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Abstract

Power-to-Gas—Oxyfuel, or Electrolysis-Methanation-Oxyfuel, is an advanced
concept that addresses some concerns of conventional Power-to-Gas: sup-
ply of high-purity COq, release of greenhouse gases to the atmosphere and
fate of the Oy from electrolysis. Due to the intermittent nature of several
renewable energy sources, massive storage is needed to balance supply and
demand. This paper focuses on the storage phase required for Electrolysis-
Methanation-Oxyfuel. Synthetic CHy, O2 and CO2 have to be stored at
different times. Due to the high fluid rates and volumes required, salt cav-
erns are potential candidates. While salt caverns have been used for decades
to store CHy, storage of COy and O9 has not been implemented to date.
A generic seasonal scenario with a 200 MW oxyfuel unit is investigated.
Numerical modeling that couples cavern thermodynamics with the thermo-
mechanical response of the surrounding rock salt has been performed. The
results, although exploratory, show that the caverns would be stable as they
respect the criteria commonly used for cavern design. Moreover, combined

storage of COg and Oy in the same cavern, rather than independent stor-
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age, would reduce the number of caverns needed and the likelihood of phase
changes, but it would require separation of the two substances at the ground

surface.

Key words: Underground energy storage, Salt caverns, Thermomechanical

modeling, Thermodynamics, Power-to-Gas-Oxyfuel

1. Introduction

The energy transition from fossil to low-carbon energy requires an in-
creasing share of renewable energy sources in the energy mix. For instance,
the French roadmap targets 30% of renewable energy in the global energy
mix by 2030 and a 75% reduction in greenhouse gas emissions below 1990
levels by 2050 [1]. Due to the intermittent nature of renewable sources of en-
ergy such as solar and wind, massive energy storage is necessary to succeed
in the energy transition. In recent years, Power-to-Gas (PtG) has emerged
as a promising option for handling high shares of renewable energy [2, 3]
because it provides large-scale, long-term flexible energy storage [4, 5]. In
this technology, excess renewable electrical power is used to produce Hy and
O4 via water electrolysis. In this way, electricity, which cannot be currently
stored in considerable quantities, is converted into gas; the produced Hy can
be stored/used directly (industry, transportation, power generation, injec-
tion into the gas grid, etc.), or it can be combined with a suitable source of
CO2 to produce synthetic natural gas (SNG) via methanation. There are
currently PtG pilot plants in several countries such as Germany, Switzerland,
USA, Canada, France, Denmark and Japan [4, 6-9]. The main reactions in-

volved in PtG are
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H20*>H2+1/202 (1)

for water electrolysis and the Sabatier reaction for methanation [10, 11].
This reaction, combined with consecutive inverse water-gas shift and CO

methanation, leads to the production of SNG:

CO9 +4Hy &= CHy +2H50
COy + Hy S CO + H20 (2)
CO+3Hy =S CHy + HO

Some drawbacks of PtG include cost-effectiveness (although costs are de-
creasing [8]), the availability of a suitable CO2 (or CO) source for metha-
nation, and the current lack of valorisation of the oxygen produced during
electrolysis. To address these drawbacks, hybrid PtG systems have been
proposed [12-14].

This work investigates the combination of PtG with oxyfuel combustion,
which leads to Electrolysis-Methanation-Oxyfuel (EMO), a process com-
prising an energy storage phase (PtG) and an energy withdrawal phase
(Gas-to-Power, GtP, through oxyfuel combustion of the stored SNG). In
this process, the Oy from electrolysis (rather than air) is used as the oxi-
dizing agent in the GtP step; in this way, not only is the O9 valorised, but
the flue gases from the GtP step are also theoretically free of NO,, as they
only comprise COy and steam (see Eq. (3)). Moreover, the COy produced
during the combustion of SNG is quite pure and can be used to feed the
methanation process; in fact, Eqgs. (1-3) show that EMO can function in a
closed loop for the supply of the needed reactants in the generation of fluid

carriers [15]. Fig. 1 shows a schematic diagram of EMO, including the unit
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systems and the flow of the fluids.
CHy+ 209 = COy + 2H50 (3)

