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Concerning the emerging power-to-gas technologies, which are considered the most promising technology for seasonal renewable energy storage, Underground Hydrogen Storage (UHS) has gained attention in the last few years. For safe and efficient storage, possible hydrogen losses due to dissolution into the aquifer must be estimated accurately. Due to safety concerns, experimental measurements of hydrogen solubility in brine at reservoir conditions are limited. In this study, a PVT cell is used to characterize the solubility of hydrogen and its mixtures with methane in saline water/brine. The experiments were carried out at 45, 50, and 55°C and from 1 bar up to 500 bar, mimicking a significant range of possible reservoir conditions. Two brine samples representative of two different reservoirs were tested. Two mixtures of methane and hydrogen (10 mol% H2 and 50 mol% H2, respectively) were considered, along with pure hydrogen, to account for the presence of methane in the primary phase of hydrogen storage in a depleted gas reservoir. In the current paper, a comparison of the experimental results with literature models is provided. At the experiment conditions, the impact of the differences in the composition of the two analyzed brines as well as the impact of the analyzed range of temperatures was not significant. Conversely, a non-negligible variation in terms of the slope of the solubility curve was observed as a function of the gas mixture composition: the curve increased more steeply as the percentage of hydrogen reduced.
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1 INTRODUCTION
Fossil fuels are the main contributor to Green House Gas (GHG) emissions in different industrial sectors (Kumar et al., 2020). The global transition towards a sustainable future has necessitated the exploration of alternative energy sources and storage solutions. There are several types of hydrogen, depending on their production sources (Incer-Valverde et al., 2023):
• Green hydrogen by electrolysis through renewables
• Grey hydrogen by Steam Methane Reforming (SMR) without the use of Carbon Capture Utilization and Storage (CCUS)
• Blue hydrogen by SMR or coal gasification, including Carbon Capture Utilization and Storage.
• Turquoise hydrogen is produced from the pyrolysis of methane.
Currently, the typical way of producing blue and grey is through natural gas reforming (i.e., steam methane reforming; SMR) (Amid et al., 2016).
In recent years, energy demand has been increasing continuously. Hydrogen storage in underground reservoirs has gained considerable attention as an alternative and viable solution to minimize the gap between energy supply and demand (Chapman et al., 2019; Benetatos et al., 2021; Zivar et al., 2021; Muhammed et al., 2022; Raza et al., 2022; Ugarte and Salehi, 2022; Buscheck et al., 2024; Salina Borello et al., 2024). Underground reservoirs offer several advantages, including large storage capacities (Carden and Paterson, 1979) and long-term stability. Moreover, the geological formations that have historically served as repositories for oil, gas, and other hydrocarbons may also prove suitable for hydrogen storage (Tarkowski et al., 2021). Hydrogen produced from electrolysis can be stored in saline aquifers, porous formations, and oil and gas-depleted reservoirs (Bai et al., 2014; Pfeiffer and Bauer, 2015; Amid et al., 2016; Sainz Garcia et al., 2017; Ansari et al., 2022). Moreover, hydrogen has high reactivity and could participate in microbial processes (Reitenbach et al., 2015; Hagemann et al., 2016; Heinemann et al., 2021). Possible hydrogen losses due to dissolution into the aquifer are of great importance and therefore must be estimated accurately. Due to its extreme flammability and corrosion ability, experimental measurements of hydrogen solubility in brine are limited. Therefore, modelling is used to estimate hydrogen solubility in pure and saline water. Modeling consists of using an Equation of state (EoS) based on experimental data. (Li et al., 2018; Lopez-Lazaro et al., 2019; Rahbari et al., 2019; Chabab et al., 2020).
Few past studies have performed experiments to estimate the H2 solubility in water above 100 bar (Ipatiew et al., 1932; Wiebe and Gaddy, 1934; Pray et al., 1952; Zoss, 1952; Schroder, 1973; Gillespie and Wilson, 1980; Choudhary et al., 1982; Dohrn and Brunner, 1986; Kling and Maurer, 1991; Chabab et al., 2020). All the above-mentioned studies focus on pure hydrogen.
