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In the context of Underground Hydrogen Storage (UHS), the stored gas is in direct contact with brine (residual brine from the cavern or formation water of deep aquifers). Therefore, knowledge of the phase equilibria (solubility of hydrogen in brine and water content in the hydrogen-rich phase) in the geological reservoir is necessary for the study of hydrogen mobility and reactivity, as well as the control, monitoring and optimization of the storage. The absence of measured data of high-pressure H2 solubility in brine has recently led scientists to develop predictive models or to generate pseudo-data using molecular simulation. However, experimental measurements are needed for model evaluation and validation. In this work, an experimental apparatus based on the "static-analytic" method developed and used in our previous work for the measurement of gas solubility in brine was used. New solubility data of H2 in H2O+NaCl were measured more or less under the geological conditions of the storage, at temperatures between 323 and 373 K, NaCl molalities between 0 and 5m, and pressures up to 230 bar. These data were used to parameterize and evaluate three models (Geochemical, SW, and e-PR-CPA models) tested in this work. Solubility and water content tables were generated by the e-PR-CPA model, as well as a simple formulation (Setschenow-type relationship) for quick and accurate calculations (in the fitting range) of H2 solubility in water and brine was proposed. Finally, the developed models estimate very well the water content in hydrogen-rich phase and capture and calculate precisely the salting-out effect on H2 solubility.

Introduction

Hydrogen (H2) is considered to be a renewable energy carrier with promising prospects for energy transition. It can be used directly in fuel cells for transport and mobility applications, or as a complement to existing energy resources such as the production of synthetic methane by combining it with CO2 through methanation, and the injection into existing Natural Gas (NG) networks with the aim of reducing consumption (in the short term) and stopping the use (in the long term) of fossil fuels. To manage the intermittent nature of renewable energy sources such as wind and solar power, surplus electricity can be stored in chemical form by producing H2 through water electrolysis (power-to-gas concept). In order to balance the temporal differences between production and demand, storage of pure or blended (e.g. with NG [START_REF] Melaina | Blending hydrogen into natural gas pipeline networks. a review of key issues[END_REF][START_REF] Shi | Impacts of the subsurface storage of natural gas and hydrogen mixtures[END_REF]) hydrogen is necessary.

Hydrogen can be stored in gaseous form in gas cylinders, in liquid form in cryogenic tanks, or in solid form by adsorption, absorption or by reacting with some chemical compounds [START_REF] Züttel | Hydrogen storage methods[END_REF].

However, the most studied and used technology for hydrogen large-scale storage is underground storage in geological formations such as salt caverns, deep aquifers, and depleted gas fields. In addition to their huge storage capacity (in terms of volume and pressure), underground hydrogen storage remains more cost-effective and safer than other storage techniques [START_REF] Ozarslan | Large-scale hydrogen energy storage in salt caverns[END_REF][START_REF] Tarkowski | Underground hydrogen storage: Characteristics and prospects[END_REF].

Hydrogen storage in salt caverns has been done successfully for decades. However, none of this storage has been done for energetic purposes, since the stored hydrogen was mainly dedicated to the chemical and petrochemical industry. Large quantities of hydrogen are used [START_REF] Bader | EU policies and cluster development of hydrogen communities[END_REF] in refineries (50%) to remove/recover sulfur from fuels using hydrotreating (hydrogenation process), and in the Haber process (32%) for ammonia (NH3) synthesis by combining nitrogen (N2) and hydrogen (H2). Currently, four sites for hydrogen storage in salt caverns are operational worldwide: three in the USA (Clemens Dome, Moss Bluff, Spindletop) and one in the UK (Teesside). Several projects are in progress or have just been completed studying for energy purposes the storage of pure hydrogen in salt caverns (H2STORE, HyUnder, HyStock, Rostock H, STOPIL H2, etc.) and in gas fields (SunStorage and HyChico projects) or possibly mixed with CO2 in deep saline aquifers (Underground bio-methanation concept [START_REF] Strobel | Underground bio-methanation: Concept and potential[END_REF]) or with CH4 (SunStorage and HyChico projects). A benchmarking study of the different options for high-pressure hydrogen storage was carried out as part of the European project HyUnder [START_REF] Kruck | Benchmarking of selected storage options[END_REF].

This comparative study concluded that, according to the different techno-economic and safety factors, storage in salt caverns is first in the ranking, followed by storage in depleted gas fields and storage in deep saline aquifers. Finally, hydrogen (especially pure) storage in salt caverns is preferred for several reasons [START_REF] Crotogino | Larger scale hydrogen storage[END_REF]: the least expensive of all forms of storage, less cushion gas than storage in porous media, the possibility of several injection/withdrawal cycles, and a positive experience feedback.