Several aspects of EMO have been studied in recent years, such as steady-
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Figure 1: Schematic representation of EMO (Electrolysis-Methanation-Oxyfuel). The

arrows indicate the circulation of the fluids according to the chemical reactions

state and dynamic behaviour of the unit processes, utilization of waste heat
and overall efficiency [15-17]. From an economic point of view, a recent
study has shown that EMO is currently only competitive for seasonal stor-
age [18]; for short-term storage (weeks, days or even less), other technolo-
gies such as CAES or pumped storage (PSPS) are more competitive. In this
study, the focus is on the storage phase of EMO, which is poorly documented
in the literature: during the PtG phase, Oy and CHy are generated and must
be stored for subsequent combustion, and COg is withdrawn from storage.
In turn, during the GtP phase, Oy and CHy are withdrawn from storage
and the produced COs is stored until the next PtG phase. Thus, CHy, O,
and COq have to be stored at different times. Storage of CHy in salt caverns

has occurred since the 1960s [19, 20] and is a well-known technology [21];
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however, CO5 and Os have not yet been stored in salt caverns, despite some
research being conducted for the former [22, 23], including a recent study
related to PtG [24]. Since massive quantities of these products are required
for EMO, underground storage is the most convenient option [25, 26]. Ad-
ditionally, flexible, high fluid rates will be required. As salt caverns satisfy
the requirements for both large volumes and high fluid rates [27] (in addi-
tion to low cushion requirements and low investment & operation costs, as
well as very low porosity and near-zero permeability of the host rock in the
undisturbed state), they are a promising choice [28].

This paper investigates storage of CHy, Oz and COs in salt caverns within
the framework of EMO. While CHy is stored independently, two configura-
tions are studied for the new substances, COs and Os: independent storage
in separate caverns and storage as a mixture in the same cavern. First,
the thermodynamic behaviour of the different products is assessed in the
relevant conditions for underground storage. Available data for CO2-O9
mixtures (less documented than the pure substances) are used to validate
the predictions of a recent high-accuracy equation-of-state (EOS) [29]. The
governing equations of the thermodynamic problem in the cavern are briefly
presented. The thermomechanical behaviour of rock salt and the governing
equations of the thermomechanical problem are shortly described, as well
as common criteria used to evaluate cavern stability: evolution of cavern
pressure [30, 31], volume loss rate [32, 33], no tensile stresses [34, 35], and
no dilatancy [36, 37]. Then, a generic scenario, i.e., not site-specific, con-
sisting of seasonal storage for the generation of 200 MW of electric power is
presented. The depth of the caverns center is assumed to be 1200 m. Cav-
erns stability is investigated for the different products and configurations

(independent vs. combined storage for COg and Og). Although the results
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presented are exploratory, they suggest that the caverns would be stable
and that storing a mixture of COs and Oy would have three main advan-
tages: the risk of phase changes decreases compared to that of pure COs,
compressibility increases, and the fluids replace each other in the storage
phase, leading to a reduction in the number of caverns needed. However,
separation of the two substances would be necessary at the ground sur-
face, which could be achieved using membranes [38]. This work illustrates
a methodology that combines cavern thermodynamics with the thermome-
chanical long-term response of rock salt, and identifies future research paths
to advance the maturity of EMO, as well as the use of salt caverns in the

energy transition context.

2. Materials and Methods

2.1. Thermodynamics of the stored products and cavern governing equations

The critical pressure and temperature of CHy are P. = 4.6 MPa and
T. = 190.6 K, respectively [39]; therefore, in a typical seasonal storage,
CHy is in supercritical or gaseous conditions. The same would apply to
O4 storage in salt caverns since its critical pressure and temperature are
5.0 MPa and 154.6 K, respectively [40]. For COs2, P. = 7.4 MPa and
T. = 304.1 K [41]; in this case, phase changes are likely to occur depend-
ing on the cavern depth, injection & withdrawal rates, cycling frequency
and injection conditions. Phase changes during salt cavern operation would
complicate standard use and should be avoided whenever possible; indeed,
a literature review suggests that storage in salt caverns occurs under single-
phase conditions, and therefore additional investigations are necessary prior

to considering phase changes. When the stored fluid has a low compressibil-
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ity (such as in the case of liquids), brine compensation is used (i.e., during
fluid withdrawal/injection, brine is injected /withdrawn through the central
tubing to withdraw/inject an equivalent volume of fluid through the annular
space [note that this requires a brine pond at the ground surface]), and the
cavern pressure is approximately constant [42]. When the stored fluid is
compressible (such as in the case of gases), pressure builds up during injec-
tion and decreases during withdrawal (brine is not required); in this case,
the cavern pressure typically varies between 20% and 80% of the in situ ini-
tial stress both to minimize the amount of cushion gas and to ensure cavern
stability [43-45]. If a phase change occurred, the operation method would
need to be reviewed. For instance, if the product is initially in the gaseous
state and the pressure increases sufficiently, it may become liquid, with low
compressibility; further cavern exploitation would require a switch to the
brine compensation technique, which would be difficult to put in place at
the surface installations (brine availability, well architecture, etc.). A second
feature of COg is that it is more soluble in brine than either CHy or Oy [46—-
48]; therefore, it would be more appropriate to avoid brine compensation
methods to minimize mass transfer between CO5 and brine.

