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Modeling phaseequilibrium of hydrogenand natural gasin brines

Application to storagen salt caverns
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ABSTRACT

In this work,the ePPESAFT equation of state has been parameterized to predict phase equilibrium
of the system H+ CH+ HO + N&CI in conditions of temperature, pressure and salinities of interest
for gas storage in salt caverns. The ions parameters have been adjusted to sadteth water
properties such as mean ionic coefficient activities, vappressures and molar densities.
Furthermore, binary interaction parameters between hydrogerethane,water, N& and Clhave
been adjusted to match gas solubility data through Henry constant. ddta validity ranges of this
model are 0 to 200 °C for temperatures, 0 800bar for pressres, and 0 to 8 MQkokgn.o for
salinities.The ePPCSAFT equation of state hteen beenusedto modelgas storage isalt cavers.

The performance of storage ofpure methane pure hydrogen and a mixture methane + hydrogen
have been comparedThe simulations of the storage cycles show thategrating up to 20% of
hydrogen in caverns does not have a major influence on temperature, pressure and water content
compared to pure methane storag€heyalsoallowed to estimate the thermodynamic propertie$

the system during thestorage operations, like the water content in the gaseous phase. The
developed model constitutes thus an interesting tool ®lfsizesurfaceinstallationsand to operate
caverns.

Keywords:Hydrogen, thermodynamic modej phaseequilibrium; natural gas cavern storage
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1 Introduction

Underground storage in salt caverns iswell-known technique for natural gas, which ensures
flexibility on the gas network and supplies security during the winter season. These caverns behave
as pressure vessels and may deliver high flow rates on denmoblition of the natural gas market

in the last fewyears has changed the way cavesars operated. They are used in more and more
aggressive modes, with shorter cycles. In this context, it becomes very important to predict moisture
content at the wellhead and in the caverin order to design the surfacenits and optimize
exploitation In addition, a new challenge faperatorsis emergingwith hydrogen storagelndeed,

the valorization of electricity produced during periods of low consumption from renewable squrces
such as solar photovoltaic or wind,one of the challenges of the energy transitifvsom fossil fuels.

A possible option consists in converting this excess electricity into hydrogen by water elecfiglysis
Thehydrogenproduced by this poweto-gas process cathen either be injected, up to few percents,

in the natural gas networf2,3] and stored in geological formationer be storedpure in geological
formations[4 t6]. For the latter option, salt caverns present several advantages for massive storage
of hydrogen as a pure produg? t10], notably the very low permeability of salt layeand the
flexibility allowed bythese structures compatible with the variable pduction and usages
associated with hydrogen.

Salt caverns are built by leaching: rock salt is dissolved byiimgeeater underground causing the
production of brine After the leaching phase gas is injected in order to remove as much brine as
possible from the salt caverthis is the first filling(or de-brining) phase.A significant amount of

brine remains at the bottom of the cavern aftére de-brining phaseOperations of storage start
thereafter: gas injection and withdrawalary accordig to customer needsand causecompression

or expansion of the gas in the cavefBas is injected at a prescribed flow rate and temperature at
the wellhead, and is withdrawn at a given flow rabeside the cavern and the well, gas exchanges
heat with the surrounding rock inducing temperature and pressure variatioms the cavern, gas
pressure has to remain between a minimum (to limit salt creeping) and a maximum value (set far
below the lithostatic pressure to avoid any mechanical damadesjing the ogrations water
evaporatesn the gaswhile gaseous components dissolve in the brie.a natural gas storagéhe
former may be very limitingif moisture content in the gas is too highydratescould form during
withdrawal in the upper part of the we|lL1,12] In the case of ydrogen, depending on thusage
planned after production, a high purity might be requirdtis willimposethe use of dehydration
units. On the other hand,waluation of gas loss by dissolutiomay beinterestingfor operators
considering rechanicalintegrity tests (cavern in #it case is partially filled) or during -deining
phaseslt is thus of primary importance for operators tlispose of a thermodynamic model able to
accurately predict the temperature, pressure and phases composition at wellhead and inside the
cavern to corectly dimension surface facilities during the phase of preliminary design, and to
determine the storage performance and improve its exploitation during operafibhsl 3].