Underground Hydrogen Storage (UHS) is much less studied than the underground natural gas storage, therefore in most existing hydrogen storage sites, the pressure does not exceed more or less than 150 bar. This is explained by its high mobility due to its small size [START_REF] Bai | An overview of hydrogen underground storage technology and prospects in China[END_REF], as well as its high reactivity (redox reactions) by possibly participating in certain microbial processes: sulfate-reduction, methanogenesis, acetogenesis, and iron-reduction [START_REF] Reitenbach | Influence of added hydrogen on underground gas storage: a review of key issues[END_REF][START_REF] Hagemann | Hydrogenization of underground storage of natural gas[END_REF]. Most of these types of reactions can take place in the aqueous medium, i.e. in the residual brine after the solution mining of salt caverns or in the formation water of deep aquifers. The study of the mobility and reactivity of hydrogen is therefore necessary for the total control of the storage of this molecule, as well as for the reduction of the safety factors used (just by feedback), and consequently a more efficient and economical storage. In order to be able to perform chemical speciation calculations and study its mobility, it is therefore necessary to determine precisely the solubility of hydrogen in the aqueous phase under the thermodynamic storage conditions (temperature, pressure and salinity). Finally, the simulation and control of storage facilities, as well as the monitoring of hydrogen (temperature, pressure and quantity) in the reservoir (salt cavern or aquifer), requires knowledge of phase diagrams (solubility and water content of hydrogen) [START_REF] Lopez-Lazaro | Predicting the phase behavior of hydrogen in NaCl brines by molecular simulation for geological applicationsPrédiction par simulation moléculaire des équilibres de phase de l'hydrogène dans des saumures de NaCl pour des applications géologiques[END_REF].

The solubility of hydrogen in water has been extensively studied at different pressures (P) and temperatures (T) in the past, as well as in saline water only under atmospheric P-T conditions. However, there are no high-pressure data of hydrogen solubility in saline water [START_REF] Bazarkina | The Behavior of H2 in Aqueous Fluids under High Temperature and Pressure[END_REF]. This can be justified by the complexity and dangerousness of this type of measurements, which are characterized by high pressure, high flammability of H2, and presence of salt (risk of corrosion and leakage). To overcome this lack of data, recently "predictive" models adjusted on a limited number of data (available experimental data and/or molecular simulation data) have been proposed. Li et al. [START_REF] Li | A unified phase equilibrium model for hydrogen solubility and solution density[END_REF] proposed a model to predict the solubility of hydrogen in brine under geological storage conditions. The parameters of their model were adjusted on H2 solubility data in brine at atmospheric pressure and high-pressure H2 solubility data in pure water. Lopez-Lazaro et al. [START_REF] Lopez-Lazaro | Predicting the phase behavior of hydrogen in NaCl brines by molecular simulation for geological applicationsPrédiction par simulation moléculaire des équilibres de phase de l'hydrogène dans des saumures de NaCl pour des applications géologiques[END_REF] performed Monte Carlo simulations to generate pseudo-experimental data, which were then correlated using an equation of state (Soreide and Whitson model [START_REF] Søreide | Peng-Robinson predictions for hydrocarbons, CO2, N2, and H2S with pure water and NaCl brine[END_REF]). An inconsistency between the two studies was identified, which was totally expected, given the different approaches used and the lack of experimental data. However, further experimental measurements are needed to evaluate these predictions and refine existing models by including "real" high-pressure solubility data.

In this work, the solubility of hydrogen in brine (H2O+NaCl) was measured analytically with the apparatus used in our previous work on the carbon dioxide and oxygen solubility in brine [START_REF] Chabab | Thermodynamic study of the CO2-H2O-NaCl system: Measurements of CO2 solubility and modeling of phase equilibria using Soreide and Whitson, electrolyte CPA and SIT models[END_REF][START_REF] Chabab | Measurements and modeling of high-pressure O2 and CO2 solubility in brine (H2O+NaCl)[END_REF]. The measurements were carried out more or less under the geological storage conditions (temperature 323 ≤ T (K) ≤ 373, pressure up to 200 bar and NaCl molality 0 ≤ mNaCl (mol/kgw) ≤ 5). These new data, as well as existing literature data, were used to parameterize the models developed and presented in our previous work [START_REF] Chabab | Thermodynamic study of the CO2-H2O-NaCl system: Measurements of CO2 solubility and modeling of phase equilibria using Soreide and Whitson, electrolyte CPA and SIT models[END_REF][START_REF] Chabab | Measurements and modeling of high-pressure O2 and CO2 solubility in brine (H2O+NaCl)[END_REF] using different thermodynamic approaches (gamma-phi and phi-phi). Solubility of H2 in H2O + NaCl

Experimental

Literature and measured (this work) solubility data of H2 in water and brine

In the literature, there are numerous data on the solubility of hydrogen in pure water, the majority of which come from very old studies. These data were collected, listed in Table 1, and presented in Figure 1.a as function of temperature and pressure. The Wiebe and Gaddy [START_REF] Wiebe | The solubility of hydrogen in water at 0, 50, 75 and 100° from 25 to 1000 atmospheres[END_REF] data are the most reliable according to IUPAC's [START_REF] Young | Hydrogen and deuterium[END_REF] evaluation of experimental data, and largely cover the pressure and temperature range of geological storage conditions.

The solubility of hydrogen in brine is less studied than in pure water. In 

Materials

In Table 3, the suppliers of Hydrogen (H2, CAS Number: 1333-74-0) and Sodium Chloride (NaCl, CAS Number: 7647-14-5) and the given purities are listed. Water was deionized and degassed before the preparation of the brine (water + NaCl). 