Within the context of EMO, combined storage of COy and O is contem-
plated. Storing a mixture would be beneficial from three viewpoints: (i)
as the amount of O9 increases, the two-phase domain shifts towards lower
temperatures and higher pressures, reducing the likelihood of phase changes
in the P — T conditions of a typical storage (see Fig. 2), (ii) the compress-
ibility of the mixture increases compared to that of pure COg, and (iii)
since CO9 and Og are injected/withdrawn at different steps of the process,
they replace each other in the storage phase, thereby reducing the num-

ber of caverns needed for a given working mass. The main disadvantage
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of storing a mixture is that a separation technique would be required at
the ground surface, such as membrane separation, liquid absorption, or ad-
sorption [49]. The applicability of these techniques to CO2-O2 mixtures
exceeds the scope of the current work and must be further investigated.
Indeed, a literature review shows that most research has been performed
in the contexts of oxy-combustion and carbon capture and storage (CCS),
and does not focus on CO2-O separation [50-53]. Membrane separation is
an energy-efficient, inexpensive approach compared to other options, and it
results in low environmental impacts [54]. Given the thermodynamic condi-
tions characteristic of EMO and the different molecular sizes of CO5 and Os,
membrane separation is a promising technique, with CO4 recovery rates of
up to 90%, obtained purity greater than 95 mol% and energy consumption
between 0.25 and 0.38 kWh/kg of separated COq [54].

In this work, the thermodynamic behaviour of the different stored prod-
ucts is described using high-accuracy EOS explicit in the Helmholtz free
energy, whose canonical variables are temperature, T, density, p and molar

composition, ¢ [55]. Written in dimensionless form, such EOS reads

f(p,T,8) = f2(p, T,8) + [7(5,7,2) (4)
with
fp,T,8) = icz‘[lnCiJrf?(P,T)] (5)
and )
fr(éma:iCif[(5aT)+Afr(5vTa57 (6)
P

where n > 1 is the number of components, § = p/p,(€) is the reduced den-

sity, 7 = T,.(€)/T is the inverse reduced temperature, and p,(¢) and T,(¢)



155

156

157

158

159

160

161

162

163

164

165

166

167

Ccoz2 = 0.60
Ccoz = 0.72
Cco2= 0.83
Cco2 = 0.95
Pure CO2

250 260 270 280 290 300 310 320
T(K)

Figure 2: P-T envelope of the CO2-O2 mixture for different molar fractions and 7 >
250 K [29]. For each composition shown, the inner region corresponds to the two-phase

domain

are the composition-dependent reducing functions [55]. In Egs. (4-6), f°
represents the ideal gas mixture behaviour and f” represents the residual
mixture behaviour. The main advantage of such EOS is that all thermody-
namic properties of a mixture or pure substance can be obtained by properly
combining derivatives of Eqs. (4-6); these properties will be needed to solve
for the thermodynamic state of the cavern in the system of equations (7).

For the CO2-O2 mixture, which is less documented than the pure substances,
coefficients for Eq. (6) as well as for p,(¢) and 7,(¢) have been recently
published ([29] and references therein). As seen in Fig. 3, the comparison
between available experimental data and EOS predictions is quite satisfac-
tory (the comparison is limited to single-phase PpT data because published
data on the two-phase domain or on caloric properties could not be found).

New PpT data for additional mixture compositions have been recently pub-
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168 lished [56]. Additional investigations, including CO3-O2 phase changes, are
160 necessary to fully characterize this mixture.

