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A B S T R A C T

A synthetic diabatic compressed air energy storage (CAES) based on an existing surface facility and using the
Rhaetian sandstone formation in the North German Basin as porous storage reservoir is investigated for induced
geochemical reactions. A daily storage cycle with a 6-h injection and a 6-h extraction phase in the early morning
and late afternoon is applied. The chosen mineral assemblage shows the presence of pyrite in the Rhaetian
sandstone, so that operating CAES in this porous formation introduces oxygen in the formation and induces
geochemical reactions governed mainly by pyrite oxidation. A consistent geochemical reaction system for the
Rhaetian sandstone is developed and kinetic batch simulations are used to quantify the changes due to the
induced geochemical reactions in both stored air as well as storage formation.

The injection of air into this geological formation leads to pyrite oxidation, changes in stored air composition,
air pressure and formation properties. Results show that only a very small change up to 0.29% in the oxygen
mole fraction is found within one storage cycle, which does not affect flammability of the stored air. Considering
a longer residence time, the oxygen concentration in the stored air may drop below the minimum oxygen
concentration for flame propagation and thus cannot be used for burning natural gas as required for a diabatic
CAES. The pH of the formation fluid after 20-year cyclic daily operation can drop significantly below one near
the gas wells increasing the risk of well corrosion, but with smaller effects at larger distances. However, mineral
dissolution and precipitation found in the storage formation results in only minor increases of porosity and
permeability with relative changes up to 1.0% and 5.0%, respectively. The uncertainties in mineral reactive
surface area and pyrite oxidation kinetic strongly affect the rate of oxygen reduction and fluid acidification.
Analysis of these parameters of the reservoir mineral phases from the target location, especially for pyrite, are
therefore required for a reliable estimate of possible induced geochemical reactions and impacts.

1. Introduction

As a means of reducing greenhouse gas emission and mitigating
climate change effects, renewable energy sources are increasingly
substituting fossil fuels. Wind farms and solar power stations are the
major sources for renewable energy production, which implies strong
fluctuations in electric power generation in the short term due to
changing weather conditions and in the longer term due to seasonality
effects. To compensate for these fluctuations, a large storage demand of
electrical energy is required, with estimates up to 50 TWh for Germany
(Bräutigam et al., 2017) or 600 GWh for Denmark aiming for 80% re-
newable energy share (Sorknæs et al., 2013). Grid-scale standby storage
systems in the geological subsurface provide promising storage options,
due to their large potential storage capacities, high achievable input
and output rates and their flexibility to be employed on time scales

varying from hourly to seasonally (Kabuth et al., 2017).
Of these options, large-scale compressed air energy storage (CAES)

in the subsurface is one of the gas storage options which is able to
compensate strong fluctuations on the hourly to daily basis (Budt et al.,
2016). CAES represents a “power to power” energy storage option
(Sternberg and Bardow, 2015), which converts off-peak electricity to
mechanical energy in the form of pressurized air, stores the compressed
air in the subsurface geological formations and retrieves the stored air
during times of peak electricity demand to produce power using gas
turbines. Currently, only two CAES facilities, i.e. in Huntorf, Germany,
and in McIntosh, US, are operating, both using subsurface salt caverns
to store the compressed air (Kushnir et al., 2012). Because suitable
geological salt formations for mining the required caverns are not
widely available but porous formations are more frequently occurring,
porous formation storage of compressed air becomes a promising
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world-wide option (Succar and Williams, 2008). Moreover, porous
formations can provide much larger potential storage capacities
(Kabuth et al., 2017). Although currently no CAES in porous formations
is operating, the concept has been shown feasible in first studies in the
1980s at a field test site in Pittsfield, Illinois, USA (ANR Storage
Company, 1990).