During thethree last decades, many thermodynamic models have been developed to predict phase
equilibrium of methane (or natural gas) in brines, including activity coefficient moelg/q14 t16])

or equations of stated.g.[17 t25]). However, onlywery few models have been published for phase
equilibrium of hydrogen in bringl6 t28]. This is probably due to the lack of available experimental
data in the operating conditions of indtrial application$29]. Therefore, tiis necessary to focus on a
predictive thermodynamic model to be able to extrapolate in conditionsawkrns operation

In this paperthe eePPCSAFT (electrolyt®olar PerturbeeChain Statistical Association Fluid Theory)
equation of state (Eo$ usedfor modelingthe vapotliquid equilibria of the systesH,O + NaCl +H
+ CH for thermodynamic conditions met in salt caverfi$iis model is an extension of the original



PCGSAFT EoR0] to polar and electrolytic system24]. The SAFT equatios basedon statistical
thermodynamicsand allowsthe thermodynamic characterization of a fluid by incorporating the
effects of associatianOne of themain advantage of the SAFT theory is that it relies on a realistic
physical representation of the molecules taking into account their shape, their size, as well as the
different interactions that may exist between the nealles of a fluid. Moreover the SAFT equation
can represent very different types of fluids (electrolyte solution, polar solvents, hydiogeded
fluids)andis more accurate to predict phase densities (or, in other word, the compressibility factor)
than the usualcubic state equationsThis study proposed parameterization of the-PPCSAFT EoS
based on the available experimental dditaet both systems

This paper is organized as follovisrst, the formalism description of the-PPCSAFTodel isshown

Then pure components, brine and gas+brine mixtutes + CH + HO + N&CI) will be studied in
order to find the parameters that accurately describe the phase equilibrium for a range of salt
concentrations betweer® mol/kgo and 8 mol/kgiyo, as well agpressures between 0 bar arD0

bar and temperatures betwee@and 200 °CFinally this thermodynamic model will be implemented

in anumerical model of salt cavern storaged applied[31] to study syntheticcases oftorage of

pure methane, pure hydrogen and a mixture of this twoegain order toquantify the storage
performances



2 Thermodynamic model

2.1 Thee-PPCSAFT equation of state

The ePPGSAFT equation of state computes the residual Helmholtz energy of a system by the
addition ofvarious terms, eackerm describing specifiphysical interactions between molecules in
this system:

Ares AHS Achain Adisp Aassoc A polar ANAHS A MSA A Bc
RT RT RT RT RT RT RT RT F @

The mathematical expression of each of these teamswell described in the literatur§24,30,32,33]

and aretherefore not recalled in this work. Only a brief summary of the physical meaning of these
terms and the corresponding pure component and binary parameters used in this work are provided
in Tablel.

Tablel. The different terms of the e?PCSAFT equation of state and their pure component and
binary parameters.

Term Physical meaning Pure component| Binary
parameters parameters

ANS Repulsive energy betwee |/° (segment diameter) -
hard spheres

AChain Chain formation energy m; (segment numbers) -
betweensegments

Adisp Dispersive energy betwee x(dispersion energy) Ki
spheres

A2Ss0° Association energy X°(association energy) -
betweensegments k"8 (association volume)

AP Energy between pola ..(dipole moment) -
moments x, (dipole fraction)

ANAHS Non-additive hard spherq - l
energy

AMSA Longrange electrostatiq /s -
interactions between iong
(MSA theory)

ABom Born energy for iong Pom -
(solvation)

From the derivatives of the residual Helmholtz energy with respect to pressure, temperature and
mole numbers, it is possible to determine all the thermodynamic properties of the system such as
compressibility factors, molar volumes, residual heat capagitluleThomson coefficients, and,

more specifically, the fugacity coefficient of tffecomponent in the phasp ( M) defined as:
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where Tis the temperatureV the volume,Pthe pressureRis the ideal gas constant, the number
of mole of thei™ componentandv the molar volume of the phase

The fugacity coefficient is a kyoperty to compute liquievapor phase equilibrium, which is
obtained by equalizing the fugacity in the liquid and vapor phases for each component under the
mass balance constraint:

Px “ T,Rx P> TRy
where X and Y, are the molar fractions of the componenti in the liquid and vapor phase
respectivelyx and y the vectors of composition of the liquid and vapor phase, ajfdand A the
fugacity coefficients of thé" component in the liquid and vapor phase.