The governing equations of the thermodynamic problem in the cavern are

N =
Ay
=
— Ay —
30322K o 303.22K o
323.18K © 323.18K ©
343.15K o 343.15K o
363.15K o 363.15K ©
38314K o i i i | 384K o
0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
p (ke/m>) o (kg/m’)
(a) (b)

Figure 3: PpT data of the CO2-O2 mixture for two molar fractions: (a) cco,=0.939,
(b) cco,=0.871. Symbols correspond to experimental data [57] and lines correspond to
predictions using Egs. (4-6)

170

i1 mass and energy balances. The approach described in [58] is used. Pressure
12 and temperature are assumed to be uniform within the cavern, and their

173 temporal evolution can be expressed as
A A TY — (W
(A; 7T.14211)(}'D)_(1\/11V> (7)
17 where W is the current cavern volume variation, adjusted by the variations
175 in the partial volumes of the different species. The term ¥ = ¥, + ¥y is
176 the sum of the heat exchanged with the surrounding rock salt and the heat

177 resulting from the fluid mass entering the cavern. Coeflicients A1, Aj2 and

178 As1 depend upon the updated cavern volume and, respectively, upon the

10
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isobaric thermal expansion coefficient, the isothermal compressibility factor
and the isobaric specific heat capacity of each separate phase present in the

cavern (stored fluid, brine).

2.2. Thermomechanical behaviour of rock salt, governing equations and sta-
bility criteria

Rock salt exhibits time-dependent behaviour and has interesting me-
chanical and flow properties for use as a disposal or storage medium, such
as very low porosity, near-zero permeability in the undisturbed state, duc-
tility, high thermal conductivity and healing capacity ([59] and references
therein). For these reasons, rock salt has been extensively studied. Here,
the approach described in [58] is used, in which rock salt is assumed to be a
homogeneous, infinite elasto-viscoplastic medium with uniform initial tem-
perature and uniform isotropic initial stress; these values are the averages
over the cavern surface of the geothermal temperature and the geostatic
stress, respectively. Likewise, the cavern pressure is averaged over the cav-
ern surface. Hydraulic effects are neglected in the current exploratory study:
according to laboratory and field measurements, rock salt permeability and
porosity are very small in the undisturbed state, e.g. [60-68], and the accu-
rate determination of the required parameters, such as Biot and Skempton
coefficients or the gas entry pressure, is still an open question requiring dif-
ficult tests [69]. In principle, if the dilatancy domain is not reached, flow
properties are not altered [45]. A review of salt caverns worldwide suggests
that microfractures may open in a thin zone at the cavern wall, without
compromising the barrier integrity of the salt rock mass [70]. Additionally,
feedback from the salt cavern industry over the past 60 years suggests that

thermomechanical effects within the rock salt prevail over hydraulic effects;

11
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in fact, the access well is more prone to tightness loss (quality of the ce-
mentation, years of operation, geological anomalies, etc.) than the cavern
itself [70, 71]. Note that cavern abandonment requires the study of hydraulic
effects [45, 70, 72], but it is out of the scope of the current work, which fo-
cuses on the operation phase.

The governing equations of the thermomechanical problem within the rock

are momentum and energy balances, which read, respectively,

vieter=9 0
pCoT +V-p=0

where ¢ is the Cauchy stress tensor, § is the gravity acceleration vector, p is
the mass density, C, is the specific heat capacity at constant stress, T is the
material derivative of the temperature T, 1/7 is the heat flux vector and V-
is the divergence operator. The system (8) has to be completed with initial
conditions, boundary conditions and constitutive laws for ¢ and 1Z Bound-
ary conditions at the cavern wall are provided by the thermodynamic state
of the cavern, described in the previous section. Eqs. (7-8) are solved itera-
tively within a time step using an in-house code, Demether [58]. Regarding
the constitutive laws, for the heat flux Fourier’s law is used, 1/; = —AﬁT,
where A is the thermal conductivity of the rock. For the stress tensor, a con-
stitutive law based on the additive decomposition of the strain rate tensor
into elastic, thermal and viscoplastic components is used. Under the as-
sumptions of infinitesimal elastic strains, isotropic material behaviour and
negative signs for compressive stresses and strains, this yields

1 .
Y ()14 au Lt D o)

D:
= E =

where D is the Eulerian strain rate tensor, v is the Poisson’s ratio, F is the

Young’s modulus, ayy, is the linear thermal expansion coefficient, ¢r() is the

12
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trace operator, 1 is the identity tensor, and D"P is the viscoplastic strain
rate tensor, which describes the time-dependent behaviour of rock salt. In
this study, the evolution law of D? is modeled using the Lemaitre creep
law [58, 73], which can be expressed as

va — gig (10)

’ . . . G s
where ¢ = g — +tr (o) 1 is the deviatoric stress tensor, ¢ = /3/2[|c’|| is
the von Mises equivalent stress, and v is an internal scalar variable whose

evolution law accounts for material hardening and reads

dzryz <K{2j>WQ,KXT)::K}exp(B(;;—i;)) (11)

where (o, 8, K, B) € Ri{! are material constants and 7, is the absolute

temperature at which K, is determined.

