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Abstract

In the context of Underground Hydrogen Storage (Y& stored gas is in direct contact with
brine (residual brine from the cavern or formatimater of deep aquifers). Therefore,
knowledge of the phase equilibria (solubility ofdnggen in brine and water content in the
hydrogen-rich phase) in the geological reservaneisessary for the study of hydrogen mobility
and reactivity, as well as the control, monitorargl optimization of the storage. The absence
of measured data of high-pressurggdlubility in brine has recently led scientistsdevelop
predictive models or to generate pseudo-data usimecular simulation. However,
experimental measurements are needed for modelatia and validationin this work, an
experimental apparatus based on the “static-anélytiethod developed and used in our
previous work for the measurement of gas soluhbititigrine was used. New solubility data of
H> in HO+NaCl were measured more or less under the geallogpnditions of the storage, at
temperatures between 323 and 373 K, NaCl molalitgeeen 0 and 5m, and pressures up to
230 barThese data were used to parameterize and evaluraternodels (Geochemical, SW,
and e-PR-CPA models) tested in this work. Solybdind water content tables were generated
by the e-PR-CPA model, as well as a simple fornutafSetschenow-type relationship) for
quick and accurate calculations (in the fittinggenof K solubility in water and brine was
proposed. Finally, the developed models estimatgwell the water content in hydrogen-rich

phase and capture and calculate precisely thegattit effect on EHsolubility.

Keywords: H: solubility, water, brine, Underground Hydrogeni&@ge, Electrolyte CPA EoS,

Measurement, Modeling



1. Introduction

Hydrogen (H) is considered to be a renewable energy carridr priomising prospects for
energy transition. It can be used directly in feedls for transport and mobility applications, or
as a complement to existing energy resources sutiegproduction of synthetic methane by
combining it with CQ through methanation, and the injection into emgsiNatural Gas (NG)
networks with the aim of reducing consumption fia short term) and stopping the use (in the
long term) of fossil fuelsSTo manage the intermittent nature of renewableggnsources such
as wind and solar power, surplus electricity carstoeed in chemical form by producing H
through water electrolysis (power-to-gas concdptprder to balance the temporal differences
between production and demand, storage of puréeadéd (e.g. with NG1] 2]) hydrogen is

necessary.

Hydrogen can be stored in gaseous form in gasdss) in liquid form in cryogenic tanks, or
in solid form by adsorption, absorption or by réaagtwith some chemical compoundd.|
However, the most studied and used technology fgdrdgen large-scale storage is
underground storage in geological formations swsckadt caverns, deep aquifers, and depleted
gas fields.In addition to their huge storage capacity (in t®rof volume and pressure),
underground hydrogen storage remains more costte#eand safer than other storage
techniques{, 5].

Hydrogen storage in salt caverns has been donessfatly for decades. However, none of this
storage has been done for energetic purposes,thiestored hydrogen was mainly dedicated
to the chemical and petrochemical industry. Largangties of hydrogen are usef] [in
refineries (50%) to remove/recover sulfur from fuelsing hydrotreating (hydrogenation
process), and in the Haber process (32%) for aman®ii3) synthesis by combining nitrogen
(N2) and hydrogen (H2). Currently, four sites foydlogen storage in salt caverns are
operational worldwide: three in the USA (Clemensrigo Moss Bluff, Spindletop) and one in
the UK (Teesside). Several projects are in progoessgve just been completed studying for
energy purposes the storage of pure hydrogenticaatrns (H2STORE, HyUnder, HyStock,
Rostock H, STOPIL H2, etc.) and in gas fields (Sor&ye and HyChico projects) or possibly
mixed with CQ in deep saline aquifers (Underground bio-methanationcept {]) or with
CHs (SunStorage and HyChico project&)benchmarking study of the different options for
high-pressure hydrogen storage was carried ouadopthe European project HyUnd&.[

This comparative study concluded that, accordinpéodifferent techno-economic and safety



factors, storage in salt caverns is first in theknag, followed by storage in depleted gas fields
and storage in deep saline aquifers. Finally, hyelno(especially pure) storage in salt caverns
is preferred for several reaso8$ the least expensive of all forms of storages lesshion gas
than storage in porous media, the possibility ofesa injection/withdrawal cycles, and a

positive experience feedback.

Underground Hydrogen Storage (UHS) is much lesdietiithan the underground natural gas
storage, therefore in most existing hydrogen s®saigs, the pressure does not exceed more or
less than 150 bar. This is explained by its highbititg due to its small sizel0], as well as its
high reactivity (redox reactions) by possibly papating in certain microbial processes:
sulfate-reduction, methanogenesis, acetogenedilsjran-reduction 11, 12]. Most of these
types of reactions can take place in the aqueowhume i.e. in the residual brine after the
solution mining of salt caverns or in the formatwater of deep aquifer§he study of the
mobility and reactivity of hydrogen is thereforecessary for the total control of the storage of
this molecule, as well as for the reduction of slagety factors used (just by feedback), and
consequently a more efficient and economical seragorder to be able to perform chemical
speciation calculations and study its mobilityisitherefore necessary to determine precisely
the solubility of hydrogen in the aqueous phaseeutide thermodynamic storage conditions
(temperature, pressure and saliniBihally, the simulation and control of storage l#ieis, as
well as the monitoring of hydrogen (temperatur@spure and quantity) in the reservoir (salt

cavern or aquifer), requires knowledge of phasgrdias (solubility and water content of
hydrogen) L3].