The operation of CAES using porous formations as storage reservoirs
is governed by thermal (T), hydraulic (H), mechanical (M) and che-
mical (C) processes and induces relevant impacts, and a reliable
quantification of these is required for designing and dimensioning a
storage operation (Bauer et al., 2015, 2013). In terms of the induced
hydraulic, mechanic and thermal processes, CAES is comparable to
natural gas storage or carbon dioxide capture and storage, which are
well known from decades of experience in the oil and gas industry as
well as recent research efforts. Anticlinal sites show especially high
potential (e.g. Mitiku and Bauer (2013)) for CAES in a porous forma-
tion, therefore, the induced pressure is highest as well as lowest at the
gas wells and needs to stay within the pressure thresholds for formation
damage (Wang and Bauer, 2017a). Due to the expected short opera-
tional cycles in CAES, the pressure response during the cyclic operation
will be restricted mainly to the gas reservoir (Wang and Bauer, 2017b).
The induced temperature change in the storage formation can be lim-
ited to only a few Kelvin, as the temperature of injected air from the
compressor is cooled down close to the reservoir temperature
(Oldenburg and Pan, 2013a). A cyclic operation may introduce cyclic
stresses in the formation rock, and Erikson (1983) found a loss of 22%
in permeability during the first cycle due to the hysteresis effect for St.
Peter sandstone, and much smaller decreases in subsequent cycles as
the sandstone shows an elastic behavior.

However, the potentially induced chemical impacts by CAES in a
porous formation differ significantly from those of other gas storages, as
air containing oxygen is introduced into porous geological formations
long-free of oxygen. If redox-sensitive or ferrous-containing minerals
are present, such as pyrite (FeS2, iron disulfide), oxidation processes
will be induced. These oxidation processes are known from carbon

dioxide storage considering oxygen as an impurity (André et al., 2015;
Jung et al., 2013; Pearce et al., 2016b, 2016a; Wei et al., 2015), but not
studied for the case of CAES applications. Operating CAES in a pyrite
containing formations induces pyrite oxidation, and thus the oxygen in
the stored air will be partly or completely consumed (ANR Storage
Company, 1990). Without a refill of the storage reservoir, the reduced
fraction of oxygen in the stored air may potentially cause a failure of a
diabatic CAES facility, because the air extracted from the storage may
not contain enough oxygen for the gas combustion process required to
heat the expanding gas. Studies on acid mine drainage indicate that
pyrite oxidation with on-going supply of oxygen, e.g. near gas wells for
CAES operation, can lower the pH to very acidic conditions (INAP,
2012; Nordstrom et al., 2015), which thus increases the risk of wellbore
corrosion at the gas storage wells. Meanwhile, mineral precipitation
induced by geochemical reactions may clog the pore space, thus redu-
cing porosity and permeability of the storage formation, which would
again lower the well deliverability and power output (Pei et al., 2015).

Due to these induced geochemical reactions and potential impacts, a
reliable quantification of induced geochemical reactions is a pre-
requisite for assessing the feasibility of porous media CAES. This study
therefore focusses on investigating and quantifying potential induced
geochemical impacts of a porous formation CAES operation. Potential
porous media storage formations are present in the North German Basin
(Hese, 2012, 2011), which stretches over parts of Germany, Poland,
Denmark, the Netherlands and Great Britain. In this work, the Rhaetian
sandstone formation is investigated as a potential storage formation for
CAES, as it is well characterized and has been shown suitable in pre-
vious research for use in hydrogen storage (Pfeiffer et al., 2017, 2016a;
Pfeiffer and Bauer, 2015) or CO2 storage (Mitiku et al., 2013). As the
mineral composition of the Rhaetian sandstone shows the presence of
pyrite (Dethlefsen et al., 2014; Mitiku et al., 2013), the induced pyrite
oxidation and other geochemical reactions are investigated under a
consistent geochemical reaction system for the Rhaetian sandstone. The
induced impacts on the stored air as well as the storage formation are
also quantified using scenario analysis and process based kinetic batch

Fig. 1. A schematic sketch of a hypothetical conventional CAES facility using a porous formation as the storage reservoir (modified from Wang and Bauer (2017a)).
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modelling of such a geochemical system.