From a stability viewpoint, several well-established criteria must be satisfied.
As explained above, one of these criteria is that the cavern pressure should
not vary beyond 20-80% of the in situ initial stress in order to limit the stress
deviator (which enhances creep) and to prevent (micro)fracture creation
and fluid infiltration through the cavern wall; this criterion is based on
experience [74-76]. Moreover, since the tensile strength of rock salt is small,
typically < 1 — 2 MPa, the stress state around the cavern should remain
compressive over time. Dilatancy, or non-elastic volumetric strain increase,
should also be avoided or limited, as it is related to microcracking and the
possible creation of preferential flow paths, with an increase in porosity and
permeability [77]. For the exploratory purposes of this work, the following

linear dilatancy criterion is assumed, expressed in MPa [37]:

q=13p+25 (12)

13
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where p = —%tr (g) is the mean stress. This criterion is based on laboratory
strain-controlled tests with mean stresses up to 28 MPa; this range covers
the mean stresses in the scenario investigated in this work. Note, however,
that for a more accurate assessment of dilatancy, a constitutive law including
this phenomenon at the rheological level should be used instead. Another
stability criterion is the cavern relative volume variation over time, as it
reflects creep closure and the effect of cycling on the volume loss rate, and it
is related to surface subsidence [33]. In practice, a rate of volume variation

> —1 %/year is considered acceptable [32].

3. Model Description

In the generic seasonal scenario considered, the depth of the caverns cen-
ter is 1200 m. This depth is typical to store large fluid quantities [42, 78].
The admissible cavern operation pressure increases with depth [70], and
since fluid density is an increasing function of pressure, the deeper the cav-
ern the larger the fluid quantity that can be stored in a given volume (note
however that a compromise needs to be found for each particular case [salt
creep properties, cycling scenario, etc.], as the stress deviator, and there-
fore the cavern closure rate, also increase with depth). For each substance
(CHy, Og, COq, CO2-09), the cavern volume is optimized to minimize the
proportion of cushion required while ensuring stability; as will be shown
in the next section, this implies that the cavern radii vary between 26 and
32 m, assuming cylindrical caverns of height h = 200 m (typical height for
the considered depth [65, 78]). For simplicity, we assume that each cavern is
isolated, i.e., it is not influenced by surrounding caverns. The sump, filled

with saturated brine, represents 5% of the cavern volume. Mass transfer

14
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between the stored fluid and brine is not taken into account, but brine is
considered in the heat balance equation. The salt layer extends up to the
ground surface, and the in situ initial stress and temperature at 1200 m
are 0o, = —25.9 MPa and T, = 45 °C , respectively. Laterally, the model
extension is 1000 times the cavern radius to avoid boundary effects on the
mechanical problem (the extent of the thermal influence is smaller). Prop-
erties of the rock salt are listed in Table 1. They are taken from the Mines
ParisTech experimental database, and have been obtained by calibration of
experimental results within the same salt facies (triaxial strain-controlled
tests and creep tests) with the Lemaitre creep law described above. Their
range of application is for temperatures up to 70 °C , mean stresses up to
30 MPa and stress deviators up to 60 MPa, which cover the scenario inves-
tigated. The initial stress field is isotropic and the geothermal gradient is
0.025 K/m.

Prior to the cycling phase, leaching and debrining are modeled to take
into account the loading history and the stress evolution within the rock
mass. During this phase, which lasts 3.5 years, the cavern pressure is ap-
proximately 14 MPa (halmostatic). Subsequently, forty 360-day cycles are
modeled. The cavern temperature at the beginning of the cycling phase is
T for all substances. As explained in the Introduction, EMO is currently
only competitive for seasonal storage; in this context, and for the illustrative
purposes of this generic study, we assume that the PtG and GtP phases last
6 months each, but other schedules are possible. The scenario investigated
could correspond to an excess of renewable energy during the spring/summer
and an increase in energy demand during the autumn/winter. During each
cycle, the amount of each substance injected (withdrawn) during the PtG

phase is withdrawn (injected) during the GtP phase; therefore, the mass is

15
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Table 1: Rock salt properties used in the simulations

Thermo-physical parameters

p (kg/m?®)  Co (J/kg/K) X (W/m/K)
2200 800 5.8

Thermo-elastic parameters

ag, (K71) E (GPa) v(-)
4.107° 25 0.25

Viscoplastic parameters (unit system is MPa, K, days, ym/m)

o 3 K, B T.
0.3 3.24 0.72 7716 303.15

constant over a cycle.