The solubility of hydrogen in water has been exteaglg studied at different pressures (P) and
temperatures (T) in the past, as well as in saliater only under atmospheric P-T conditions.
However, there are no high-pressure data of hydrggéubility in saline waterlf4]. This can
be justified by the complexity and dangerousnesghisf type of measurements, which are
characterized by high pressure, high flammabilitidg and presence of salt (risk of corrosion
and leakage). To overcome this lack of data, réémtedictive” models adjusted on a limited
number of data (available experimental data andiotecular simulation data) have been
proposed. Li et al.15] proposed a model to predict the solubility of togen in brine under
geological storage conditionshe parameters of their model were adjusted ersdtubility
data in brine at atmospheric pressure and highspred+ solubility data in pure water. Lopez-
Lazaro et al. I3] performed Monte Carlo simulations to generateugseexperimental data,

which were then correlated using an equation déqtaoreide and Whitson moddlg). An



inconsistency between the two studies was idedtifrehich was totally expected, given the
different approaches used and the lack of expet@helata. However, further experimental
measurements are needed to evaluate these pradiand refine existing models by including

“real” high-pressure solubility data.

In this work, the solubility of hydrogen in brinel{O+NaCl) was measured analytically with
the apparatus used in our previous work on theotadoxide and oxygen solubility in brine
[17, 18]. The measurements were carried outre or less under the geological storage
conditions (temperature 323T (K) < 373, pressure up to 200 bar and NaCl molalityrfhac
(mol/kgw) < 5). These new data, as well as existing literature, de¢de used to parameterize
the models developed and presented in our previsask [17, 18] using different

thermodynamic approaches (gamma-phi and phi-phi).
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Figure 1 : Distribution of literature solubility da ta (x) and this work (0). (a): H2-H20 system (solubility and water content); (b): H solubility
in NaCl brine.



2. Experimental
2.1. Literature and measured (this work) solubility data of Hz in water and brine

In the literature, there are numerous data on thebsity of hydrogen in pure water, the
majority of which come from very old studies. Thesga were collected, listed in Table 1, and
presented in Figure 1.a as function of temperatmc pressurelhe Wiebe and Gaddy.
data are the most reliable according to IUPAQS] [evaluation of experimental data, and

largely cover the pressure and temperature rangeatbgical storage conditions.

The solubility of hydrogen in brine is less studibdn in pure water. In Table 2, hydrogen
solubility data in water + salt (NaCl, KCI, CaCNaSOs and MgSQ) are listed. All these data
found are old and limited to low temperature amdcspheric pressure. It is therefore necessary
to overcome this lack of data especially for therHbO+NaCl system which is the most
important since Naand Cl are the predominant species present in naturalesalater.The
measurements carried out in this work for the HbO+NaCl system as well as data from the

literature are presented in Figure 1.b as funatictemperature, pressure and NaCl molality.

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

Reference Year Tmin/KTmax/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 5| 1894 288.20 288.20 1.030 1.030
Braun R6] 1900 278.15 298.15 1.022 1.045
Geffcken 7] 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 Sher3[0] 1912 298.15 298.15 1.009 1.840
Muller [31] 1913 289.35 290.35 1.032 1.033
Ipatiew et al. 82 1932 273.65 318.15 20.265 141.855

Wiebe and Gaddy1B] 1934 273.15 373.15 25.331 1013.250
Morrison and Billett 83] 1952 285.65 345.65 1.028 1.350

Pray et al. 34] 1952 324.82 588.71 6.900 24.150

Zoss BY 1952 273.15 606.48 34500 207.000

Pray and Stephai3§)] 1953 373.15 435.93 14.133 100.308
Wet [37] 1964 291.65 304.55 1.035 1.059
Ruetschi and Amlie38] 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



Power and Stegal#fl] 1970 310.15 310.15 1.076 1.076
Gerecke and BittrichélZ] 1971 298.15 298.15 1.045 1.045

Jung et al.43] 1971 373.15 423.15 9.962 85.844
Schroder 44] 1973 298.15 373.15 101.300 101.300
Crozier and Yamamotalp] 1974 274.60 302.47 1.013 1.013
Gordon et al.46] 1977 273.29 302.40 1.013 1.013
Cargill [47] 1978 277.70 344.83 1.022 1.350
Gillespie and Wilson48] 1980 310.93 588.71 3.450 138.000
Choudhary et al 49 1982 323.15 373.15 25.331 101.325
Dohrn and Brunnerg)] 1986 473.15 623.15 100.000 300.000
Alvarez et al. p1] 1988 318.90 497.50 4.360 45.940

Kling and Maurer $2] 1991 323.15 423.15 31.800 153.700
Jauregui-Haza et al58] 2004 353.00 373.00 1.486 2.025