Apparatus and method

The experimental method used for this work has already been employed to measure the solubility of CO2 [START_REF] Chabab | Thermodynamic study of the CO2-H2O-NaCl system: Measurements of CO2 solubility and modeling of phase equilibria using Soreide and Whitson, electrolyte CPA and SIT models[END_REF][START_REF] Chabab | Measurements and modeling of high-pressure O2 and CO2 solubility in brine (H2O+NaCl)[END_REF] and O2 [START_REF] Chabab | Measurements and modeling of high-pressure O2 and CO2 solubility in brine (H2O+NaCl)[END_REF] in NaCl brine. However, a brief description of this technique will be presented (for more details, see Chabab et al. [START_REF] Chabab | Thermodynamic study of the CO2-H2O-NaCl system: Measurements of CO2 solubility and modeling of phase equilibria using Soreide and Whitson, electrolyte CPA and SIT models[END_REF][START_REF] Chabab | Measurements and modeling of high-pressure O2 and CO2 solubility in brine (H2O+NaCl)[END_REF]).

The technique based on the "static-analytic" method is illustrated in Figure 2 and consists of:

1-Performing the Equilibrium in a Cell (EC) placed in an Oven (O) to control the temperature, and equipped with a Variable Speed Stirrer (VSS), pressure and temperature sensors, and ROLSI ® (Rapid On-Line Sampler-Injector, French patent number 0304073) capillary samplers.

The desired pressure is less controlled than the temperature, and is obtained by adding through a manual valve (V1) the necessary quantity of gas to the saline solution previously loaded in the cell.

2-Taking a sample from the liquid phase by the ROLSI ® and transferring it to the analytical part once the thermodynamic equilibrium (temperature and pressure stabilization) has been reached.

3-Quantification of non-electrolyte compounds (H2 and H2O) by GC analysis.

This last step depends on GC detector calibration, which is carried out under the same measurement conditions, to convert the areas obtained by integration of the chromatogram peaks into numbers of moles. Using the mole number of H2 ( ) and H2O ( ), the solubility of H2 in the saline solution in terms of "salt-free" mole fraction is determined:

= + (1) 
The solubility in terms of "salt-free" mole fraction can be converted in terms of molality (in mol/kgw) easily by the following relationship:

= 1000 (1 - ) (2) 
or in terms of "true" mole fraction by

= + + = + + = + 1 - 1 + (3) 
where and are respectively the mole number and molality (in mol/kgw) of the salt (NaCl), and is the molecular weight of water (in g/mol).

To check repeatability and to obtain data that are more representative of the real solubility, the procedure described above is repeated several times.

2.4.

Experimental results

Experimental measurements of H2 solubility in H2O+NaCl were carried out at temperatures between 323 K and 373 K, at pressures up to 230 bar and at NaCl molalities (m=mol/kgw) equal to 0 (pure water), 1m, 3m and 5m. These measurements are presented in Table 4, knowing that the reported data (P, T, ) with the associated uncertainties are an average of several repeated measurements. The method proposed by NIST [START_REF] Taylor | Guidelines for evaluating and expressing the uncertainty of NIST measurement results[END_REF] was used to estimate measurement uncertainties. The uncertainties related to the TCD calibration (determination of mole numbers) and repeatability, are taken into account in the calculation of the total uncertainty on composition ( ), by the following relationship:

= ± ! ( ) + " # ! ( ) (4) 
Since the composition is determined from the values of the other independent measurands (number of moles of the compounds: and ), the law of propagation of uncertainty should apply [START_REF] Taylor | Guidelines for Evaluating and Expressing the Uncertainty of NIST Measurement Results[END_REF][START_REF] Soo | Experimental thermodynamic measurements of biofuel-related associating compounds and modeling using the PC-SAFT equation of state[END_REF][START_REF] Zhang | Développement d'un dispositif expérimental original et d'un modèle prédictif pour l'étude thermodynamique des composés soufrés[END_REF][START_REF] Abbadi | Etude des propriétés thermodynamiques des nouveaux fluides frigorigènes[END_REF]:

= ± $ % & & ' ! ! + % & & ' ! ! + " # ! ( ) = ± $ % 1 - + ' ! ! + % + ' ! ! + " # ! ( ) (5) 
The uncertainty ( ) involved in the calculation of the mole number takes into account the injection of the constituents by the syringe (for GC calibration) ( ( ) and the polynomial equation " . * ( ) relating the surface area S (obtained by integration of the chromatogram)

and the mole number n:

( ) = ( ! ( ) + " . * ! ( ) (6) 
The calculation of " # ( ), ( ( ) and " . * ( ) are described in detail by Soo [START_REF] Soo | Experimental thermodynamic measurements of biofuel-related associating compounds and modeling using the PC-SAFT equation of state[END_REF], Zhang [START_REF] Zhang | Développement d'un dispositif expérimental original et d'un modèle prédictif pour l'étude thermodynamique des composés soufrés[END_REF] and El Abbadi [START_REF] Abbadi | Etude des propriétés thermodynamiques des nouveaux fluides frigorigènes[END_REF]. In the same way repeatability and calibration (polynomial equation) are the two sources of error on the measurement of pressure (+) and temperature (,) uncertainties.

Since the water content in the H2-rich phase is very low, and considering the vapor phase as ideal, the Krichevsky-Kasarnovsky [START_REF] Krichevsky | Partial Molal Quantities in an Infinitely Dilute Solution[END_REF] In Figure 3, the measured data were plotted as . - observe a good linearity even by neglecting the fugacity coefficient and water content. Only a few points at low pressure are slightly shifted, this is due to the fact that the water content is not negligible at low pressure and also to the experimental protocol. The H2 solubility in pure water was measured to validate the calibration by comparing with literature data. Figure 3 shows that the obtained measurements are in good agreement with the literature data. 