From an energetic point of view, the efficiency of the oxyfuel unit is 7.y =
58% [15]. The produced power, 200 MW, is typical for a city with a popula-
tion of around 300,000 [79]. The efficiency of the methanation unit is quite
high, Nmetn = 84% [15], due to the catalyzed reaction and the generation of
power as a by-product by recovering heat from the reactors (methanation
is highly exothermic). Electrolysis has an overall efficiency of 1. = 63%,
which translates into a need for about 610 MW of renewable power. Poly-
mer Electrolyte Membrane (PEM) electrolysis has been chosen in the cur-
rent analysis since it is a promising technique for PtG plants due to its high
performance under transient conditions. Further details about the energy
performance of the system, including a sensitivity analysis of the different
sub-systems, are given elsewhere [15, 17].

The methane mass rate used in our simulations is computed using Eq. (13),
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and corresponds to the generation of P = 200 MW in the oxyfuel unit with
a CHy lower heating value (Lgy) of 50 MJ/kg, yielding 552960 kg/d (Paux
is the power consumption of auxiliaries, estimated to be about 15 MW [15]).

P - Pauz

1
UozyLHV ( 3)

QcH, =

The composition stoichiometry in the reactions (1-3) is used to compute
the mass rates of the other substances, yielding Qco, = 1520640 kg/d and
Qo, = 2211840 kg/d; these rates are constant when COz and Og are stored
in separate caverns (note that the rates are positive during injection and neg-
ative during withdrawal). For the CO2-O4 mixture, the initial composition is
cco, = 0.5. During the PtG phase, pure O3 from electrolysis is injected, and
the mixture, rather than pure COy, is withdrawn for methanation; there-
fore, the composition in the cavern is not constant over time, as the net
mass of Og increases and that of COy decreases, and there is simultaneous
injection and withdrawal, either through two different wells or through one
well having two concentric spaces. Note that in this case, the rates of CO2
and Og are not constant. It is assumed that the O withdrawn jointly with
the COg is reinjected, so that the net mass variation of each substance is the
same as in separate storage; in this way, it is possible to compare separate
and combined storages. The opposite applies to the GtP phase. With the
energy costs provided in section 2.1, the separation would require around
15 MW in the current scenario. In all cases, the substances are injected
at 45 °C and 20 MPa (=~ 80% 0o). The withdrawal conditions (pressure,
temperature, and eventually mixture composition) are determined internally
by Demether, depending on the thermodynamic state of the product in the
cavern. The themodynamic behaviour of the substances is modeled using

Egs. (4-6) with parameters from [39] for CHy, from [55] for CO3 and Og, and
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from [29] for the mixture. For each substance, the temperature and pressure

ranges of application of the EOS cover the scenario investigated in this work.

4. Results and Discussion

The cavern pressure evolution during the cycling phase is shown in Fig. 4,
and the temperature evolution is displayed in Fig. 5 (in the figures shown
in this section, ¢t = 0 is set to the beginning of the cycling phase). Note that
the initial pressure is not the same for all substances; during PtG (initial
phase), CHy and Os are injected, so the initial cavern pressure must be close
to Pnin- This is achieved by decreasing the cavern pressure after debrining
and allowing thermal equilibrium with the surrounding rock. The initial
temperature of the cycling phase is 45 °C in all cases.

As Fig. 4 shows, for CHy and O2 the cavern pressure varies between

25

o [
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: B ¥
NN EFEER
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Figure 4: Pressure evolution for the different substances (Pmae = 20.7 MPa and Ppin =
5 MPa). On the left-hand side plot, for ease of interpretation only the values at the end
of PtG and GtP are displayed, which correspond to the extreme values of each cycle. On

the right-hand side plot, a detailed evolution during the first three cycles is displayed
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Prin = 0.2 05 and Ppae = 0.8 04, while for COs the amplitude of the
pressure variation is smaller in order to avoid phase changes (P, = 7.4 MPa).
COs is in supercritical conditions, although not far from the critical point;
in this region, its compressibility is low, which explains why the average P
and T increase over time (for the other substances, maximum and minimum
values of pressure stabilize by the end of the cycling phase), as well as the
important proportion of cushion required, displayed in Table 2. However,
this outcome is not considered a penalty since COs is a greenhouse sub-
stance. In the case of the COy-Oy mixture, the cavern pressure does not
decrease below 12 MPa in order to prevent tensile stresses, as will be shown
below. Note that the trends of cavern pressure are different for the different
substances: for CHy, O2 and COq, the average pressure increases over time
(more for COq, as explained above), whereas it decreases for the CO3-Oq
mixture (this is due to the operation mode of the cavern, i.e., simultaneous
injection and withdrawal, with net injection during PtG and net withdrawal
during GtP). These trends also apply to the temperature evolution in Fig. 5.