The scope of this study is the quantitative assessment of hydrogen that can dissolve in reservoir water during underground storage in depleted gas reservoirs, currently used as methane storage fields. This information is relevant for the assessment of possible storage losses in formation water and for the quantification of hydrogen available for participation in the microbial process. For this reason, the current work aims to provide an experimental estimation of the volume of hydrogen that might dissolve in the formation water at reservoir conditions (pressure, temperature, and salinity). Assuming that the hydrogen storage site has been used for the storage of methane, the presence of a mixture of methane and hydrogen is expected in the primary phase of hydrogen storage.
In this study, a PVT cell usually used in the oil and gas industry, is used to estimate the solubility of hydrogen and its mixtures with methane in saline water. The experiments were carried out at 45, 50, and 55°C and from 1 bar up to 500 bar, mimicking a significant range of possible reservoir conditions. In addition, two brine samples representative of two different reservoirs were considered. Two mixtures of methane and hydrogen (10 mol% H2 and 50 mol% H2, respectively) are considered along with pure hydrogen.
A comparison with available literature experimental data of pure hydrogen solubility in fresh water at 50°C (Wiebe and Gaddy, 1934; Kling and Maurer, 1991; Torin-Ollarves and Trusler, 2021) is provided along with the comparison with a literature correlation developed for pure hydrogen (Torin-Ollarves and Trusler, 2021) that allows accounting for brine salinity and different temperatures. The model by Torin-Ollarves and Trusler (2021) was constructed according to several experimental results from the literature (Wiebe et al., 1932; Wiebe and Gaddy, 1934; Crozier and Yamamoto, 1974; Gordon et al., 1977; Choudhary et al., 1982; Kling and Maurer, 1991; Chabab et al., 2020; Torin-Ollarves and Trusler, 2021).
2 MATERIALS AND METHODS
2.1 Background insights
Solubility of gas mixtures in brine is defined as the upper limit concentration of solute in a given amount of solvent at equilibrium (Petrucci et al., 2017). The solution gas-water ratio ([image: image] is calculated as the volume of dissolved gas at a given reservoir temperature and pressure when brought to standard conditions (15°C and 1 bar), divided by the volume of brine at stock tank conditions:
[image: image]
Eq. 1 is dimensionless; it can be expressed in molality form (mol of H2 per kg of water) dividing by factor [image: image] where water density at standard conditions ([image: image]), gas constant ([image: image]), standard temperature ([image: image]) and standard pressure ([image: image]) are all expressed in the SI system.
The amount of gas dissolved in the water is primarily a function of pressure and temperature. The concentration of a real gas in an aqueous solution can be calculated from Henry’s law (Henry, 1803) corrected for non-ideal behavior as follows (De Lucia et al., 2015):
[image: image]
where [image: image] represents the concentration of the dissolved gas, [image: image] is gas partial pressure of the specific gas above the solution, [image: image] is the vapor pressure, [image: image] the average apparent molar volume of gas in the pressure range [[image: image], [image: image]], [image: image] the Henry’s constant, characteristic of the particular gas, and [image: image] the fugacity coefficient. The solubility of gases increases as the equilibrium pressure of the gas above a solution increases. Conversely, adding heat to the solution provides thermal energy that overcomes the attractive forces between the gas and the solvent molecules, thereby decreasing the solubility of the gas.
As the pressure is decreased from the initial reservoir pressure ([image: image]) to bubble point pressure ([image: image]), the dissolved gas-water ratio (formation water is represented by brine) is constant, equal to the maximum concentration. As the pressure falls below bubble point pressure, free gas will continuously evolve. This leaves less gas dissolved in the brine, therefore the solution gas brine ratio steadily declines below the bubble point pressure. This decay is linear, according to Henry’s law (Eq. 2).