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

Reference Year Max Molality Tmin/KTmax/K Pmin/bar Pmax/bar
Steiner R5| 1894 5.3 m NaCl 286.32  286.95 1.028 1.029
Braun R6] 1900 1.1 m NaCl 278.15 298.15 1.022 1.045
Gerecke & Bittrich 42 1971 4.3 m NacCl 288.15 298.15 1.030 1.045
Crozier & Yamamoto45 1974 0.5 m NaCl 274.03 301.51 1.013 1.013
Steiner R5| 1894 4.0 m KClI 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 Bittrich42] 1971 1.0 m KClI 288.15 288.15 1.030 1.030
Steiner R5| 1894 3.2m CaGl 290.83 291.67 1.034 1.035
Steiner R5| 1894 1.4 mNgO, 29156 291.72 1.035 1.035
Steiner R5| 1894 2.6 mMgS® 290.25 291.41 1.033 1.034

2.2. Materials

In Table 3, the suppliers of Hydrogeno(HCAS Number: 1333-74-0) and Sodium Chloride
(NaCl, CAS Number: 7647-14-5) and the given puwiigee listed. Water was deionized and

degassed before the preparation of the brine (wakacCl).

Table 3 : Chemicals used in this work: purities andsuppliers

Chemicals Purity

Analytical Method

Supplier

H2 (Hydrogen 5.0)  99.999 vol%

NacCl 99.6%

GC: Gas Chromatography

None

Messer

Fisher Chemical
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Figure 2 : Schematic representation of the staticraalytic apparatus [17] used to measure
the solubility of gas (H) in NaCl brine. DAS: data acquisition system, ECequilibrium
cell, GC: gas chromatography, HPT: high pressure t@nsducer, LPT: low pressure
transducer, LS: liqguid ROLSI® capillary Sampler-Injector, MPT: medium pressure
transducer, O: oven, PP: platinum resistance thermmeter probe, PT: pressure
transducer, IV: homemade shut off valve, SM: sampls monitoring, SW: sapphire
window, TP: thermal press, TR: temperature regulata, Vi: valve i, VP: vacuum pump,
VS: vapor ROLSI® capillary Sampler-Injector, VSS: variable speed strer and VVC:
Variable Volume Cell.

2.3. Apparatus and method

The experimental method used for this work hasadlyebeen employed to measure the
solubility of CQ [17, 18] and Q@ [18] in NaCl brine. However, a brief description oisth
technique will be presented (for more details,Gbabab et al.1[7, 18]).

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

1- Performing the Equilibrium in a Cell (E@)aced in an Oven (O) to control the temperature,
and equipped with a Variable Speed Stirrer (VS$ssure and temperature sensors, and
ROLSF® (Rapid On-Line Sampler-Injector, French patent nen@804073) capillary samplers.



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

the cell.

2- Taking a sample from the liquid phdsethe ROLS? and transferring it to the analytical
part once the thermodynamic equilibrium (tempemtaind pressure stabilization) has been

reached.
3- Quantification of non-electrolyte compounds @thd BHO) by GC analysis.

This last step depends on GC detector calibratrdmch is carried out under the same
measurement conditions, to convert the areas @utdny integration of the chromatogram

peaks into numbers of moles. Using the mole nuroblds (n,,,) and HO (ny,,), the solubility

of Hz in the saline solution in terms of “salt-free” radtactionxy, is determined:

‘I’lHZ

xH -
2 ny,+ngo (1)

The solubility in terms of “salt-free” mole fractiar,, can be converted in terms of molality

my, (in mol/kgw) easily by the following relationship:

1000 xy,
m =
127 Myo (1 — xp,) (2)

or in terms of “true” mole fraction by

xtrue — ", _ Ny,
Hy, = =
Ny, + Ny,0o + s Ny, + Np0 + My, oMy, 0

— XH, (3)
Xy, + (1 — xHZ)(l + mSMHZO)

wheren, andmg are respectively the mole number and molality riinl/kgw) of the salt

(NaCl), andMy, , is the molecular weight of water (in g/mol).

To check repeatability and to obtain data thanaoee representative of the real solubility, the

procedure described above is repeated several.times



2.4. Experimental results

Experimental measurements of Bblubility in HO+NaCl were carried out at temperatures
between 323 K and 373 K, at pressures up to 23@tarat NaCl molalities (m=mol/kgw)
equal to O (pure water), 1m, 3m and 5m. These meim&nts are presented in Table 4, knowing
that the reported data (P, A;,) with the associated uncertainties are an average\aral
repeated measuremenifie method proposed by NIS34] was used to estimate measurement
uncertainties. The uncertainties related to the T&libration (determination of mole numbers)
and repeatability, are taken into account in th&utation of the total uncertainty on

compositionu(xy, ), by the following relationship:

— 2 2
u(tz) - i\/ucalibration(xl'lz) + urepeatability(tz) (4)

Since the compositiony, is determined from the values of the other indelgahmeasurands

(number of moles of the compounds;, andn,,,), the law of propagation of uncertainty
should apply $5-59:

dxy. \* 0x 2
u(tz) = i\/( HZ) u? (nHz) + (an T ) uz(nHzo) + u?epeatability(xl'lz)

ony,

Hy0
2 2 (5)
1- Xy Xy
o [/ ) 2 )+ (— 2 ) w2(n ) + 2 s
_\/(Tle +nH20> ( HZ) Ny, + Ny,o ( Hzo) repeatablllty( Hz)

The uncertainty:(n;) involved in the calculation of the mole numigttakes into account the
injection of the constituents by the syringe (fo€ @alibration)u;,;(n;) and the polynomial
equationu,,; ., (n;) relating the surface area S (obtained by integmatf the chromatogram)

and the mole number n:

u(ni) = \/uiznj (nl) + uzzool.eq (nl) (6)

The calculation ofu,epeqatapitity (X), Uinj(n;) anduy, 0q(n;) are described in detail by Soo
[56], Zhang b7] and El Abbadi $§]. In the same way repeatability and calibration (polyial
equation) are the two sources of error on the nreawnt of pressure(P) and temperature

u(T) uncertainties.