Fig. 4 shows that the cavern pressure remains within Pp,q; and P, for

Table 2: Mass percentage of cushion per cavern (values for CO2-O2 are not displayed

because the cavern composition is not constant)

Substance Cushion (%)

CHy 29.2
Oq 32.7
CO2 76.5

all substances. To achieve this goal, and given the high mass rates required

to produce 200 MW of electric power (see Section 3), more than one cavern
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Figure 5: Temperature evolution for the different substances. On the left-hand side plot,
for ease of interpretation only the values at the end of PtG and GtP are displayed, which
correspond to the extreme values of each cycle. On the right-hand side plot, a detailed

evolution during the first three cycles is displayed

is required per substance. The number and dimensions of the caverns are
displayed in Table 3. These values, obtained numerically, correspond to the
minimum number of caverns of the listed size that ensures cavern stability
according to the criteria defined in Section 2.2. These dimensions are com-
mon for existing caverns at a similar depth [20, 42, 65, 78]. The differences
are due to the different mass rates (related to the composition stoichiometry
of the reactions (1-3)) and to the different thermodynamic behaviour of each
substance. Note that 9 caverns would be needed if COy and Oy were stored
independently, while 6 caverns would be required if they were stored in the
same cavern. In the case of the mixture, the composition in the cavern varies
between cco, = 0.5 and ccp, = 0.15 during each cycle.

Fig. 5 shows that the temperature variation is approximately AT =
20 °C for CHy, O and COq and slightly larger for the mixture, particu-
larly during the first cycles. The initial differences between CHy, Oy and
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Table 3: Computed number of caverns and radius in the scenario studied (h = 200 m in

all cases)

Substance r (m) Number of caverns

CHy 26 3
O2 28 6
COq 31 3
CO2-02 32 6

COq are partly due to the different regime (injection for the first two during
PtG, and withdrawal for the latter [and the opposite during GtP]). Although
all substances, including the mixture, cool upon expansion, their thermody-
namic behaviour is not identical; this explains why AT is slightly smaller for
O4 than for CHy, although their pressure evolution is very similar. In the
case of the mixture, and similar to the pressure analysis, the temperature
decreases over time because of the operation mode of the cavern.

The cavern relative volume variation is displayed in Fig. 6. The figure shows
that most of the volume loss is due to the creep of the rock salt, while the
influence of the cycles is less pronounced. However, the first withdrawal for
CHy4, Oz and COg2 induces an important volume loss (approximately 4% for
CO2) due to the increase in the stress deviator, ¢. In each cycle, volume
loss is greater than volume increase because ¢ increases during withdrawal
and decreases during injection (viscoplastic strains are dominant over elas-
tic and thermal strains). Creep closure contributes to the pressure increase
over time displayed in Fig. 4. The cavern closure evolution is very similar
for CH4 and O3, which explains their similar pressure evolution given their

high compressibility compared to that of the other substances. Regard-
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ing the mixture, the relative volume variation is smaller than for the other
substances because the stress deviator is smaller (in Fig. 4, the minimum
cavern pressure for the mixture is approximately 12 MPa, higher than that
for CHy, Og and COz). Overall, after 40 years of operation, the maximum
cavern volume loss is approximately 16%, which is an admissible amount as
the corresponding rate, -0.4 %/year, is greater than -1%/year, and because
the caverns are large (initial volume between 425000 and 600000 m?).

The tangential (og) and vertical (o,) stresses at the cavern wall are dis-

t (years)

Figure 6: Cavern relative volume variation for the different substances

played in Fig. 7 for each substance. The stress state remains compressive
over time, although it approaches 0 in the case of the CO2-O5 mixture; this
is due to the larger thermal amplitude as shown in Fig. 5. The higher values
of o, explain why the mixture requires the largest cavern volume and why
the minimum cavern pressure is greater than Py, (see Fig. 4).

Finally, Fig. 8 shows the stress path in the p — ¢ plane, together with the
dilatancy criterion defined in Eq. (12). As can be seen, the criterion is not

reached for any substance. This criterion is often used for a first evaluation,
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Figure 7: Evolution of (a) o¢ and (b) o. for the different substances. On the left-hand
side plot, for ease of interpretation only the extreme values of each cycle are displayed.