Salinity of the liquid solvent may also have an effect: the solubility of gases in water is usually decreased by the addition of electrolytes, as described by the Sechenov equation (Hermann et al., 1995)
[image: image]
where [image: image] is the concentration of gas in a salty water, [image: image] is the concentration in pure water, [image: image] is the salt concentration and [image: image] is the Sechenov constant, which depends on the salt, the gas, and the temperature.
Thus, Eq. 2 can be extended as (Torin-Ollarves and Trusler, 2021):
[image: image]
According to Hala et al. (1967) and Prausnitz et al., 1986), the fugacity coefficient of a pure gas can be related to the compressibility factor (Z) as follows:
[image: image]
We used the Spycher and Reed (1988) EoS for pure hydrogen, valid in the range 25°C–600°C and up to 3,000 bar, which proved to be very accurate (De Lucia et al., 2015):
[image: image]
where [image: image] is pressure in bar, T is the temperature in K and parameters are reported in Table 1.
TABLE 1 | Parameters in Eq. 6.
[image: Table 1]The vapor pressure in ordinary water substance at saturation can be estimated in function of temperature from (Wagner and Pruess, 1993):
[image: image]
where [image: image], T is in K, [image: image], [image: image]; parameters in Eq. 7 are reported in Table 2.
TABLE 2 | Parameters in Eq. 7.
[image: Table 2]For a solution of pure hydrogen in pure water, Henry’s constant ([image: image]) in MPa kg/mol, Sechenov constant ([image: image]) in kg/mol and the average partial molar volume of the gaseous solute ([image: image]) in cm3/mol can be obtained by empirical correlations with temperature (Torín-Ollarves and Trusler, 2012):
[image: image]
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[image: image]
where [image: image], T is the temperature in K; parameters in Eqs 8−10 are reported in Table 3. The correlations of Eqs 8−10 provided an estimate of Rs curves in good agreement with experimental data reported in the literature by several authors (Wiebe et al., 1932; Wiebe and Gaddy, 1934; Crozier and Yamamoto, 1974; Gordon et al., 1977; Kling and Maurer, 1991, Choudhary et al., 1982).
TABLE 3 | Parameters in Eqs 8–10.
[image: Table 3]In this work, the bubble point and the curve of [image: image] vs [image: image] for a given temperature ([image: image]) is obtained by an isothermal expansion experiment: starting from a solution of liquid and gas at a given pressure ([image: image]) and temperature ([image: image]), the pressure is gradually reduced by steps and the volume of released gas is measured, after being brought to standard conditions ([image: image], [image: image]). More details are given in Section 4. Eqs 4–10 were implemented as a validation for our experiments for pure hydrogen.
2.2 Maximum dissolution assessment
The expansion experiment is similar to the conventional Differential Liberation Expansion (DLE) test typically performed on undersaturated oil samples to estimate PVT properties including the solution gas-oil ratio (Rs) at reservoir temperature and at different pressures representative of a depletion process starting from initial reservoir pressure. However, in the reservoir oil case the solution gas-oil ratio is measured directly from the experiment, while in our problem, the maximum amount of gas that can be dissolved in water had to be evaluated through preliminary dissolution experiments with different brine to H2 ratios.
Having a liquid volume fixed at 100 mlsc (the maximum available volume in the cell is 300 mL), an injection pressure greater than 1 atm was needed to manage Rsw values greater than 2. A summary is reported in Table 4, suggesting a volume ratio of 3.65 H2 in brine for complete dissolution at the pressure and temperature of interest, representative of a storage reservoir.
TABLE 4 | Summary of the series of solubility experiments of different volume ratios at 50°C.
[image: Table 4]2.3 Experimental SetUp
The experimental set-up is composed by (Figure 1):
• PVT cell
• mass flow meter
• gasometer
• dry ice-cooling system
• volumetric pump
[image: Figure 1]FIGURE 1 | Schematic of the experimental setup.
A volumetric pump was used in the calibration phase, before the tests, to accurately measure the volume of liquid/gas entering the cell and compare it with the one estimated using the PVT cell software.