In the thermodynamic conditions considered heree tsolubility of a light gas in water is very low. It

is thus common to measure and model this quantity in term of Henry constanthich can be
directly determned from the fugacity coefficient by

H  RYT) M T,Px (4)

where P" is the saturation pressure of the Isent, and /W’f the liquid fugacity coefficient of the

solutei at infinite dilution (X 40).

In the various contributions to the total residual Helmholtz enerdye terms AYS* (longrange
electrostatic interactions) andh®*"(ions solvation energy) are directly related to ionic species, and

are of primary importance for modeling thermodynamic properties and phase equilibrium in highly
salted solutions, suchs brines in salt cavns As shown iTablel, it can be noticed that thesevo

terms involve a specific ion diamete$*>* and " U AZz] Z v e v e+ Ne}oA S ]}v
and are consegently expected to be larger than ion hard sphere diametgt[34]. In order to

ensure this physical consistency, we proptaséntroduce in this work a proportionality coefficient

defined by:

v oY (5)
wom @rn i HE (6)

Both MSA and Born energies are strongly driven by the dielectric conBtahthe solution. In the e
PPGCSAFT framework, the salbncentation dependence proposed by Simofidb] is used to model
this property:
D
I—W 7)
1 I &on

where ris an adjustable parametex,, the molar fraction of the ion# the solution and D,, the
dielectric constant of pure water taken from Schrekenbetr@l.[36]:

]
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Lis the molar density of pure water.

In order to obtain better accuracy on a large range of temperatures, rtiparameter is assumed
temperaturedependent:

D p O 29815 9)

where [) and [) areconstants

A common property used to characterize the Adeality in electrolyte solutions is the mean ionic
activity coefficient (MIAC), defined by the average of the activity coefficient of the individual ions
constituting the considered salt. For an NaCl aquesmlistion, it is thus defined by:

1/2
dic W (10

The individual ionic activity coefficients can be calculated from theidityg coefficients, using the
relationship:

M T,Px
M T,P,x 00

J (11)

2.2 Pure component parameters

2.2.1 Hydrogen and methane

The ePPCSAFT parameters of pure hydrogen and pure methane are taken from literf@uy@8]

and are recalled inTable 2. For gas storage in salt caverapplication, two thermodynamic
properties are of primary importance to correctly simulate the gas injeat@noval cycles: the
density of the vapor phase (or, similarly, its compressibility fa&orand the Jouldhomson
coefficient, which quantifies # variation of temperature during @ressurechange. It is thus
necessary to validate the choice of the pure component parameters of hydrogen and methane on
both these properties. As stated below, the phase density and compressibility factor are directly
given by the equation of state. The Jodlaomson coefficient is calculated from heat capacities,
constituted of two terms: an ideal gas contribution, calculated in this work with the Passut and
Danner model[39], and a residual contribution, determined from the SAFT equation of skue.

pure hydrogen and methane, thiigures S.1, S.2 and S.3 in the Supporting Informatow the
densities, compressibility factors and Jolileomson coefficients, respectively, obtained from the
NIST reference databa$#0] and calculated by our model.

For pure hydrogen, the average deviations between reference data and calculated values for
densities, compressibility factors and Joilleomson coeffients are equal to 2%2% and 7%,
respectively. For pure methane, they are equal to 1%, 1% and 4%, respectively. These low deviations
validate the pure component parameter selection.



2.2.2 Water andNa" and Clions

The pure water PCSAFT parameters are &k from the work of Ahmedet al. [41], and are
recalled inTable2. More specificdy, these parameters have been fitted to accurately reproduce the
vapor pressure of pure water, an important property in the context of gas storage in brines to
evaluate the quantity of water in the vapor phase.

In order toaccuratelyreproduce the thermdynamic properties of agueous NaCl solutions for this
application, we proposén this work a specific parameterization of the ions"ad Clin a wide
range of temperatures (fron® to 200 °Q and of salt concentrations (from pure water talite
saturation, close to6 mol/kgyoat 25 °Q. A total of 368 experimental data covering this temperature
and salinity ranges were used, including 205 mean ionic activity coefficjéai43] 87 vapor
pressureq44,45]and 76 molar volumept6]. The mrameters of Naand Clare adjusted to match
the experimental data using the following jebtive function:

‘Xicalc Xiexp.é2
T

1 N
OF — | (12)

N il ©

WhereN s the total number of experimental data.