Since the water content in the-Hch phase is very low, and considering the vaguase as

ideal, the Krichevsky-Kasarnovsk$9 equation(ln (fg) = In(Ky) + PF = f(P)) derived

Xg

from the gamma-phi approach is reduced(im:(xi) =f(P)>, wheref;, x, andKy are
g
respectively the fugacity, the mole fraction ané tdenry constant of the gaRF is the

Poynting Factor and(P) is a linear function with respect to the presgure

In Figure 3, the measured data were plottethégp—) = f(P) to check their linearity. By
Hjp

comparing with the predictions of the e-PR-CPA nmidgee next section), in general, one can
observe a good linearity even by neglecting thadity coefficient and water content. Only a
few points at low pressure are slightly shifteds th due to the fact that the water content is not
negligible at low pressure and also to the expertaig@rotocol. The Hsolubility in pure water
was measured to validate the calibration by compawiith literature data. Figure 3 shows that

the obtained measurements are in good agreemdntheifiterature data.

13
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Figure 3: Solubility of H2 in H20 + 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 coloredymbols (a: 323 K — pure water; 0: 323 K — 1m;+: 323 K

—3m; X: 323 K—-5m; e: 348 K- 1m;e: 373K — pure water; 8: 373 K — 1m; %: 373 K —
3m). The solid lines represent the predictions ohe e-PR-CPA model.



Table 4: Measured solubility of Hin the H20 + NaCl solutions, expressed as "salt-free”
mole fractions (Eq. (1)).u(T) = 0.02 K andu(P) = 5 kPa.

Myaci (Mol/kg,,) T (K) P (bar) XH, u(xy,)
323.18 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 28.623 0.000127 5.0E-06

323.19 66.385 0.000293 1.0E-05



323.19 100.979 0.000440 1.0E-05
323.20 149.900 0.000662 2.0E-05
323.19 193.702 0.000838 3.5E-05

3. Thermodynamic modeling

Asymmetric and symmetric thermodynamic approachewsed for modeling liquid-vapor
equilibria of the binary HH20 and ternary H+H2O+NacCl.

3.1. Approaches and models

In the asymmetric approach, the non-ideality of Wa@or phase is taken into account by
considering fugacity coefficients in the vapor phashich are obtained by using an equation
of state. However the non-ideality of the liquidapk is considered with a G-excess model
through the activity coefficientBased on this approach, t@eochemical modelmplemented

in CHESS/HYTEC software and proposed by Corviséy 1] was tested.

In the symmetric approach, the two phases (lignathapor) in equilibrium are represented by
the same model (Equation of State (EoS)). Basdtlisapproach, two equations of ste®&\(
ande-PR-CPA) were tested.

These three models (Geochemical, SW, and e-PR-Cit&Is) were presented in details in our
previous work 17, 18], however a brief description of the models arartharameters resulting

from this work are given hereafter.
A. Geochemical model

This model solves a large set of mass balancesrmass action laws to calculate the whole
system speciation (i.e. aqueous, gaseous and sgolihtities and activities/fugacities).
Nevertheless, to handle multi-components eithethi@igas phase and the electrolyte, equations
shall remain generic. For the gas phase, the PRESS®Vis used with the classical mixing rule.
For the aqueous solution and particularly for gaBolutions with high ionic strength, activity

coefficients are calculated using Specific lon Tig&IT) showing satisfactory results.

Simulations presented here are run along with tlezoddem database including parameters
for PR-SW EO0S (Blanc et al62]) with the addition of the Henry’'s constant fop EHarvey

[63]), and parameters for molar volume of the dissblgaseous component at infinite dilution



(Shock et al. §4]). Gas binary interaction parameters for PR-SW aggdieous binary

interactions parameters for SIT have been fitteé>xgerimental data.

*  ky,m,o is equalto 0.445.

* &gyt~ andey+o- are equal to -0.097 and -0.035 using HCI and Naltions activity
measurements (Schneider et 8b][ Sakaida and Kakiuchbp]; Khoshkbarchi and Vera
[67]).

s &y,ng+ Vary with temperature (from 0.090 at 25°C to 0.20800°C) using kisolubility

measurements in NaCl solutions.

B. Soreide and Whitson (SW) EoS

The Soreide and Whitsord§] EoS is widely used in oil and gas applicatiespecially for
gas/water/salt systems, and is available in sewBemophysical calculators and reservoir
simulators. This EoS does not consider the salC{(Nas a compound, but takes into account

its presence by adding a dependence of the modahgéers (water alpha functieg), (T) and
the aqueous phase binary interaction pararm«ﬁ%) to the NaCl molality. The use of two
binary interaction parameterlsﬂq for the aqueous phase ah{l}f" for the non-aqueous phase)
makes the model inconsistent (similar to an asymmapproach) and very empirical (to be
used just within the range of parameter tﬂalncerninglcgf_Hzo andkﬁf_Hzo, we have taken

the expression recently proposed by Lopez-Lazaral.efL3] which performs well when
compared with our new data and readjusted its iwberfits on H solubility data in brine

(including those obtained in this work) and on watentent data.