2. Scenario definition

A synthetic diabatic CAES scenario is used here, assuming the same
gas turbine as in the Huntorf power plant. With a minimum inlet
pressure of 4.3MPa, this gas turbine can produce 321MW of electric
power at an air mass flow rate of 417 kg/s and a natural gas mass flow
rate of 11 kg/s (E.ON SE, 2016; Hoffeins, 1994; Hoffeins and
Mohmeyer, 1986; Kushnir et al., 2012). The natural gas is required to
heat the expanded air, which cools considerably in the turbine due to
the Joule-Thompson effect. Instead of the two salt caverns used as air
storage in the Huntorf power plant, a geometrically representative an-
ticline in the Rhaetian formation in Northern German Basin is assumed
to provide a porous storage formation for the compressed air.

A schematic sketch of this synthetic CAES facility is shown in Fig. 1.
Before the cyclic operation, an initial fill with air is required to create
the gas reservoir in the anticline, as the formation pore space is initially
saturated with saline water. This initial fill can be operated with shut-in
periods in between to minimize the buoyancy effect and obtain a well-
mixed gas phase in the storage reservoir to provide the cushion gas
required to support the high injection and extraction rates of such a
CAES storage (The HYDROdynamics Group LCC, 2011, 2005). During
cyclic operations, when surplus power from renewable resources is
available, the motor drives the compressor to compress air, which is
then stored in the porous formation. During peak demand, the com-
pressed air is retrieved through the wells from the porous formation.
Along with natural gas it is burned in the gas turbine to drive the
generator and produce electricity. In this work, the synthetic CAES
facility is assumed to operate by a daily cycle for 20 years with a 6-h
injection in the early morning and a 6-h extraction in the late afternoon.

The storage reservoir is located in the main sandstone of the
Rhaetian formation, which belongs to the Upper Keuper Subgroup
(Exter Formation), i.e. the youngest part of the Triassic (Doornenbal
and Stevenson, 2010). The Rhaetian storage formation is in this study
represented as a highly permeable sandstone with a permeability of
4.93×10−13 m2 and a porosity of 0.35 (see Table 1) according to on-
site data provided in Hese (2012, 2011) and the statistical study by
Dethlefsen et al. (2014). The top of the storage reservoir is assumed to
be located at a depth of 700m, with a formation thickness of 20m. The
minerals in the Rhaetian sandstone considered here consist of carbo-
nates, silicates, clay mineral K-mica, anhydrite and pyrite (see Table 2),
as reported by Mitiku et al. (2013).

In the storage reservoir, the geochemical reactions occur in a mul-
tiphase-multicomponent system consisting of a gas phase, i.e. stored air,
a liquid phase, i.e. residual formation water, and the solid phase, i.e. the
rock and its mineral composition (see Fig. 1). Due to the presence of
pyrite in the sandstone, pyrite oxidation is the primary induced geo-
chemical reaction resulting from oxygen dissolution into the formation
water. Because the formation water has a high salinity with sodium
chloride concentrations of more than some tens of kg/m3, the activity of

iron-oxidizing bacteria is strongly reduced (Shiers et al., 2005) and
pyrite oxidation here is considered as an abiotic reaction. Without
catalyzing iron-oxidizing bacteria, pyrite oxidation is very slow because
the oxidation rate of ferrous iron by oxygen to ferric iron is limited at
low pH conditions (Singer and Stumm, 1970). At high pH conditions,
the solubility of the ferric iron is generally low. Thus, dissolved oxygen
is assumed to be the major oxidant for pyrite.

The designed operation of this hypothetical CAES facility in a
porous media formation has been proven to be feasible by Wang and
Bauer (2017a, 2017b) in terms of the required pressure at the gas
turbine inlet and the corresponding air mass flow rate. They found, that
twelve wells are required to sustain the specified target rate of the CAES
plant. In this work, the induced impacts on the stored air, the formation
fluid and the mineral composition due to geochemical reactions will be
addressed and investigated for their impacts by simulating the fol-
lowing “end-member” scenarios:

• For stored air injected and extracted within one storage cycle,
geochemical changes are short term and assessed using a residence
time of 12 h.

• For stored air from the initial fill and air at the reservoir fringe,
longer time scales with a residence time of up to 20 years are ap-
plied to assess geochemical changes.

• The potential change in the formation fluid and mineral composition
within the gas reservoir is always long term for 20 years, however,
near gas wells, it is expected to be driven by a constant supply of
oxygen injecting as part of the stored air in each storage cycle.