To reduce the number of adjustegarameters, the following assumptiongriginally proposed by
Ahmedet al. [24], are made. The hard sphe diameters of ions are taken equal to the Pauling
diameters, and they are made of only one segmen{ ( 1). lons are assumed to have no
dispersive energy & _ o) but are considered as associative molecules. ritheber of association
sites is taken equal to 7 for Nand 6 for Cl The association volume parameter is arbitrarily taken
equal to the oneof pure water. Finally, the reaining parameters are considered adjustable: the
association energy parametet® of Na" and C| the proportionality factor ¢#** and &™ (equations

(5) and (6)) for the MSA and Born diameters, and the parametd& and Qin the dielectric

constant model (equatio)). In the end, a total of 6 adjustable r@netersare optimizedto fit the
368 experimental datéTable2).

Table 2. Pure component parameter values for the-RPCSAFT equation of state. In bold:
parameters optimized in this work.

Parameters Water Hydrogen | Methane | Na+ CH

[41] [37] [38] (this work) | (this work)
Segment numbem (-) 1.02122 |1.112 1.03335 |1 1
Segment diameteN'S(A) see note | 2.906 3.658 1.900 3.620
Dispersion energyx(K) 207.747 | 26.627 147.418 | - -
Association energy® (K) 1813.0 |- - 5569.7228 | 877.8375
Association volum&™® (-) 0.044394 | - - 0.044394 | 0.044394
Association sites numbé) 4 - - 7 6
Dipole Moment . (D) 1.85 - - - -
Dipole fractionxp ) 0.276 - - - -
Diameter factor for MSAS(-) - - - 2.1221
Diameter factor for Borné&™ (-) - - - 1.2256




Salt effect on dielectric constan| - - - -0.0362
R()

Salt effect on dielectric constar - - - 7.5195
o (K

Note:the segment diameter of pure water is given by:
VS 2.2423 0.51212exp 0.001176 9904.13

Figurel presents the experimental and calculated mean ionic activity coefficient (MIAC) in function
of NaCl molality and temperature.
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Figure 1. NaCl mean ionic activity coefficient (MIAC3ymbols: experimental datg42,43]. Solid
lines: this model.

The MIAC results shoafairly good agreement with the experimental data for the aqueous solution
of NaCl at various temperatures and on the Whoange of salt concentrations. The overall average
deviation is 4.7%. The highest deviations are observed at high temperature (typically V€

for which the model overestimates the experimental data up to 10%.

Figure 2 compares the model results for saturation pressures with the experimental data. The
average deviatiorfcalculated on all experimental pointis 2.3% with a maximaialue of 5.8%. The
expected trend is well reproduced: the saturation pressure decreases when salt concentration
increases. Indeed, when the salt concentration increases, the number of ions to be solvated by water
molecules is larger, and consequently wattendsto stay in liquid pase rather than to evaporate.
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Figure2. Saturation pressures of aqueous NaCl solution. Symbols: experimental @izta5]. Solid
lines: this model.

Finally,Figure3 shows experimental data amtiodel results for liquid molar volumes. The average
deviation is equal to 0.6% with a maximum value of 1.4%. Here agaimexgectedtrend is well
predicted with a diminution of the molar volume when salt concentration increases.
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Figure3. Liquid molar volumes of aqueous NaCl solutior&mbols: experimental dat§46]. Solid
lines: this model.

2.3 Mixture parameters: hydrogen and methane in brines

2.3.1 Experimental data

The parameterizatiorof the binary interaction parameters of the-PPESAFT model for the system

H, + CH + H,O + Na+ Clis carried out on the basis of experimental Henry constafithydrogen

and methanen pure water and in salted water. Concerning hydrogen in pure water, a compilation of
more than 250 experimental Henry constants has been done by Hosroet al, who proposed

the following empirical correlation fitting these daf26]:

15

H, § 0.355 8
T.In Y T

> T o

13

0.22726 9.1114 1T, 1.38821 Ti
1

r

where T, is the reduced temperature of wateil,(= T/ T, with T in Kelvin andl, = 647.096 K), and

PV T the vapor pressure (in Pa) of pure water at temperatliteThe hydrogen Henry constants

Pv &S A]sZ §Z]e }EE o 3]}v AJoo (LESZ & VIS Piglrée EE o S
4.