T

(kHz—H20)5W = AO(]‘ + aOmNaClﬁo) + Al T

C,Hz

8 T
(1 + a1Mpyqci 1) + Ajexp| Az T @)
C,Hz

The coefficientsA,, a, andp, given by Lopez-Lazaro et all3] and those proposed in this
work are listed in Table 5. Thekritical temperaturd, ,, = 33.145 K was taken from
REFPROP 10.048]. The readjustment of the coefficients has led tigmificant improvement
(comparing with the coefficients given by Lopez-aazet al.)n the estimation of the solubility
of Hz in water and NaCl-brine (AAD of 2.6% instead d3%), and of the water content in the
Ho-rich phase (AAD of 2.5% instead of 6.6%).



Table 5: Optimized coefficients of the binary inteaction parameters in aqueousky>_y ,
and non-aqueousk}s_y. o phases (Equation 7).

Lopez-Lazaro et al1[] This work
kgf—HZO kgf_HZO kng—HZO kgf—Hzo
Ay —2.513 2.5 —2.34 —0.3776
Aq 0.181 —0.179 0.166 0.08385
A, —12.723 - —12.69 -
As —0.499 - —0.474 -
o 6.8 x 107 - 3.88 x 1073 -
a 0.038 - 0.049 -
Bo 0.443 - 0.443 -
By 0.799 - 0.799 -
AAD Xn, 4.3 2.6
) Yo 6.6 2.5

C. e-PR-CPA Eo0S

Unlike the SW EO0S, the e-PR-CPA (electrolyte PewngpiRson Cubic Plus Association) EoS
takes into account the presence of salt theorticdlhis model considers molecular
interactions (attraction, dispersion, and assamitby the PR (Peng-Robinson) cubic tei9] [

and the Wertheim’s association theor{]| and ionic interactions ion/ion by the MSA (Mean
Spherical Approximation) theory’]] and ion/solvent (solvation phenomenon) by thernBor

term [72]. The expression of the residual Helmholtz freergy of the e-PR-CPA EO0S is as

follows:
Z‘?—S}—’R—CPA _ APR N AAssociation N AMSA N ABorn
RT RT RT RT ' RT (8)

The expression of the residual Helmholtz enestfyj is the key function in equilibrium
thermodynamics, because all other thermodynamipepties (pressure, fugacity coefficient,
enthalpy, etc.) are calculable from the partiaivdgives ofA™s with respect to temperature,
volume, and mole number. Further details on thédiht terms of Equation 8 and their
calculation methods as well as the model parametion (for pure HO and HO+NaCl) are

presented in our previous pap&r]



Since hHis not considered as an associative speciesohivei®n (cross-association interaction)
of H2 by H-O molecules was not considered (no Lewis Acid - iseBase interactionOnly
the binary interaction parameters (of the cubimt®R) of thell, — H,0, H, — Na™, andH, —
Cl~ pairs were considered in the fiemperature dependence was considered iHthe H,0

interaction, and salt concentration dependencecaasidered in thé, — ion interactions.

Ky —t,0 = —2.51 X 1075 T2 + 2.24 X 1072 T — 4.44

)
kHZ—Na+ = _158 mNaCl - 57 (10)
kHZ—Cl_ = 0.96 Mpyact + 4.87 (11)

3.2. H2+H20 system :H solubility and water content

The models presented above were used to processfddt solubility in pure watern Figure
4, literature data and "validation” measurements @resented together with calculated
solubilities at 323 and 373 KCompared to experimental data, all three modelsnast
accurately the solubility of Hin pure water at different temperatures and pressurhe
solubility is higher at 373 K, this can be bettesualized by studying the effect of temperature
on the solubility. In Figure 5, isobaric solubilijata smoothed by IUPAC(] (with an
accuracy of £ 1 or 2%) between 51 and 203 bar anepared with model predictions. The
models reproduce very well the effect of tempemtur solubility at different fixed pressures,

and estimate well the minimum solubility temperatuhich is close to 329 (x 2) K.

The prediction of water content in the-Hch phase by the developed models was also
investigated. Gillespie and Wilsodd] data were used in the adjustment of the SW Eal an
geochemical model. However, for the e-PR-CPA made,not necessary to include them in
the parameter fitting for a good representatiothefvapor phase. With a zero binary interaction
parameterky,_p,o = 0), the e-PR-CPA model reproduces the GillespieWfiidon [48] data
with an Average Absolute Deviation (AAD) of 3.1%erva wide range of temperature (311 -
478 K) and pressure (3 — 138 bar), whereas witbrazeroky, ., (Equation 9), the model
reproduces the same water content data with an 88108%.The calculation of water content
with CPA-type models is not very sensitive to vaoias in binary interaction parameters, which
was also observed by Hajiw et al3] using the GC-PR-CPA model. This is a great acget



of CPA-type models, as only gas solubility datareeeded to parameterize the model and hence

predict water content.
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Figure 4 : Solubility of Hz in H20 at 323 K (a) and 373 K (b). Literature data R0, 49, 52] are represented by black symbols <€) and
measured ones (Table 4) are represented by ragmbols (). The solid, dotted and dashed lines represent thé2 solubilities calculated by
the e-PR-CPA, SW, and geochemical models, respeeétiy.
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Figure 5 : Isobars of solubility of H in H20 showing solubility minimum temperatures at
50, 100, 150 and 200 atm. Comparison of data smoethby IUPAC [20] represented by
black symbols, with predictions by e-PR-CPA, SW, athgeochemical models represented
by solid, dotted, and dashed lines, respectively.