3. Modelling approach

3.1. Software

The coupled multiphase-multicomponent ECLIPSE-OpenGeoSys-
PHREEQC simulator (see Pfeiffer et al. (2016b)) is used to quantify the
induced geochemical reactions and the potential changes in composi-
tion of the stored air, the formation fluid and the solid mineral phase.
The individual simulations codes used in the coupled simulator are
briefly described in the following:

• ECLIPSE is a robust and widely-used reservoir simulators in the oil
and gas industry for exploration and production predictions
(Schlumberger, 2016). It has been successfully applied to numerical
investigation of gas storage options, such as CO2 storage (Benisch
and Bauer, 2013; Graupner et al., 2011), hydrogen storage (Pfeiffer
et al., 2017) and CAES (Wang and Bauer, 2017a). In this study,
ECLIPSE E300 in compositional mode is used to simulate the mul-
tiphase-multicomponent air-water system in the storage reservoir by
quantifying multicomponent gas flow as well as the phase equili-
brium between gas and the formation water.

• OpenGeoSys (www.opengeosys.org) is an open-source, multi-plat-
form finite element based scientific modelling software which can
simulate individual and coupled thermal-hydro-mechanical-che-
mical (THMC) processes in porous and fractured media (Kolditz

Table 1
Parameters of storage formation (Dethlefsen et al., 2014; Hese, 2012,
2011).

Parameter Storage Formation

Permeability 4.93× 10−13 m2

Porosity 0.35
Residual Gas Saturation 0.10
Residual Water Saturation 0.20
Brooks & Corey Coefficient 2.5, 0.01MPa
Geothermal Gradient 25 K/km
Water Density 1050 kg/m3

Rock Density 2650 kg/m3

Water Compressibility 0.45MPa−1

Rock Compressibility 0.45MPa−1

Table 2
Mineral composition of Rhaetian sandstone formation (Mitiku et al., 2013).

Minerals Chemical formula Concentration [mol/mrock
3 ] Mass [%]

Albite NaAlSi3O8 2.03×102 1.7
Anhydrite CaSO4 5.37×102 2.4
Calcite CaCO3 1.03×102 0.3
Dolomite CaMg(CO3)2 2.05×102 1.2
K-feldspar KAlSi3O8 3.47×102 3.1
K-mica KAl3Si3O10(OH)2 1.53×102 2.0
Pyrite FeS2 1.47×103 5.7
Quartz SiO2 4.27×104 83.5
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et al., 2012; Kolditz and Bauer, 2004). OpenGeoSys has been cou-
pled to chemical reaction software packages, such as ChemApp (Li
et al., 2014) and PHREEQC (He et al., 2015), and successfully ap-
plied to quantify induced geochemical reactions by CO2 storage
(Beyer et al., 2012; Mitiku et al., 2013) or by nuclear waste disposal
(Ballarini et al., 2017; Xie et al., 2006). Here, OpenGeoSys is used
for coupling ECLIPSE and PHREEQC as well as adapting flow and
transport parameters, such as porosity and permeability, due to
changes in the mineral composition.

• PHREEQC (version 3) is a computer program for geochemical cal-
culations on speciation, batch-reaction and one-dimensional re-
active transport (Parkhurst and Appelo, 2013). It has been applied
for quantifying pyrite oxidation reactions in groundwater system
(Andersen et al., 2001) and also investigating induced geochemical
reactions in storage reservoirs due to CO2 injection (Dethlefsen
et al., 2012; Jung et al., 2013). It allows for a range of thermo-
dynamic databases to be used, especially based on the Pitzer ap-
proach for highly mineralized fluids. PHREEQC is used in this study
to quantify equilibrium and kinetic chemical reactions between the
formation water and mineral phase, including mineral dissolution
and precipitation.