The PVT cell (Figure 2A) is an instrument for the study of thermodynamic properties and phase behavior of liquids and gases. It is composed of a fluid mixer mounted on the piston (depicted in red in Figure 1), an accurate pressure transducer, and an electric heater for temperature control. A digital camera system monitors the liquid/gas interface through a sapphire window (depicted in blue in Figure 1), on top of the cell visual head. The parts in contact with the fluids are made of Hastelloy to be safely used with hydrogen. Specifications and accuracy details of the instrument are listed in Table 5.
[image: Figure 2]FIGURE 2 | (A) PVT cell; (B) gasometer.
TABLE 5 | Instruments specifications and accuracy.
[image: Table 5]At the inlet, the flow of the injected gas is monitored using a mass flow meter, specific for hydrogen and its mixtures.
At the outlet, the gas liberated at each pressure step is cooled using a dry ice cooling system along the outlet line and it is then sent to a gasometer (Figure 2B), where it expands and cools to room temperature. The gasometer specifications are reported in Table 5.
2.4 Test procedure
Before running the tests, the PVT cell was calibrated within the desired working pressure range (1 bar–500 bar) and temperature range (20°C–100°C) to increase its accuracy on the volume measurements.
The test procedure is the following:
1) Water injection: Fill the cell with 100 mL of brine
2) Gas injection:
a) Flush the connection tubes with the working gas to remove the air and avoid any contact between the gas mixture and the air at high pressure and temperature.
b) Set the inlet injection pressure to 8 bar.
c) Move the cell from 100 mL to 150 mL and simultaneously record the flow injected into the cell with the Mass flow meter to inject exactly 50 mL.
e) Verify the volume of the liquid ([image: image] and the gas ([image: image]) at ambient temperature and atmospheric pressure using the PVT cell software.
3) Pressure and temperature setting:
f) Compress the cell at ambient temperature to reach the complete dissolution (300–500 bar depending on the gas mixture and working temperature). A maximum pressure ramp limit equal to 1 bar/s is imposed to avoid sapphire rupture.
g) Increase the temperature to the desired value (T = 45C°, 50°C, or 55°C). The temperature is not changed during the compression to avoid exceeding the maximum pressure ramp limit.
4) Mixing: start the stirring. An hour or two is needed to solubilize the gas into the brine solution, depending on the type of gas mixture. This process is associated with a pressure drop, which is compensated by piston movement to maintain the pressure constant.
5) Solubility test: expand the solution in pressure steps, until the cumulative released gas volume matches the injected value or the atmospheric pressure is reached:
h) Expansion: induce a pressure drop by expansion (30 bar, less near the bubble point)
i) Gas separation: If one or more bubbles are observable during the expansion step (i.e., the bubble point is reached), turn on the stirring to liberate the dissolved gas. The gas leaving the brine solution causes a slight pressure increase. The stirring is kept on until the pressure is stabilized.
j) Gas measurement: measure the released gas volume with the gasometer.
i) To avoid a high pressure drop into the cell when sending the gas bubble to the gasometer, the pressure in the cell is maintained by rapid compression. In all the experiments, the pressure drop during the release of the gas was around 2 bar.
ii) Gas expansion is allowed within the tubes between the cell and the gasometer so that the gas entering the gasometer is at atmospheric pressure.
iii) The gas leaving the cell is cooled along the line between the PVT cell and the gasometer; possible aqueous vapor in the gas is condensed using dry ice to avoid the uncertainty of the measurement in the gasometer and to prevent its corrosion.
2.4.1 Samples and testing conditions
The presence of a mixture of methane and hydrogen is expected in the primary phase of hydrogen storage in a depleted gas reservoir. Thus, mixtures of methane and hydrogen were considered along with pure hydrogen. Solubility tests were carried out for four different gas samples:
• 10 mol% H2 and 90 mol% CH4.
• 50 mol% H2 and 50 mol% CH4.
• pure hydrogen (100 mol% H2).
Three temperature values were considered, representative of the reservoir conditions: 45°C, 50°C, and 55°C. A working pressure range of 1–500 bar was adopted.