For methane inpure water, Harvey[47] proposed an empirical correlation fitting the available
experimental data:

nH. Inp" 11+0094 4.?362:L T

r r

0.355 0.41

12522%xpl T T

r

(14)

where Henry constant and saturation pressure agpressedhere in MPa.As for hydrogen, tte
uszZv ,VEC }ved vie Pv E S A]5Z §Z]e }EE o 3]}v Aloo (LE
§ _ v plGaed onFigure4.
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Figure4. Henry constants of hydrogen (dotted lines) and methane (solid lines). Black: this model.
Gray:correlated data (equation(13), equation(14)).

Conerning Henry constants of hydrogen in salted water, experimental data are very scarce and
restricted to low temperatures (up to 30 °C) and moderate salinities (2i&b4.0. Lopez_azarcet

al. proposed a critical review of these data, and computed mkata at higher temperatures usiray
molecular simulation technique. An uncertainty of 10% was evaluated for both experimental and
simulation datd26]. Figure5 shows both experimental and molecular simulation data.
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Figure5. Henry constant of hydrogen in saltedater. Open symbols: experimental datp48,49]
Filled symbols: data from molecular simulatiof26]. Solid Ines: this model. Trianglesmyac =
0.5 mol/kgnzo Circlesmyaci= 1 mol/kgizo Squaresmyaci= 2 mol/kgizo

Concerning methane in salted watexpmerimental Henry constants have been reported by Cragher

al. [50] on a wide temperature range (0 to 300 °@yddor salt molalities up of td.3 mokadkguzo
However, the experimental data at the highest salt concentration are very scattered and were
therefore not considered for parameter regression. Furthermore, in order to be the most reliable in
the temperaure range of interest for gas storage in salt caverns, we focused only on experimental
data up to 200 °C. The selected data are plotted-ure6.
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2.3.2 Binary interaction parameters fitting

In order to accurately reproduce the experimental Henry constant®tf hydrogenand methanen
pure and salted water, an adjustment of binary interaction parameters is required. As stafedla

1, two binary parameters are tunable in theP®PCSAFT framework: th&; parameter (acting on
dispersive energy), and thgparameter(acting on the crosdiameter of noradditive hard spheres).
From theoretical and molecular simulation studigx6,33] Trinh et al. and Loped.azaroet al.
showedthat hydrogen solubility is considerably more influenced byljharameter rather than e

ki parameter. Thus, ivas decided in this work teetall k; binary parameter to 0 and adjust onlly
binary parameters, for hydrogen and for methafi@ increase accuracy at elevated temperatures, a
temperaturedependence is introduced in this bitygparameter:

Iij T Iij(z) T? Iij(l) T |J. © (15

The |; parameter between Hand water is adjusted to match the correlated experimental data
generated by equatior(13). The optimized parameters are given Tiable3, and a comparison
between data and model is provided dfigure4. The average deviation is about 1.4% foe
considered range dkemperatures(from 0 to 200 °C)Thel; parameter between methane and water
is adjusted on correlated data given by equatidd), and Figure4 shows a comparison between
correlated data and the model. The average deviation is about 2.5% aathe temperature range.

For hydrogen solubility in salted water, a unique binary interaction paramghetween H and ions

Na’ and Clis adjusted to match the experimental data. It is found that a constant value (reported in
Table3) is sufficient enough to obtain good accuracy. A comparison between experimental and
modeling results is provided drigure5. The average deviation is equal to 4.7%jaklis less than



the estimated experimentaluncertainties. For Henry constant of methanen isalted water, a
temperature depedence is needed for thg parameterbetween methane and ions. The optimized
parameters are provided ifiable3, and the average deviation is equal to 7%. FFlgeire6 provides a
comparison between experimental dasad model results.

Table3. Binary interaction parameters optimized for the system+CH+HO+N&d+Cl

Binary (2) ;12 @) ;1 (0)
parameter i~ (<% i (<) i )

H,-H,0 7.5537-10 -5.8906-10" 0.14367
H,-Na+

H,-CH - - -0.06395
CH-H,0 7.7229-10 -6.5424-10" 0.13797
CH-Na+

CH-CH - 4.9682-1¢ -0.25152

2.4 Model predictions and validation

Although parameterized only on Henry constant déig in other words, on solubility data in liquid
phase) this thermodynamic model ialsoable to accurately predict the composition of the vapor
phase, what is of primary importance in the context of gas storage to evaluate the maistotent

of the gas producedduring withdrawal Figure7 and Figure 8 present an example of pressure
composition diagram of H HO and CH+ HO systens, respectivelyin typical operating conditions

of gas storage, showing a very good agreement in both ligmd vapor phase compositions.
Unfortunately, there is no experimental data available in open literature on the vapor phase
composition in salted water to extend this comparison. It can also be noticed that the Henry law
validity domain is very large foryrogen in water, typically up to 600 bar if we refers to high
pressure experimental data of Wiels al. [51]. For methane Figure8 also shows that the liquid
phase composition is correctly predicted even at high pressure where the Henry law is no longer
valid. More specifidyy, the mutual solubilities of methane in water is well predicted up to 300 bar.

