiannis et al. [132]. However, at a higher temperature of 723 K, the effect becomes
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more noticeable. This was attributed to the increase in compressibility of the solution with

increasing pressure of the H» gas.
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Fig. 22. Computed finite-size corrected Dy, in aqueous NaCl solutions as a function of (a) pressure at

constant molality of 5 mol NaCl/kg H»O solution for varying temperatures of 298 to 723 K, (b) molality
of the solution at a constant pressure of 400 bar for varying temperatures of 298 to 723 K, and (c)
reciprocal temperature at 100 bar constant pressure for varying molalities of 0 to 6 NaCl’kg H,O

solution. Note that the solid lines represent the calculated fitted values [39].

Conversely, in the case of molality as shown in Figure 22(b), the logarithm of hydrogen self-
diffusivities was found to decrease linearly with increasing NaCl molality. This behaviour is
attributed to the exponential increase in viscosity of aqueous NaCl solutions with increasing
NaCl molality, as reported by Laliberté, [133]. Specifically, Lalibert¢ observed that the
viscosities of aqueous NaCl solutions increase exponentially with increasing NaCl molality,

and since the diffusivities of gases in liquids are inversely proportional to the solution
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viscosities, this, therefore, accounts for the observed linear trend [133]. Finally, the influence
of temperature was examined by van Rooijen et al. [39] as shown in the panel of Figure 22(c).

They observed that the self-diffusivity of hydrogen follows an Arrhenius-type relation
(D X exp [%D, which is consistent with the behavior of gases such as O> and CO> when

dissolved in aqueous solvents [132,134].
7. Perspective

Existing studies in literature have shown that high IFT exists in reservoir at the H»-brine
interface due to solubility and density contrast. High IFT is desirable for H» storage in
underground reservoirs because it ensures the different gas phases do not mix. Moreover, at
high IFT, H> can be safely stored in the reservoir with lowered risk of geo-mechanical failure
[23]. On the other hand, a low IFT of H> and other gases is favourable during withdrawal
schemes of H» from reservoirs to enable gas stored in pores of the reservoir rock system to
easily flow to the surface during production. Future research should consider determining the

optimal IFT suitable for the storage and production of H> in porous geologic formations.

Furthermore, wettability alteration studies on host rock, caprock, and representative reservoir
rock systems have demonstrated strongly water-wetting condition in the presence of H-brine
[103,135]. This indicates that the H> does not wet the surface of the reservoir rock system and
portends good storage efficiency for H» in geological porous media. Moreover, since H> cannot
displace the water layer on the caprock, the sealing efficiency of the rock is protected, thereby
preventing potential losses due to leakage, and ensuring containment security. However, in
situ studies of Hz-brine wettability in porous media have shown that water-wetting condition
of reservoir rock system also increases the residual and capillary trapping potential of H» in the
formation [102,136]. Increasing residual and capillary trapping of Hz in geologic formation is
undesired due to its negative effect on withdrawal efficiency of Hz from reservoir formation.
The residual and capillary trapping effect of H> in the water-wet formation can be minimized
via the introduction of cushion gas such as CH4, N2, and CO> [137,138]. Nonetheless, the
introduction of cushion gas instigates the issue of unavoidable gas mixing. The gas mixing
process contaminates the H» purity during withdrawal process. To this end, some authors have
opined the use of H as a cushion gas during the storage process. Nevertheless, this will increase
the project economics as this implies that more H» will be required for the cushioning process.

In our view, the issue of unavoidable gas mixing that may be encountered due to the
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introduction of cushion gas can be solved via the installation of an efficient and effective H-
permeable membrane in the producer well during the withdrawal process. The H,-membrane
will selectively allow the passage of H> while retaining other associated gases in the geologic

formation.

Adsorption of hydrogen on pure reservoir rock system is low compared to other gases such as
Nz, COz, and CHa. This is due to the low density of H2 gas on the rock surface. Contrarily, rock
surface contaminated with organic acid tends to have a higher wettability and become Hz-wet.
This can be adduced to the adsorption of the molecules of organic acid on the surface of the
rock, thereby increasing its hydrophobicity. The increased hydrophobicity introduced by the
organic acid causes de-wetting of water molecules, and resultantly increased spreading of H>
on the rock surface. Low adsorption of H> gas recorded on rock surface is desirable for good

storage efficiency and subsequent withdrawal from the geologic formations.