The solubility tests were conducted each with two synthetic brine solutions, representative of real reservoir brine in place. Composition and pH details are summarized in Table 6. The complete set of tests is summarized in Table 7.
TABLE 6 | Concentration of brine 1 and brine 2.
[image: Table 6]TABLE 7 | Summary of the performed solubility tests.
[image: Table 7]3 RESULTS
In the experiments carried out with pure hydrogen all the gas injected was completely dissolved at 300 bar during compression and stirring. Complete dissolution was not achievable without stirring (several minutes of stirring were required). During decompression, the first bubble of the gas appeared at 210 bar. The first step at which the gas was released from the PVT cell was around 185 bar (±2 bar due to the pressure drop created by the opening of the valves).
In the experiments carried with a gas mixture of 50 mol% methane and 50 mol% hydrogen, compressing to 300 bar and stirring was not enough to dissolve the gas into the brine. For the experiments at 45°C and 50°C, compressing to 350 bar and stirring for a longer amount of time was capable of dissolving the gas in the brines. For 55°C, a higher pressure (up to 500 bar) and higher stirring velocity were needed to dissolve the gas into B1 and B2. During decompression, the first bubble of the gas appeared at 210 bar. The first step at which the gas was released from the PVT cell was around 195 bar.
In the experiments with a gas mixture of 90 mol% methane and 10 mol% hydrogen, for all the temperatures, a pressure of 500 bar was needed, accompanied by stirring to completely dissolve the gas mixture. During the decompression phase, the first bubble of gas appeared at 220 bar for 45°C while at 230 for 50°C and 55°C. The first step at which the gas was released from the PVT cell was 10 bar below the bubble point for each experiment.
Experimental data are summarized in Table 8. The obtained isothermal solubility curves as a function of pressure are reported in Figure 3 and Figure 4 in the form of volume ratio and molar concentration, respectively. A comparison in terms of the slope of the linear part of the Rs curve is given in the form of boxplots in Figure 5. A comparison with literature results for the pure hydrogen case (Wiebe and Gaddy, 1934; Kling and Maurer, 1991; Torin-Ollarves and Trusler, 2021) is given in Figure 6.
TABLE 8 | Test results.
[image: Table 8][image: Figure 3]FIGURE 3 | Experimentally obtained isothermal solubility curves, expressed in terms of solution gas water volume ratio (Rsw) as a function of pressure: sensitivity to (A) gas mixture, (B) brine salinity (see Table 6), and (C) temperature.
[image: Figure 4]FIGURE 4 | Experimentally obtained isothermal solubility curves, expressed in terms of the molar concentration of total gas as a function of pressure: sensitivity to (A) gas mixture, (B) brine salinity (see Table 6), and (C) temperature.
[image: Figure 5]FIGURE 5 | Sensitivity of the slope of the experimentally obtained isothermal solubility curves to brine salinity, temperature, and gas mixture.
[image: Figure 6]FIGURE 6 | Experimental data of solubility curves for pure hydrogen in brine (salinity as in Table 6) at 50°C compared with literature values: model by Torin-Ollarves and Trusler 2021 at the same salinity (dashed lines); experimental data in pure water by Wiebe and Gaddy 1934 (squares), Kling and Maurer 1991 (crosses), and Torin-Ollarves and Trusler 2021 (asterisk).
In all cases maximum Rs value is about 4, as it is expected consequently to the injected gas volumes (Section 2.2); small differences observed in the reached maximum Rs values are probably related to uncertainties on the initial gas volume at standard conditions. The 50 mL of gas at injection conditions corresponds to slightly different volumes at standard conditions because the ambient temperature can vary, and the initial pressure setting is subject to a little uncertainty.
4 DISCUSSION
In all the cases, very similar curves were obtained (Figures 3–5). Methane-hydrogen mixtures dissolve more easily in formation water (i.e., higher slopes were observed) when a low percentage of hydrogen is considered. The result is coherent with the technical literature since pure methane is known to be more soluble than pure hydrogen in water (Kaye and Laby, 1986). At the experiment conditions, the impact of the chemical composition of the two analyzed brines was not significant and the effect of temperature was extremely limited. As a consequence, the possible temperature changes over the years during storage operations should not have a significant effect on solubility phenomena.