Thus, the model developed in this work covers well the operating conditions met in gas storage
applications.
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Figure 7. Pressurecomposition diagram of the H+HO system(left: bubble curves; right: dew

curves). Symbols: experimental daf®2]. Solid Ines: this model. Diamonds: 37.8 °C. Triangles:
204.5 °C.
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Figure 8. Pressire-composition diagram of the CHHO system(left: bubble curves; right: dew
curves). Symbols: experimental dafa3]. Solid Ines: this model Diamonds:25 °C Triangles40 °C

The modelpredictions can also be compared to results provided by the solubility model recently
devebped by Liet al. [27]. Contrarily toour modelingwork inwhich an homogeneous approach is
adopted (the same thermodynamic modek used for both liquid and vapor phased)i et al.
proposed an heterogeneous approach, using Henry const&dyning correctiors and an activity
coefficient model (Pitzer) fothe aqueous phase, and a puhgdrogen equation of state for the
vapor phaseTheFigureS.4 in the Supporting Inforrtian presents a comparison of both modein
hydrogen solubility at low pressure (1 bar) and high pressure (300 bar), for salinities of 0, 2 and
4 molyadfkgn20 and for temperatures ranging from 0 to 100 °C (validity range of thedlimodel).

Results of both models af®und in good agreementThe averageleviatiors between models are

equal to 8% at 1 bar, and 14&b 300 bar, which is also the order of magnitude of experimental
uncertainties for salted systesrdata It can be noticed that theilet al. model estimates vapor phase
composition following an ideal gas behavior assumption. This can explain why deviations are larger at
high pressureOur modeling approacis based on a real flash calculatitm calculate compositions,

and involvesan equation of state for the mixture in the vapor phasghus better predictions are
expected at high pressure with our model.



3 Casestudy: gplication to gasstorage in salt caverns

In this sectionthe e-PPCSAFTequation of stateis applied to a casstudy of gas storage irsalt
caverrs. The performance of an existing methane storage comparedto that of two fictitious
storages of respectively,hydrogen and a mixturecomposed of 80v0l% methane and 2®0l%
hydrogen

3.1 Model description

A numericalmodsd of salt cavern storagE1] is usedto describegas flow irthe well (from the wel
headto the well shogandthe cavern(represented as a ondimension spherical gas tank embedded
in a finite rock magsandto estimate evolutions of temperature and pressure during gas injection
and withdiawal The mathematical system solved is a coupled nonlinear thémwaoaulic problem
that accountdor heat exchanges with the rock mass

Usually, a first phase consists in optimizittte numerical model to reproduce the available
monitoredfield data: pressure and temperaturat the wellhead The main calibration parameters of
this history-matchingstepare theshape factor of the cavern, whidmpactsheat exchanges with the
rock mass and its volume. Once optimized, thanodel can beused to planfuture gas storage

operations in this cavern

In the present casstudy, the properties of the caverare those ofan existingmethane cavern
storage, and are summarized Trable4. The cavern volumis 570000 nt; it has beerconsidered
constant during the whole simulatiorsalt creepingis neglected,as the simulatedtime period is
short. The residual volume dbrine that remains in the caverafter debrining wa estimatedat
5000m°. The ninimum and maximunadmissiblepressuresat the casing shoe (which corresponds to
the top of the cavern) are driven by geology and stability of the cavernywenel respectively equal
to 60 and 240 bar. Finally, the rock mass temperature at cavern depth haglb&sminedequal to
53°C.

Table4: Casestudy model parameters

Characteristics Value
Caverrdepth (m) 1300
Cavern volume () 570 000
Minimum admissible caverpressure (bar) 60
Maximumadmissible caverpressure (bar) 240
Rock mass temperature at cavern depth (° 53

Rock salis considered apure halite (Na@! Salinity in the brine is calculated considering liadite
solubilityas afunction oftemperature from[54].