Thermodynamic modeling

Asymmetric and symmetric thermodynamic approaches were used for modeling liquid-vapor equilibria of the binary H2+H2O and ternary H2+H2O+NaCl.

Approaches and models

In the asymmetric approach, the non-ideality of the vapor phase is taken into account by considering fugacity coefficients in the vapor phase, which are obtained by using an equation of state. However the non-ideality of the liquid phase is considered with a G-excess model through the activity coefficients. Based on this approach, the Geochemical model implemented in CHESS/HYTEC software and proposed by Corvisier [START_REF] Corvisier | Modeling water-gas-rock interactions using CHESS/HYTEC[END_REF][START_REF] Corvisier | Impact of co-injected gases on CO2 storage sites: Geochemical modeling of experimental results[END_REF] was tested.

In the symmetric approach, the two phases (liquid and vapor) in equilibrium are represented by the same model (Equation of State (EoS)). Based on this approach, two equations of state (SW and e-PR-CPA) were tested.

These three models (Geochemical, SW, and e-PR-CPA models) were presented in details in our previous work [START_REF] Chabab | Thermodynamic study of the CO2-H2O-NaCl system: Measurements of CO2 solubility and modeling of phase equilibria using Soreide and Whitson, electrolyte CPA and SIT models[END_REF][START_REF] Chabab | Measurements and modeling of high-pressure O2 and CO2 solubility in brine (H2O+NaCl)[END_REF], however a brief description of the models and their parameters resulting from this work are given hereafter.

A. Geochemical model

This model solves a large set of mass balances and mass action laws to calculate the whole system speciation (i.e. aqueous, gaseous and solid quantities and activities/fugacities).

Nevertheless, to handle multi-components either for the gas phase and the electrolyte, equations shall remain generic. For the gas phase, the PR-SW EoS is used with the classical mixing rule.

For the aqueous solution and particularly for saline solutions with high ionic strength, activity coefficients are calculated using Specific Ion Theory (SIT) showing satisfactory results.

Simulations presented here are run along with the Thermoddem database including parameters for PR-SW EoS (Blanc et al. [START_REF] Blanc | Thermoddem: A geochemical database focused on low temperature water/rock interactions and waste materials[END_REF]) with the addition of the Henry's constant for H2 (Harvey [START_REF] Harvey | Semiempirical correlation for Henry's constants over large temperature ranges[END_REF]), and parameters for molar volume of the dissolved gaseous component at infinite dilution (Shock et al. [START_REF] Shock | Calculation of the thermodynamic and transport properties of aqueous species at high pressures and temperatures: Standard partial molal properties of inorganic neutral species[END_REF]). Gas binary interaction parameters for PR-SW and aqueous binary interactions parameters for SIT have been fitted on experimental data.

• C is equal to 0.445.

• D E F G and D H E F G are equal to -0.097 and -0.035 using HCl and NaCl solutions activity measurements (Schneider et al. [START_REF] Schneider | Determination of hydrogen single ion activity coefficients in aqueous HCl solutions at 25 C[END_REF], Sakaida and Kakiuchi [START_REF] Sakaida | Determination of single-ion activities of H+ and Cl-in aqueous hydrochloric acid solutions by use of an ionic liquid salt bridge[END_REF]; Khoshkbarchi and Vera [START_REF] Khoshkbarchi | Measurement and correlation of ion activity in aqueous single electrolyte solutions[END_REF]). • D H E vary with temperature (from 0.090 at 25°C to 0.108 at 100°C) using H2 solubility measurements in NaCl solutions.

B. Soreide and Whitson (SW) EoS

The Soreide and Whitson [START_REF] Søreide | Peng-Robinson predictions for hydrocarbons, CO2, N2, and H2S with pure water and NaCl brine[END_REF] EoS is widely used in oil and gas applications especially for gas/water/salt systems, and is available in several thermophysical calculators and reservoir simulators. This EoS does not consider the salt (NaCl) as a compound, but takes into account its presence by adding a dependence of the model parameters (water alpha function I J (,) and the aqueous phase binary interaction parameter C ( KL ) to the NaCl molality. The use of two binary interaction parameters (C ( KL for the aqueous phase and C ( HK for the non-aqueous phase) makes the model inconsistent (similar to an asymmetric approach) and very empirical (to be used just within the range of parameter fit). Concerning C M KL and C M HK , we have taken the expression recently proposed by Lopez-Lazaro et al. [START_REF] Lopez-Lazaro | Predicting the phase behavior of hydrogen in NaCl brines by molecular simulation for geological applicationsPrédiction par simulation moléculaire des équilibres de phase de l'hydrogène dans des saumures de NaCl pour des applications géologiques[END_REF] which performs well when compared with our new data and readjusted its coefficients on H2 solubility data in brine (including those obtained in this work) and on water content data.