The obtained values are comparable with literature experimental values for pure hydrogen in pure water (Wiebe and Gaddy, 1934; Kling and Maurer, 1991; Torin-Ollarves and Trusler, 2021) and correlations for pure hydrogen at the desired salinity (Torin-Ollarves and Trusler, 2021) (Figure 6). Some discrepancies can be recognized, but the associated uncertainty does not have an impact on the results for UHS purposes.
The obtained Rsw curves can be used to estimate the quantity of gas that dissolves in formation water during a storage cycle (a simplified analytical calculation is provided in the Appendix), thus allowing an estimate of the quantity of hydrogen available for possible participation in microbial processes. It is pointed out that in the absence of microbial activities, the gas quantity that dissolves as the pressure increases during the injection period is not lost. It is released as the pressure is gradually reduced during the withdrawal phase. Furthermore, it has to be pointed out that the volume of gas dissolving in the formation water is extremely limited.
The formation water in an underground gas reservoir is saturated with natural gases since the fluids are in equilibrium at the reservoir thermodynamic conditions. The amount of gas dissolved into the formation water is described, in typical reservoir simulation numerical models, adopting the Rsw vs. pressure curve. In conventional reservoir engineering and in conventional UGS, the composition of the gas is almost constant in time. In UHS, the composition of the reservoir fluid changes over time and should be characterized by an increasing percentage of hydrogen over the injection/withdrawal cycle and over the years. Similarly, the relative amount of hydrogen dissolved in the formation water will increase. It has to be pointed out that the process of solubility is reversible, i.e. the amount of gas dissolved during injection periods (when pressure increases) is not lost but liberates during the withdrawal periods.
The obtained experimental solubility results might represent a slight overestimation of dissolved gas at reservoir conditions due to the assisted stirring during compression. It is also important to point out that within the reservoir, the direct contact area between the gas and the brine is smaller compared to the PVT cell.
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APPENDIX A AN ESTIMATE OF GAS VOLUME DISSOLVING WITHIN A STORAGE CYCLE
The obtained Rsw curves can be used to estimate the quantity of gas that dissolves in a storage cycle, as the storage pressure increases from a starting pressure [image: image] (e.g. empty storage), to the pressure [image: image] (e.g. full storage).
The volume of gas at a pressure [image: image], brought to standard conditions (15°C and 1 bar), is the sum of the gas in the pore volume and the gas dissolved in water at that pressure:
[image: image]
where, considering a biphasic system of gas and water, [image: image] is the saturation of the gas, [image: image] is the saturation of water, [image: image] is the formation volume factor of water, [image: image] is the formation volume factor of gas at pressure [image: image], [image: image] is the pore volume, [image: image] represents the volume of dissolved gas at a given reservoir temperature and pressure [image: image] when brought to standard conditions divided by the volume of brine at stock tank conditions.
The volume of injected gas from a starting pressure [image: image] to [image: image] can be expressed as:
[image: image]
Thus, the volume ratio of injected gas that dissolves is:
[image: image]
By way of example, the scenario of pure H2 in brine B1 at 45°C is considered; [image: image] is fixed to 60 bars and [image: image] to 210 bar; [image: image] =0.8 and [image: image] = 1 are assumed. [image: image] curves vs. [image: image] at different temperatures were obtained by previous Constant Mass Expansion (CME) tests within the PVT cell. In Figure 7A, the orange curve corresponds to [image: image] vs pressure while the blue curve corresponds to the [image: image] versus pressure: full dot values are experiment data, while empty dots represent the values interpolated to the pressure value of [image: image] curve. Figure 7B shows the percentage of H2 entering brine B1 at 45°C versus pressure (orange) calculated using the Eq A3, compared with [image: image] (orange).
[image: Figure 7]FIGURE 7 | Scenario of pure H2 in brine 1 at 45°C: (A) Rsw and Bg; (B) percentage of gas in solution.
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