On the right-hand side plot, a detailed evolution during the first three cycles is displayed
420 but in the case of a field application, an approach embedding dilatancy at

w21 the constitutive level should be used instead [37, 80].
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Figure 8: Stress path in the p — ¢ plane for the different substances

5. Conclusions and Perspectives

This paper focuses on the storage phase of Electrolysis-Methanation-
Oxyfuel. Storage in salt caverns is investigated since it is a promising so-
lution. A seasonal scenario is investigated because it is currently the only
profitable possibility. Three substances, CHy, O3 and COq, have to be stored
at different steps of the process: CHy and Og2 are stored during Power-to-
Gas, and CQOa is stored during Gas-to-Power. While CH4 has been stored
in salt caverns for decades, to the best of the authors’ knowledge, there is
no current storage of CO2 or O in salt caverns, which justifies the need for
the current research.

The main goals of this work are to conduct a preliminary assessment of
cavern stability and to investigate different storage configurations. For such
purposes, we assume a uniform cavern response and perform simplified ther-
momechanical analysis of the rock salt, coupled with the thermodynamic
behaviour of the stored substance. The studied scenario is generic and com-

prises 6 months of storage and 6 months of recovery to generate 200 MW
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of electric power. Given that at present there is no site-specific data be-
cause EMO has not been implemented at the pilot or the industrial scales,
we focus on the methodology (which combines the thermodynamic behavior
of the stored fluids with the thermomechanical long-term response of rock
salt), and illustrate it through a generic application.

The results obtained suggest that the salt caverns would be stable in the
scenario studied since they respect common criteria for cavern design. The
required mass rates of each substance are quite high, and to ensure cav-
ern stability, 3 caverns would be required for CHy, 6 caverns for Oy and
3 caverns for COy, with volumes between 425000 and 600000 m?. Regard-
ing the storage configurations, storing a mixture of CO2-O9 presents three
main advantages: the two-phase domain of CO; is shifted towards lower
temperatures and higher pressures, the compressibility increases compared
to that of pure COq, and the number of caverns required would be smaller (6
instead of 9) since simultaneous injection/withdrawal would be performed
on the same cavern. The main disadvantage is that a separation technique
would be necessary at the ground surface, such as membrane separation (in
particular, ceramic membranes), liquid absorption or adsorption. For future
site applications, an economic evaluation at the project scale considering
all costs (permits, leaching infrastructure, brine disposal, wells, insurances,
separation unit, etc.) should be conducted to decide on a storage configu-
ration.

The results obtained in this theoretical work are exploratory but provide
insight for further research, such as the acquisition of additional thermody-
namic data for the CO2-Og mixture (PpT data for a wider range of mixture
compositions, as well as caloric properties and study of the two-phase do-

main), or the investigation of the thermo(-hydro-)mechanical behaviour of
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rock salt under storage conditions (creep under low and high stress devia-
tors and under wide temperature ranges), as well as its coupling with the
thermodynamic evolution of the stored fluid. In order to avoid extrapo-
lations, the equations-of-state and geomechanical models used at the field
scale should be based on experimental data that cover the range of interest.
When available, field data should be used to check the predictions, perform
recalibrations and improve the models.

Although Electrolysis-Methanation-Oxyfuel presents several advantages com-
pared to conventional Power-to-Gas, its storage phase is quite complex, as
three fluids need to be stored at different times in the process. Depending
on the specificities of each real-scale case, it might be more profitable to
perform electrolysis combined with a fuel cell, or to perform conventional
methanation if a suitable source of COs is available. For inter-seasonal stor-
age, conventional methanation and fuel cells have levelized costs of storage
similar to those of Electrolysis-Methanation-Oxyfuel. These three Power-to-
Gas technologies are under development, and their relative competitiveness
(technology costs, charge/discharge efficiency, etc.) may evolve in the future.
It is also important to consider site selection aspects, such as availability of
a salt formation with appropriate extension and properties (alternatively,
leached caverns for brine production could be converted into storage cav-
erns), proximity to renewable energy sources, eventually to CO9 sources, to

the grid, and to consumers.
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Analysis of CO,, O, and CH, storage in salt caverns

The numerical simulations couple thermodynamics and thermomechanics
Results suggest salt caverns would be stable and respect common design
criteria

Combined storage of CO5-O> could reduce the number of caverns needed
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