In Figure 6, one can show that all models are abf@edict the water contents, although only
H> solubility data were used to determine the e-PR-@®Bdel interaction parameters. All three
models can be used to generate data with highacgespecially in the parameter fitting range,
however due to its theoretical background, the ecR model can be used with a high level
of confidence for the prediction of water conteatside the parameter fitting rande.Table

6, predictions of water content in the+#H.O binary system are generated with the e-PR-CPA

model at different temperatures and pressures.



Table 6 : Hz+H20 binary system: Predicted water contenlyy, o in Hz-rich phase by the e-

PR-CPA model.

P (bar) T (K)
298.15 323.15 348.15 373.15 398.15 423.15

2 0.01607391 0.06204187 0.19388235 0.50968425
3 0.01073722 0.04142540 0.12952971 0.34180465 0.77743831
4 0.00806878 0.03111404 0.09729662 0.25720417 0.58886005
5 0.00646768 0.02492622 0.07793854 0.20623041 0.47400614
6 0.00540027 0.02080058 0.06502553 0.17215844 0.39671208 0.80424530
7 0.00463784 0.01785348 0.05579820 0.14777733 0.34114267 0.69524713
8 0.00406600 0.01564304 0.04887564 0.12946735 0.29926734 0.61233208
9 0.00362125 0.01392374 0.04349020 0.11521191 0.26657938 0.54713811
10 0.00326544 0.01254825 0.03918107 0.10379850 0.24035410 0.49453249
11 0.00297432 0.01142282 0.03565489 0.09445423 0.21884731 0.45119016
12 0.00273173 0.01048494 0.03271605 0.08666320 0.20089066 0.41486231
13 0.00252646 0.00969133 0.03022907 0.08006782 0.18567212 0.38397358
14 0.00235051 0.00901108 0.02809719 0.07441248 0.17260976 0.35738747
15 0.00219802 0.00842151 0.02624940 0.06950956 0.16127564 0.33426351
16 0.00206459 0.00790564 0.02463248 0.06521826 0.15134806 0.31396673
17 0.00194687 0.00745045 0.02320569 0.06143086 0.14258047 0.29600849
18 0.00184222 0.00704583 0.02193736 0.05806350 0.13478078 0.28000665
19 0.00174859 0.00668379 0.02080247 0.05504999 0.12779709 0.26565799
20 0.00166432 0.00635795 0.01978103 0.05233732 0.12150770 0.25271891
21 0.00158808 0.00606315 0.01885682 0.04988260 0.11581397 0.24099140
22 0.00151877 0.00579513 0.01801659 0.04765068 0.11063510 0.23031289
23 0.00145548 0.00555042 0.01724940 0.04561256 0.10590427 0.22054866
24 0.00139747 0.00532610 0.01654611 0.04374403 0.10156574 0.21158609
25 0.00134410 0.00511972 0.01589906 0.04202478 0.09757266 0.20333035
26 0.00129484 0.00492922 0.01530176 0.04043759 0.09388534 0.19570098
27 0.00124923 0.00475282 0.01474868 0.03896782 0.09046995 0.18862930
28 0.00120687 0.00458902 0.01423510 0.03760290 0.08729748 0.18205630
29 0.00116744 0.00443651 0.01375692 0.03633199 0.08434290 0.17593104
30 0.00113063 0.00429417 0.01331060 0.03514570 0.08158451 0.17020926
35 0.00097815 0.00370444 0.01146140 0.03022994 0.07014866 0.14645440
40 0.00086380 0.00326211 0.01007428 0.02654184 0.06156294 0.12858457
45 0.00077486 0.00291803 0.00899524 0.02367247 0.05487974 0.11465357
50 0.00070370 0.00264273 0.00813187 0.02137636 0.04952962 0.10348815
55 0.00064549 0.00241746 0.00742536 0.01949726 0.04514979 0.09433894
60 0.00059697 0.00222971 0.00683650 0.01793097 0.04149814 0.08670488
65 0.00055592 0.00207081 0.00633813 0.01660535 0.03840692 0.08023824
70 0.00052074 0.00193459 0.00591088 0.01546884 0.03575625 0.07469013
75 0.00049024 0.00181651 0.00554051 0.01448363 0.03345816 0.06987772
80 0.00046355 0.00171317 0.00521637 0.01362138 0.03144663 0.06566369
85 0.00044001 0.00162196 0.00493029 0.01286039 0.02967116 0.06194288
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Figure 6 : Water content in He-rich phase at (a): 311 K; (b): 366, 422, and 478.kKComparison of literature data [48] represented by black
symbols, with predictions with the e-PR-CPA, SW, athgeochemical models represented by solid, dotteahnd dashed lines, respectively.