The gasis considered completely drgt injection and initially at a temperature of 30°C. h the
cavern, thermodynmic equilibriumis assumed to occur instantaneously. This hypothesis induces an
overestimation of the water content in the gas. Indeed, in real storages, gastialwaysfully
saturated with vaporNatural convection stirs gas and vapor in the upper pathe cavern and favors
mixing However, gas temperaturenay belower atthe bottom of the cavernbecause sump brines
colder than the gas phase. Thisnders natural convection near the brirgasinterface andprevents



thermodynamic equilibrium{11,13] Nonetheless this uppetbound evaluation provides an useful
constraint b design and operate surface facilitid2].

3.2 Salt cavern modelimulation results for methane, hydrogen anthe mixture

The simulated storage scenaii®a first 6monthsiong (180 days)withdrawal phase, starting from

the maximum admissible pressure down to the minimum one, followed bynathslonginjection

step to reach the maximum pressure again. Two of these cycles were modeled, for a total simulated
period close totwo years (20 days).

From these constraints, the numerical model determinéal each of the considered gasgsure
methane, pure hydrogen and mjxhe constant flow rateof withdrawal (or injecion), the working
and cushion gagolumes (gas volume which can be withdn from a storageavernand gas volume
necessary to ensure the minimum storage pressuespectively)the pressurevariationsat the well
head and the temperature variations irthe cavern(pressure in the cavern varies between the
minimum and maximunctavern admissible pressuréfhese results are reported ifable5, and
plotted on figure S.5 and S.6 in the Supporting Information

Table5: Calculated fow ratesand working gas volume and mass for methane, hydrogen and
mixture storages

Methane Hydrogen Mix
Mass flow
(tday) 374.9 33.3 255.5
Volumetric flow
(NP/day) 475 000 370 000 432 000
Working gas volumg 86.7x10° 70.6¢10° 78.8x10°
(Nn)
\(/t\;orklng gas mass 68430 6 350 46 600
Cushion gas volume 32 0x10° 31.2%x10° 31.7%x10°
(Nn)
Et:)usmon gas mass 20 991 2810 18 772

As shown inFigure S.5 in the Supporting Informatiomell head pressure for hydrogen is almost
eqgual to the cavern pressuléhat variesbetween 60 and 240ar). The difference between wellhead
pressure and cavern pressure is about 0.5 to 2 bar for hydrogen and about 5 to 20 bar for methane.
Hydrogen is less dense than methane. Moreoube higher the dynamic viscosity, the higher are
pressure losses by friction the well. For example at 2C and 150 bar, pure hydrogen dynamic
viscosity is almost @Pa.s, while methane viscosity is{lFa.s for natural gg%5].

Lower viscosity and weight well column (i.e lower gas densityhydrogen comparedo methane
explains why well head and cavern pressures remain close in hydrogen simulations. Behavior of the
mix isvery similatto the methaneone.

The Figure S.6. in the Supporting Informatshows thatthe amplitude of temperature changes
during onecycle is less for hydrogen compared to methane. Hydrogen does not cool down as much
as natural gasin the first six months the temperature dropfor hydrogenis about25 °G while it is



32 °C for natural gaand 29 °C for the mixAsthe Joule Thomson cdiécient of hydrogen is negative
(seeFigure S.3 in the Supporting Informat)phydrogenshouldwarm up slightlyif the expansionis
isenthalpic However, heat exchanges with surrounding rock salt induce enthalpy changes: hydrogen
temperature still increaes during injection and decreases during withdrawaht can explain why
temperature variations for hydrogen asmalker than for natural gas or mix.

Finally, itisimportant to point out that, 6r the same pressure and volume of gas in the cavern, there
is more mass of natural gas than hydrogen, as the density of hydrisgapproximately 8 times
smaller thanthe natural gas one(at normal conditions, 0.089%gy/m® for hydrogen against
0.7893kg/m®for natural gas). Hydrogen is 2.5 more energetic by quantity of mass than natural gas
(in term of High Heating Value). But when compared in energy per voluateral gas is about
3times more energetic than hydrogeihus less energy is stored imcawern filled with hydrogen
rather thanwith methane or mix.