C M NO = P Q 1 + I Q H F R S + P T , , , 1 + I T H F R V + P ! exp %P Z , , , ' (7) 
The coefficients P 1 , I 1 and [ 1 given by Lopez-Lazaro et al. [START_REF] Lopez-Lazaro | Predicting the phase behavior of hydrogen in NaCl brines by molecular simulation for geological applicationsPrédiction par simulation moléculaire des équilibres de phase de l'hydrogène dans des saumures de NaCl pour des applications géologiques[END_REF] and those proposed in this work are listed in Table 5. The H2 critical temperature , , = 33.145 3 was taken from REFPROP 10.0 [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP[END_REF]. The readjustment of the coefficients has led to a significant improvement (comparing with the coefficients given by Lopez-Lazaro et al.) in the estimation of the solubility of H2 in water and NaCl-brine (AAD of 2.6% instead of 4.3%), and of the water content in the H2-rich phase (AAD of 2.5% instead of 6.6%). 

C. e-PR-CPA EoS

Unlike the SW EoS, the e-PR-CPA (electrolyte Peng-Robinson Cubic Plus Association) EoS takes into account the presence of salt theoretically. This model considers molecular interactions (attraction, dispersion, and association) by the PR (Peng-Robinson) cubic term [START_REF] Peng | A new two-constant equation of state[END_REF] and the Wertheim's association theory [START_REF] Wertheim | Fluids with highly directional attractive forces. I. Statistical thermodynamics[END_REF], and ionic interactions ion/ion by the MSA (Mean Spherical Approximation) theory [START_REF] Blum | Mean spherical model for asymmetric electrolytes: I. Method of solution[END_REF] and ion/solvent (solvation phenomenon) by the Born term [START_REF] Born | Volumen und hydratationswärme der ionen[END_REF]. The expression of the residual Helmholtz free energy of the e-PR-CPA EoS is as follows:

P M6lMF6K m, = P 6l m, + P K m, + P nNK m, + P o m, (8) 
The expression of the residual Helmholtz energy A qrs is the key function in equilibrium thermodynamics, because all other thermodynamic properties (pressure, fugacity coefficient, enthalpy, etc.) are calculable from the partial derivatives of A qrs with respect to temperature, volume, and mole number. Further details on the different terms of Equation 8and their calculation methods as well as the model parameterization (for pure H2O and H2O+NaCl) are presented in our previous paper [START_REF] Chabab | Thermodynamic study of the CO2-H2O-NaCl system: Measurements of CO2 solubility and modeling of phase equilibria using Soreide and Whitson, electrolyte CPA and SIT models[END_REF].

Since H2 is not considered as an associative species, the solvation (cross-association interaction) of H2 by H2O molecules was not considered (no Lewis Acid -Lewis Base interaction). Only the binary interaction parameters (of the cubic term PR) of the t ! -t ! u, t ! -Na x , and t ! -Cl M pairs were considered in the fit. Temperature dependence was considered in the t ! -t ! u interaction, and salt concentration dependence was considered in the t ! -ion interactions.

C M = -2.51 × 10 M~ , ! + 2.24 × 10 M! , -4.44

C M•€ E = -1.58 H F -5.7 (9) 
C M•' G = 0.96 H F + 4.87 (10) 

H2+H2O system :H2 solubility and water content

The models presented above were used to process data of H2 solubility in pure water. In Figure 4, literature data and "validation" measurements are presented together with calculated solubilities at 323 and 373 K. Compared to experimental data, all three models estimate accurately the solubility of H2 in pure water at different temperatures and pressures. The solubility is higher at 373 K, this can be better visualized by studying the effect of temperature on the solubility. In Figure 5, isobaric solubility data smoothed by IUPAC [START_REF] Young | Hydrogen and deuterium[END_REF] (with an accuracy of ± 1 or 2%) between 51 and 203 bar are compared with model predictions. The models reproduce very well the effect of temperature on solubility at different fixed pressures, and estimate well the minimum solubility temperature which is close to 329 (± 2) K.

The prediction of water content in the H2-rich phase by the developed models was also investigated. Gillespie and Wilson [START_REF] Gillespie | GPA Research Report RR-41 Gas Processors Association[END_REF] data were used in the adjustment of the SW EoS and geochemical model. However, for the e-PR-CPA model, it is not necessary to include them in the parameter fitting for a good representation of the vapor phase. With a zero binary interaction parameter (C M = 0), the e-PR-CPA model reproduces the Gillespie and Wilson [START_REF] Gillespie | GPA Research Report RR-41 Gas Processors Association[END_REF] data with an Average Absolute Deviation (AAD) of 3.1% over a wide range of temperature (311 -478 K) and pressure (3 -138 bar), whereas with a non-zero C M (Equation 9), the model reproduces the same water content data with an AAD of 2.8%. The calculation of water content with CPA-type models is not very sensitive to variations in binary interaction parameters, which was also observed by Hajiw et al. [START_REF] Hajiw | Hydrocarbons-water phase equilibria using the CPA equation of state with a group contribution method[END_REF] using the GC-PR-CPA model. This is a great advantage of CPA-type models, as only gas solubility data are needed to parameterize the model and hence predict water content. In Figure 6, one can show that all models are able to predict the water contents, although only H2 solubility data were used to determine the e-PR-CPA model interaction parameters. All three models can be used to generate data with high accuracy especially in the parameter fitting range, however due to its theoretical background, the e-PR-CPA model can be used with a high level of confidence for the prediction of water content outside the parameter fitting range. In Table 6, predictions of water content in the H2+H2O binary system are generated with the e-PR-CPA model at different temperatures and pressures. 