3.3.  H2t+H20+NaCl system: H solubility

As with all gases, the presence of salt in watekpected to decrease the solubility of hydrogen
(salting-out effect) in a manner proportional te toncentration of the salt until the solution is
saturated. Both atmospheric pressure data.a$dtubilities in HO+NaCl from literature as
well as new high pressure data measured in thik were included in the parameterization of
the models (Geochemical, SW, and e-PR-CPA). Theelimaggresults are shown in Figure 7.
The three models correlate solubility data at défife temperatures (323-373 K) and pressures
(up to 230 bar) with high accuracy and capture &tely the salting-out effect over a wide

range of NaCl concentration (from salt-free solutio highly concentrated brine).

Given its very good performance and predictive bdjpg the e-PR-CPA model was used to
predict solubility minimum temperatures in the gmese of NaCl. In Figure 8.a, isothermal data
(at 323, 348 and 373 K) of the solubility of k water and brine (1m NaCl) as a function of
pressure are presented and compared with the roaltelations. In Figure 8.b, the prediction
of the evolution of Hsolubility as function of temperature at 152 bahich is a pressure more
or less representative of hydrogen geological g@canditions) is compared with salt-free data
and measured data around 152 Barce the calculated solubilities are in very gagteement
with the IUPAC (in pure water) and measured (im&yidata, accurateztolubility values in
water and brine were generated at different tentpess, pressures and NaCl molalities with
the e-PR-CPA model and listed in Table 8.

Correlation for H 2 solubility in water and NaCl-brine:

For quick calculations of the solubility okblh water and brine, a simple correlation taking in
account the effect of temperature, pressure analityohas been developedhe proposed

correlation is based on a Setschenow-type reldtippnand is defined by:

In I ) _ aymé,c + a;m
xgz — Y1t NacCl 2MtNacl (12)
Knowing the solubilityx?,2 of Hz in pure water at system temperature and pressiee,

solubility x;, of Hz in brine at a molalityny,; is therefore easily obtained by Equation 12.

The solubility data (from IUPAC) of Hin pure water were correlated by the following

equation:



0 — p.PT boP b.P + b, P2
xHZ— 1 +T+ 3 + 4 (13)

In Equation 13, the temperature T is in K and thesgure P is in bar. The coefficientsand

b; in Equations 12 and 13 are listed in Table 7.

Table 7: Coefficients for Equations 12 and 13.

a, a; b, b, bs b,

0.018519 —0.30185103 3.338844 0.0363161 —0.00020734 —2.1301815
x 1077 x 107°

The correlation for solubility in brine (Equatio)lis reduced to the correlation for solubility

in pure water (Equation 13) when the molality isi&do 0.

When compared with IUPAC and measured data, thectwieelations developed are capable
of estimating the solubility in pure water and leriwith high precision (see Figure 9) with an
AAD of 0.5% and 2% respectively, and an overall AAD1%.However, it is recommended

to use the two correlations only in the range efrthoefficients adjustments, which are:

* For H solubility in pure water (Equation 13): 273.15 €Kl) < 373.15; 1 < P (bar) < 203
* For H solubility in NaCl-brine (Equation 12): 323.15 <(K) < 373.15; 10 < P (bar) <
230; 0 < molality (mol/kgw) <5
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Figure 7 : Solubility of Hz2 in H20 + NaCl at 323 K (a) and 373 K (b) and different [dCl molalities. Literature data [20, 49, 52] are
represented by black symbols and measured ones (Tlab}) are represented by redymbols. The solid, dotted and dashed lines reprage
the Hz solubilities calculated by the e-PR-CPA, SW, andepchemical models, respectively.
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Figure 8 : Effect of temperature, pressure and NaCtoncentration (molality) on H: solubility. Comparison of literature [20, 49, 52| and
some measured (Table 4) data with e-PR-CPA model @dictions.



Table 8 : Calculated solubility (in terms of salt-fee mole fraction) of H in water = NaCl by the e-PR-CPA model.