Additionally, the effect of inherent reservoir parameters such as temperature, pressure, salinity,
and organic acid concentration on reservoir rock-fluid and fluid-fluid properties during UHS
have been studied. The outcome of numerous studies of inherent reservoir parameters on
storage efficiency of H» have showed some discrepancies in literature. For example, some
studies showed no significant effect of temperature and pressure on the IFT and wettability of
reservoir rock system while other studies noted slight to notable changes. Based on the reported
studies, we observed that the changes in method for conducting the experiment may have
caused the changes observed in some experiment. For example, Al-Mukainah et al. [58]
presented a new method to conduct sessile drop method by using the same drop of water to
conduct contact angle measurements at varying pressure by gradually pressurizing with Ha.
The method reported is different from that adopted in other studies whereby different brine
droplet is used. Also, while some studies preferred sessile drop method, other studies were
conducted using captive bubble, and core flooding incorporated with in sifu X-ray tomography.
To overcome the discrepancies reported for inherent reservoir parameters on storage efficiency,
a standard approach devoid of uncertainties needs to be developed. Furthermore, it is
noteworthy that the inherent reservoir parameters have implications for withdrawal efficiency
of H» from geologic formations. For example, low pressure sites were recommended for future
hydrogen storage projects because increasing pressure (characteristic of deeper reservoirs) was
found to increase residually trapped H», thereby reducing recovery during imbibition process

[136]. Similarly, increasing organic acid concentration causes increased wetting, adsorption,
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and retention of H» in geologic porous media. Meanwhile, H> recovery increased with injection
of brine at high capillary number. Undoubtedly, the optimization of inherent reservoir

parameters is required to achieve the desired H> storage and withdrawal efficiency.

8. Conclusion and recommendation

UHS has been identified as a promising option for storing hydrogen and reducing greenhouse
gas emissions. Various geological formations have been studied as potential storage sites, and
advancements in technology and modelling have made it possible to accurately predict the
performance and safety of these storage facilities. An adequate understanding of fluid-fluid and
fluid-rock interactions is of fundamental importance as it plays a dominant role in the
distribution of the injected fluid within the reservoir's pore space. More importantly, it dictates
the maximum amount of fluid that can be withdrawn from the reservoir from these storage
media. Herein, we have expounded on these influencing parameters with emphasis on
solubility, interfacial tension (fluid-fluid and rock-fluid), wettability, adsorption, and
diffusivity to comprehend the underpinning interactions between the injected H» gas, reservoir
fluids, and geologic rock surface. Based on the extensive analysis of fluid-fluid and fluid-rock
interactions in UHS, there are certain knowledge gaps that need to be addressed for the

successful implementation of future UHS projects. These gaps are outlined as follows:

e Optimization of critical factors that govern the hydrodynamics of UHS processes is
required to improve process efficiency.

e A systematic approach that allows for the quantification of adsorption and desorption
of Hz gas on a typical reservoir rock system is desired. Moreover, the influence of
temperature, pressure, salinity, and reservoir surface area typical of the geologic porous
medium on the long-term adsorption and desorption process should be evaluated.

e Large datasets in the literature concerning the effect of salinity on UHS processes have
focussed on investigating the use of sodium chloride (NaCl) solution as a representative
of formation brine. Under real reservoir conditions, formation brine is a mixture of
monovalent, divalent, and sometimes trivalent ions. Further research that considers the
admixture of brine should be considered in future studies as they are more
representative of typical reservoir conditions.

e Due to its low molecular weight and viscosity, the H» diffusion process causes a viscous
fingering phenomenon which may result in H> loss during UHS. Thus far, extensive

diffusivity studies of hydrogen into nanopores and micropores of depleted oil/gas
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980 reservoir is lacking in the literature. Multiscale adsorption and diffusion modelling

981 studies capable of estimating H» loss during UHS in depleted oil/gas reservoirs are
982 recommended for further studies.

983 e Finally, considerable further research is required to fully understand the interplay of
984 interactions at the pore scale during UHS.

985

986

987 Nomenclature

988 CA Contact angle
989 CaCbh Calcium Chloride
990 CHgu Methane
991 CO» Carbon dioxide
992 DFT Density Functional Theory
993 GHG Green House Gas
994 HA Humic Acid
995 H> Hydrogen
996 H»O Water
997 IFT Interfacial tension
998 KC(ClI Potassium Chloride
999  KI Potassium lodide
1000 MgCl, Magnesium Chloride
1001  MgSOq4 Magnesium sulfate
1002  NacCl Sodium Chloride
1003  NazSOq4 Sodium sulfate
1004 N Nitrogen
1005 NO» Nitrous oxide
1006 OA Organic acids
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