H2+H2O+NaCl system: H2 solubility

As with all gases, the presence of salt in water is expected to decrease the solubility of hydrogen (salting-out effect) in a manner proportional to the concentration of the salt until the solution is saturated. Both atmospheric pressure data of H2 solubilities in H2O+NaCl from literature as well as new high pressure data measured in this work were included in the parameterization of the models (Geochemical, SW, and e-PR-CPA). The modeling results are shown in Figure 7.

The three models correlate solubility data at different temperatures (323-373 K) and pressures (up to 230 bar) with high accuracy and capture accurately the salting-out effect over a wide range of NaCl concentration (from salt-free solution to highly concentrated brine).

Given its very good performance and predictive capability, the e-PR-CPA model was used to predict solubility minimum temperatures in the presence of NaCl. In 8.

Correlation for H2 solubility in water and NaCl-brine:

For quick calculations of the solubility of H2 in water and brine, a simple correlation taking into account the effect of temperature, pressure and molality has been developed. The proposed correlation is based on a Setschenow-type relationship, and is defined by:

. % Q ' = " T H F ! + " ! H F (12) 
Knowing the solubility Q of H2 in pure water at system temperature and pressure, the solubility of H2 in brine at a molality H F is therefore easily obtained by Equation 12.

The solubility data (from IUPAC) of H2 in pure water were correlated by the following equation:

Q = … T +, + … ! + , + … Z + + … j + ! (13) 
In Equation 13, the temperature T is in K and the pressure P is in bar. The coefficients " and … in Equations 12 and 13 are listed in Table 7. The correlation for solubility in brine (Equation 12) is reduced to the correlation for solubility in pure water (Equation 13) when the molality is equal to 0.

When compared with IUPAC and measured data, the two correlations developed are capable of estimating the solubility in pure water and brine with high precision (see Figure 9) with an AAD of 0.5% and 2% respectively, and an overall AAD of 1%. However, it is recommended to use the two correlations only in the range of their coefficients adjustments, which are:

• For H2 solubility in pure water (Equation 13): 273.15 < T (K) < 373.15; 1 < P (bar) < 203

• For H2 solubility in NaCl-brine (Equation 12): 323.15 < T (K) < 373.15; 10 < P (bar) < 230; 0 < molality (mol/kgw) < 5 

Conclusions

Knowledge of high pressure hydrogen solubility in brine is of great importance especially for Underground Hydrogen Storage (UHS), however, a literature review has shown that there are no published experimental data at high pressure to date due to technical and safety challenges.

The "static-analytic" apparatus developed and validated in our previous work has been used to perform original measurements of H2 solubility in H2O+NaCl at high pressure (up to 230 bar) and at different temperatures (323 and 373 K) and molality (from salt-free to highly concentrated NaCl brine). The GC calibration was verified by performing measurements of H2 solubility in pure water which were compared with available literature data. The consistency of the measured data was verified with a Krichevsky-Kasarnovsky type approach. Some medium uncertainties were observed at low pressure (low solubility) due to the necessity of using two syringes of different volumes for calibration (one for small quantities and the other for large quantities). The new H2 solubility data will serve to improve the models implemented in the various reservoir simulation software (e.g. the nonisothermal multiphase flow and reactive transport simulator OpenGeoSys [START_REF] Li | A unified phase equilibrium model for hydrogen solubility and solution density[END_REF]) for the simulation of hydrogen storage.

For the processing of these new measured data, three models (Geochemical, SW, and e-PR-CPA models) using different thermodynamic approaches were used. The new data were used in the parameterization of these models, and in the evaluation of recently published pseudodata from molecular simulation or "predictive" models. The tested models can describe very well the solubility of H2 in water and brine as well as the water content in the H2-rich phase under different thermodynamic conditions. Accurate data tables of water content and H2 solubility in H2O±NaCl were generated with the e-PR-CPA model at different temperature, pressure and molality. Moreover, a simple Setschenow-type correlation has been proposed which is very efficient if used in the coefficient fitting range. Finally, the models and correlations proposed in this work can be used to calculate the solubility of hydrogen under geological storage conditions, however one method may be chosen over another, depending on the simplicity, accuracy, and degree of prediction (within or outside the fitting range).

Figure 1 :

 1 Figure 1 : Distribution of literature solubility data (×) and this work (◊). (a): H2-H2O system (solubility and water content); (b): H2 solubility in NaCl brine.

Figure 2 :

 2 Figure 2 : Schematic representation of the static-analytic apparatus [17] used to measure the solubility of gas (H2) in NaCl brine. DAS: data acquisition system, EC: equilibrium cell, GC: gas chromatography, HPT: high pressure transducer, LPT: low pressure transducer, LS: liquid ROLSI ® capillary Sampler-Injector, MPT: medium pressure transducer, O: oven, PP: platinum resistance thermometer probe, PT: pressure transducer, IV: homemade shut off valve, SM: samplers monitoring, SW: sapphire window, TP: thermal press, TR: temperature regulator, Vi: valve i, VP: vacuum pump, VS: vapor ROLSI ® capillary Sampler-Injector, VSS: variable speed stirrer and VVC: Variable Volume Cell.