T (K) P (bar)
5 10 15 20 25 50 75 100 200 300 400
m = 0 mol/kgw
298.15 0.0000732 0.0001463 0.0002190 0.0002911 0.0003628 0.0007144 0.0010550 0.0013854 0.0026164 0.0037247 0.0047326
323.15 0.0000669 0.0001351 0.0002029 0.0002702 0.0003371 0.0006654 0.0009839 0.0012932 0.0024473 0.0034877 0.0044335
348.15 0.0000649 0.0001348 0.0002043 0.0002733 0.0003419 0.0006789 0.0010062 0.0013242 0.0025127 0.0035852 0.0045602
373.15 0.0000619 0.0001390 0.0002155 0.0002917 0.0003674 0.0007393 0.0011007 0.0014522 0.0027674 0.0039554  0.0050353
398.15 0.0000487 0.0001385 0.0002279 0.0003168 0.0004051 0.0008395 0.0012618 0.0016728 0.0032122 0.0046038 0.0058690
423.15 0.0001151 0.0002242 0.0003326  0.0004405 0.0009709 0.0014870 0.0019894 0.0038732 0.0055776  0.0071276
m = 1 mol/kgw
298.15 0.0000549 0.0001097 0.0001642 0.0002183 0.0002721 0.0005357 0.0007910 0.0010387 0.0019614 0.0027920 0.0035470
323.15 0.0000506 0.0001021 0.0001533 0.0002041 0.0002547 0.0005028 0.0007436 0.0009776 0.0018525 0.0026432 0.0033638
348.15 0.0000491 0.0001017 0.0001539 0.0002058 0.0002575 0.0005112 0.0007580 0.0009981 0.0018988 0.0027159 0.0034625
373.15 0.0000467 0.0001038 0.0001606 0.0002171 0.0002732 0.0005495 0.0008186 0.0010808 0.0020672 0.0029654 0.0037883
398.15 0.0000374 0.0001024 0.0001671 0.0002315 0.0002955 0.0006109 0.0009184 0.0012185 0.0023505 0.0033852 0.0043359
423.15 0.0000091 0.0000858 0.0001622 0.0002382 0.0003139 0.0006867 0.0010508 0.0014066 0.0027525 0.0039874 0.0051257
m = 3 mol/kgw
298.15 0.0000334 0.0000668 0.0001000 0.0001330 0.0001657 0.0003263 0.0004820 0.0006330 0.0011965 0.0017049 0.0021678
323.15 0.0000319 0.0000642 0.0000964 0.0001284 0.0001601 0.0003163 0.0004682 0.0006159 0.0011703 0.0016741 0.0021357
348.15 0.0000314 0.0000648 0.0000980 0.0001310 0.0001639 0.0003256 0.0004832 0.0006369 0.0012166 0.0017472 0.0022360
373.15 0.0000301 0.0000662 0.0001021 0.0001379 0.0001735 0.0003489 0.0005203 0.0006877 0.0013222 0.0019067 0.0024480
398.15 0.0000245 0.0000650 0.0001053 0.0001454 0.0001853 0.0003824 0.0005753 0.0007641 0.0014827 0.0021486 0.0027686
423.15 0.0000082 0.0000548 0.0001012 0.0001474 0.0001934 0.0004206 0.0006435 0.0008621 0.0016970 0.0024751 0.0032033
m =5 mol/kgw
298.15 0.0000227  0.0000453 0.0000678 0.00009019 0.00011241 0.0002214 0.0003271 0.0004298 0.0008131 0.0011596 0.0014756
323.15 0.0000227 0.0000458 0.0000688 0.00009163 0.00011433 0.0002260 0.0003346 0.0004404 0.0008383 0.0012013 0.00153497
348.15 0.0000231 0.00004764 0.00007209 0.00009642 0.00012063 0.0002399 0.0003562 0.00046986  0.0008998 0.00129521 0.00166131
373.15 0.0000223 0.00004934 0.00007623 0.000103 0.00012964 0.0002611 0.0003897 0.00051558 0.00099429 0.0014379 0.0018512
398.15 0.00001797 0.0000484 0.0000787 0.00010888 0.00013893 0.0002874 0.00043296 0.00057574 0.0011212 0.00163005 0.00210691
423.15 0.00000496 0.00003989 0.0000747 0.00010937 0.00014392 0.00031479 0.00048262 0.00064754 0.00128025 0.00187407 0.00243355
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Figure 9: Calculated Solubility (solid lines) of H in H20 + NaCl using correlation (Equations 12 and 13).d): measured vs calculatedy, ;
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4. Conclusions

Knowledge of high pressure hydrogen solubility rmé is of great importanaspecially for
Underground Hydrogen Storage (UHS), however, &llitee review has shown that there are
no published experimental data at high pressudate due to technical and safety challenges.
The “static-analytic” apparatus developed and aéd in our previous work has been used to
perform original measurements of $blubility in HLO+NacCl at high pressure (up to 230 bar)
and at different temperatures (323 and 373 K) aralality (from salt-free to highly
concentrated NaCl brinéfhe GC calibration was verified by performing measoents of H
solubility in pure water which were compared witlaable literature datd.he consistency of
the measured data was verified with a Krichevskgafaovsky type approacBomemedium
uncertainties were observed at low pressure (Idubgdity) due to the necessity of using two
syringes of different volumes for calibration (cioe small quantities and the other for large
guantities).The new H solubility data will serve to improve the modetsplemented in the
various reservoir simulation software (e.g. theisothermal multiphase flow and reactive

transport simulator OpenGeoSy$]) for the simulation of hydrogen storage.

For the processing of these new measured data thoelels (Geochemical, SW, and e-PR-
CPA models) using different thermodynamic approackiere used. The new data were used
in the parameterization of these models, and inetreduation of recently published pseudo-
data from molecular simulation or “predictive” mésld he tested models can describe very
well the solubility of H in water and brine as well as the water conterthénH-rich phase
under different thermodynamic conditionsccurate data tables afater content and H
solubility in HHOxNaCl were generated with the e-PR-CPA model ti¢rént temperature,
pressure and molality. Moreover, a simple Setschelype correlation has been proposed
which is very efficientif used in the coefficient fitting range. Finallfhe models and
correlations proposed in this work can be usedatoutate the solubility of hydrogen under
geological storage conditions, however one methay lo@ chosen over another, depending on

the simplicity, accuracy, and degree of predicfwithin or outside the fitting range).
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