3.3 Gashbrine phase equilibriunsimulation results

The e-PPCSAFTE0SmMakes it possibléo evaluatethe water content in the gasousphase andhe
amount ofgas dissolved in thaqueousphasefor each one of the three gases considedating
storage cyclesThese simulations were performed considerimgn halite-saturated brine and
compared with pure waterHigure9, FigurelO, Figurell).

Figure 9: Vapor mass fraction inthe gasous phaseduring the withdrawatinjection cycles for
methane (solid line), hydrogen (dotted line) and mix betwedrydrogen and methane (detlashed
line) storages considering brine (black color) or pure water (go®jor) as the residual fluid after
debrining

Whatever the kind of stored gas, the mass fraction of water in the gas phase is less when gas is in
equilibrium with brine compared tpure water (Figure9). This hasa be related to the polar nature

of the water: in brine, ions are solvated by water molecules that mékesvater evaporatiormore

difficult, as more energy is needed doercomesolvation forces.



Thee-PPCSAFT model estimates a maximurater mass fradbn in gas phasduring the cyclethat
can be used to size surface facilitiddass fraction of water irthe hydrogen gas phase &bout

5 times more compare to the methane gas phasigure9), while behavior othe mix remains close
to the pure methane one

FigurelO: Mass fractionof dissolved methane in the liquid phasier methane storage (solid line)

and dissolved hydrogen for hydrogen storage (dotted line) considering brine (black color) or pure
water (grey color)as the residual fluid after debrining



Figurell: Mass fractionof dissolved methane @id line) and dissolved hydrogen (dotted line) in
the liquid phasefor a mix storage considering brine (black color) or pure water (grey coém)the
residual fluid after debrining

The amount of ga®st by dissolutionn pure water or brine may be estimated at the minimumtbé
pressure and temperatureconditions metduring the cycle(Figure 10| and|Figure 11). It also
corresponds to the lowest amount of gdissolved irthe aqueous phasésas lost in brine is actually
UL Z 0}A B S3Z v Jv %o p@E A 3§ Buij 3S(FerEbetaverd pefined alvewith an
estimate of 5000 rhof brine or water remaining in the caveatter debrining the maximunmass of

H, lost by dissolutiorwould be about 2 tons in brine versus 5 tons in pure water. It is slightly less
than for methane or mix for the same caveln. practice this valuerepresentsan upper limit as
equilibrium may everbe reached.




4 Conclusions

In this work, the ePPCSAFT ecation of state has been parameterized to predict phase equilibrium
of systems ki+ CH + H,O + N&CI for conditions of temperature, pressure and salinities of interest
for the gas storage application in salt caverfBe ions parameters have been adjustadfocusing
specfically on the association and electrostatic terms of the equation of state, and to nsaltéd
water properties: this thermodynamic model is then able to reproduce with a good accuracy the
properties of NaCl aqueous solutions such aammnic coefficient activities, vapor pressures and
molar densities. Furthermore, binary interaction parameters between hydrogen (or methane) and
water, Nd and Cl have been adjusted to match gas solubility daéa a consequencéhis model is

able to pedict correctly phase compositions of the systelyst HO + NaCl and GH HO + NaCl

The validity ranges of this modate O to 200 °C for temperatures, 0 to 300 bar for pressures, and O
to 8 molyaofkg for salinitiesResults are found to be comparable with an existing modaHferCH, +

H,O + N&CI [27], but probably more accurate in extrapolation due to the rigorous physics behind the
e-PPCSAFT framework.

The ePPCSAFTmodel has beerused to model gasinjection / withdrawn in salt cavers Tlre
performance of an existing methanstorage in a cavern has beencomparedto that of two
hypotheticalstorages of, respectively, hydrogen, and a mixtcoenposed of 80 vol.% methane and
20 vol.% hydrogenrom a thermodynamigooint of view, integrating up to 20% of hydrogen in
caverns does not have a major influence on temperature, pressure and water camtemtared to
pure methane storageA pure hydrogen storage exhibits a slightly different behavior than pure
methane: wellkad pressure is closdo the cavern pressure, and the amplitude of temperature
changesslower.

With this new thermodynamienodel, the simulation carried outmay be used for storage designs
and operationslit should be noticed that such a study assumes that thermodynamic equilibrium is
instantaneously reached in the caverihe future work will quantify precisely deviations from
thermodynamic equilibriunusing Computational Fluid dynamics approach desaifiind flows and
heat and mass exchanges in the cavern.
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