  (3 ) + +4 = 5(+)2 derived from the gamma-phi approach is reduced to: -. -(+)2, where 5 7 , 7 and 3 are respectively the fugacity, the mole fraction and the Henry constant of the gas, +4 is the Poynting Factor and 5(+) is a linear function with respect to the pressure +.

  (+) to check their linearity. By comparing with the predictions of the e-PR-CPA model (see next section), in general, one can

Figure 3 :

 3 Figure 3: Solubility of H2 in H2O ± NaCl. Literature data [20, 49, 52] are represented by black symbols (△: 323 K -pure water; ◊: 373K -pure water) and measured ones (Table 4) are represented by colored symbols ( : 323 K -pure water; : 323 K -1m; +: 323 K -3m; ×: 323 K -5m; •: 348 K -1m; : 373K -pure water; : 373 K -1m; : 373 K -3m). The solid lines represent the predictions of the e-PR-CPA model.

Figure 4 :Figure 5 :

 45 Figure 4 : Solubility of H2 in H2O at 323 K (a) and 373 K (b). Literature data [20, 49, 52] are represented by black symbols ( ) and measured ones (Table 4) are represented by red symbols ( ). The solid, dotted and dashed lines represent the H2 solubilities calculated by the e-PR-CPA, SW, and geochemical models, respectively.

Figure 6 :

 6 Figure 6 : Water content in H2-rich phase at (a): 311 K; (b): 366, 422, and 478 K. Comparison of literature data [48] represented by black symbols, with predictions with the e-PR-CPA, SW, and geochemical models represented by solid, dotted, and dashed lines, respectively.

  Figure 8.a, isothermal data (at 323, 348 and 373 K) of the solubility of H2 in water and brine (1m NaCl) as a function of pressure are presented and compared with the model calculations. In Figure 8.b, the prediction of the evolution of H2 solubility as function of temperature at 152 bar (which is a pressure more or less representative of hydrogen geological storage conditions) is compared with salt-free data and measured data around 152 bar. Since the calculated solubilities are in very good agreement with the IUPAC (in pure water) and measured (in brine) data, accurate H2 solubility values in water and brine were generated at different temperatures, pressures and NaCl molalities with the e-PR-CPA model and listed in Table

Figure 7 :Figure 8 :

 78 Figure 7 : Solubility of H2 in H2O + NaCl at 323 K (a) and 373 K (b) and different NaCl molalities. Literature data [20, 49, 52] are represented by black symbols and measured ones (Table4) are represented by red symbols. The solid, dotted and dashed lines represent the H2 solubilities calculated by the e-PR-CPA, SW, and geochemical models, respectively.

Figure 9 :

 9 Figure 9: Calculated Solubility (solid lines) of H2 in H2O ± NaCl using correlation (Equations 12 and 13). (a): measured vs calculated ˆ_= ; (b): Isobars of H2 solubility in pure water; (c) and (d): Isotherms of solubility of H2 in water and brine at different molalities. Literature data [20, 49, 52] are represented by black symbols and measured ones (Table 4) are represented by red symbols.

Table 2

 2 

	, hydrogen

Table 1 : Literature experimental data for H2 solubility in pure water

 1 

	Reference	Year Tmin/K Tmax/K Pmin/bar Pmax/bar
	Bunsen [21]	1855 277.15 296.75	1.021	1.042
	Timofejew [22]	1890 274.55 298.85	1.020	1.046
	Bohr and Bock [23]	1891 273.20 373.15	1.019	2.030
	Winkler [24]	1891 273.65 323.25	1.020	1.138
	Steiner [25]	1894 288.20 288.20	1.030	1.030
	Braun [26]	1900 278.15 298.15	1.022	1.045
	Geffcken [27]	1904 288.15 298.15	1.030	1.045
	Knopp [28]	1904 293.15 293.15	1.037	1.037
	Hufner [29]	1907 293.15 293.34	1.037	1.037
	Findlay and Shen [30]	1912 298.15 298.15	1.009	1.840
	Muller [31]	1913 289.35 290.35	1.032	1.033
	Ipatiew et al. [32]	1932 273.65 318.15	20.265	141.855
	Wiebe and Gaddy [19]	1934 273.15 373.15	25.331 1013.250
	Morrison and Billett [33]	1952 285.65 345.65	1.028	1.350
	Pray et al. [34]	1952 324.82 588.71	6.900	24.150
	Zoss [35]	1952 273.15 606.48	34.500	207.000
	Pray and Stephan [36]	1953 373.15 435.93	14.133	100.308
	Wet [37]	1964 291.65 304.55	1.035	1.059
	Ruetschi and Amlie [38]	1966 303.15 303.15	1.056	1.056
	Shoor et al. [39]	1969 298.15 333.15	1.045	1.213
	Longo et al. [40]	1970 310.15 310.15	1.076	1.076

Table 2 : Literature experimental data for H2 solubility in saline water

 2 

	Reference	Year	Max Molality Tmin/K Tmax/K Pmin/bar Pmax/bar
	Steiner [25]	1894	5.3 m NaCl	286.32 286.95	1.028	1.029
	Braun [26]	1900	1.1 m NaCl	278.15 298.15	1.022	1.045
	Gerecke & Bittrich [42]	1971	4.3 m NaCl	288.15 298.15	1.030	1.045
	Crozier & Yamamoto [45] 1974	0.5 m NaCl	274.03 301.51	1.013	1.013
	Steiner [25]	1894	4.0 m KCl	291.77 292.38	1.035	1.036
	Knopp [28]	1904	2.1 m KCl	293.15 293.15	1.037	1.037
	Gerecke et Bittrich [42]	1971	1.0 m KCl	288.15 288.15	1.030	1.030
	Steiner [25]	1894	3.2 m CaCl2	290.83 291.67	1.034	1.035
	Steiner [25]	1894 1.4 m Na2SO4 291.56 291.72	1.035	1.035
	Steiner [25]	1894	2.6 m MgSO4 290.25 291.41	1.033	1.034

Table 3 : Chemicals used in this work: purities and suppliers

 3 

	Chemicals	Purity	Analytical Method	Supplier
	H2 (Hydrogen 5.0)	99.999 vol%	GC: Gas Chromatography	Messer
	NaCl	99.6%	None	Fisher Chemical

Table 4 : Measured solubility of H2 in the H2O + NaCl solutions, expressed as "salt-free" mole fractions

 4 

	m NaCl (mol/kg w )	T (K) 323.18	P (bar) 37.108	0.000461	( ) 2.0E-05
		323.18	79.366	0.001030	3.0E-05
		323.19	121.706	0.001544	4.0E-05
	0				
		372.71	29.272	0.000396	2.5E-05
		372.73	60.213	0.000857	3.5E-05
		372.72	93.426	0.001368	6.0E-05
		323.20	30.828	0.000309	1.0E-05
		323.21	66.068	0.000648	2.0E-05
		323.21	100.354	0.000972	3.5E-05
		323.21	149.657	0.001419	4.0E-05
		323.21	200.093	0.001855	6.0E-05
		347.90	42.907	0.000444	1.0E-05
		347.91	80.673	0.000827	2.0E-05
	1	347.90	125.504	0.001255	4.0E-05
		347.90	170.730	0.001667	4.5E-05
		347.91	216.205	0.002076	6.0E-05
		372.73	19.884	0.000217	1.0E-05
		372.76	60.987	0.000659	2.0E-05
		372.76	100.677	0.001071	3.5E-05
		372.78	153.553	0.001595	4.5E-05
		372.72	208.620	0.002132	7.0E-05
		323.20	32.736	0.000201	1.5E-05
		323.18	66.733	0.000400	2.0E-05
		323.20	100.832	0.000631	2.0E-05
		323.21	150.342	0.000938	3.5E-05
		323.20	196.595	0.001204	4.0E-05
	3	372.75	33.387	0.000215	1.5E-05
		372.74	66.536	0.000456	1.5E-05
		372.74	100.855	0.000702	3.0E-05
		372.76	151.296	0.001050	4.0E-05
		372.75	196.178	0.001333	4.0E-05
		372.76	229.720	0.001549	5.0E-05
	5	323.19 323.19	28.623 66.385	0.000127 0.000293	5.0E-06 1.0E-05

(Eq. (

1

)). :(;) = <. <= > and :(?) = @ A?B.

Table 5 : Optimized coefficients of the binary interaction parameters in aqueous

 5 A _ = M_ =

	àb

Table 6 : H2+H2O binary system: Predicted water content

 6 ƒ _ = ` in

H2-rich phase by the e- PR-CPA model.

  

	P (bar)		T (K)			
	298.15	323.15	348.15	373.15	398.15	423.15
	0.01607391 0.06204187 0.19388235 0.50968425		
	0.01073722 0.04142540 0.12952971 0.34180465 0.77743831	
	0.00806878 0.03111404 0.09729662 0.25720417 0.58886005	
	0.00646768 0.02492622 0.07793854 0.20623041 0.47400614	
	0.00540027 0.02080058 0.06502553 0.17215844 0.39671208 0.80424530
	0.00463784 0.01785348 0.05579820 0.14777733 0.34114267 0.69524713
	0.00406600 0.01564304 0.04887564 0.12946735 0.29926734 0.61233208

Table 7 : Coefficients for Equations 12 and 13.
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	" T	" !	… T	… !	… Z	… j
	0.018519	-0.30185103 3.338844 × 10 M †	0.0363161 -0.00020734 -2.1301815 × 10 M ‡

Table 4 ) data with e-PR-CPA model predictions.

 4 

		0.0045	Measurement (323 K / pure water)			0.0035		IUPAC (P=152 bar)	
		0.004	Measurement (373 K / pure water)			0.003		e-PR-CPA model (P=152 bar)
		0.0035	Literature (323 K / pure water)					Red symbols: Measurements at 152(±2) bar
	2 / mol fraction xH	0.0015 0.002 0.0025 0.003	Literature (348 K / pure water) Literature (373 K / pure water) Measurement (323 K / 1m) Measurement (348 K / 1m) Measurement (373 K / 1m)		2 / mol fraction xH	0.0015 0.002 0.0025 0.001				salt-free 1m NaCl 3m NaCl
		0.001									5m NaCl
		0.0005					0.0005			
		0					0			
		0	50	100 Pressure / bar 150	200	250	260	285	310 Temperature / K 335	360	385

Table 8 : Calculated solubility (in terms of salt-free mole fraction) of H2 in water ± NaCl by the e-PR-CPA model.
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	T (K)
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