The coupled ECLIPSE-OpenGeoSys-PHREEQC simulator uses a se-
quential coupling scheme within each time step. The general time-
stepping routine can be briefly summarized as follows:

• Quantify movement of each mobile component in the gas and the
water phase using E300. General equations for multiphase flow and
mass transport of a component are given as (e.g. Bear and Bachmat
(1990); see also Schlumberger (2016)):
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where Ci
j [mol/m3] the concentration of the component j in phase i, vi

[m/s] the phase velocity obtained from Eq. (1), Di
j [m2/s] the phase

and component specific diffusion-dispersion coefficient and Qi
j the

sources/sink term of the component j in phase i.

• At each node in OpenGeoSys:

• Assemble molar concentrations of dissolved gas components in the
formation water from the current system state as determined by
E300. The corresponding equation is:
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where Cj w, [mol/mw
3 ] is the concentration of component j in the for-

mation water, MLSCj [kmol/mpv
3 ] the molar concentration of compo-

nent j in the total pore volume of one element, Sw [-] and Sg[-] the

saturation of the water and gas phase, respectively, MWj [kg/mol] the
molar weight of the component, ρg res, [kg/mg

3] the density of gas phase
at reservoir conditions and YFWj [kgj/kgg] the mass fraction of the
component in the gas phase.

• Assemble molar concentrations of dissolved components in the
formation water and mineral components in the solid phase from
PHREEQC results from the last time step.

• Simulate kinetically controlled chemical reactions using PHREEQC
(see Eq. (12)).

• Update molar concentrations in the formation water and the solid
phase

• Quantify feedbacks for E300 on flow and transport related para-
meters, i.e. porosity and permeability, using a Kozeny-Carman
porosity-permeability model (Bear, 2013) as:
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where ϕt [-] is the porosity at a given time t , nt the total number of
minerals, MV n [mrock

3 /mol] the molar volume of mineral n, mn [mol] the
moles of mineral n, Κ _in t0 [m2] the initial intrinsic permeability and
Κ _in t [m2] the intrinsic permeability at a given time t .

• Proceed to next time step.

3.2. Reservoir batch model

A reservoir batch model with a constant volume is set up to quantify
potential changes of the stored air composition for different residence
times, as well as changes in the storage formation at the reservoir
fringe. This batch model accounts for changes in stored air pressure and
composition, by considering a constant volume of porous formation of
100m3. To quantify the change in the storage formation near gas wells,
a constant air flow rate in the model accounting for the on-going supply
of air from each storage cycle is included.

The depth of the reservoir batch model is at 710m representing the
average depth of the storage formation. The corresponding parameters
are listed in Table 1 (Dethlefsen et al., 2014; Hese, 2012, 2011), and the
capillary pressure-saturation function of the reservoir is determined by
a Brooks and Corey correlation (Brooks and Corey, 1964). The water
density is 1050 kg/m3 representing a salinity of ∼70 kg/m3 at a depth
of 710m (Delfs et al., 2016). The reservoir batch model is initially
equilibrated with the prior filled air at a hydrostatic pressure of
7.09MPa. Reservoir temperature is 306.15 K, assuming a surface tem-
perature 288.15 K and a geothermal gradient of 25 K/km.

The air forming the cushion gas has a composition of 78.15% N2,
20.90% O2, 0.91% Ar and 0.04% CO2. Air properties are calculated in
E300 using a generalized form of the Peng-Robinson equations of state
(Schlumberger, 2016) and the compositional gas parameters listed in
Table 3. The solubility of air components in the formation fluid are
calculated by the methods described in the work from Mitiku et al.
(2013) and Li et al. (2018) accounting for the salinity of the formation
fluid as well as reservoir temperature and pressure. Evaporation of

Table 3
Parameters of air components (Kaye and Laby, 2016; Lemmon et al., 2000).

Parameter N2 O2 Ar CO2

Critical Temperature 126.192 K 154.581 K 150.687 K 304.18 K
Critical Pressure 3.39MPa 5.04MPa 4.86MPa 7.38MPa
Critical Molar Volume 8.95×10−5 m3/mol 7.34×10−5 m3/mol 7.46× 10−5 m3/mol 9.19× 10−5 m3/mol
Acentric Factor 0.037 0.022 −0.002 0.224
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residual water is not considered here, so that the residual water sa-
turation remains constant during the simulation. The air in this batch
model thus has a total volume of 27.36m3 and a weight of 2247 kg at a
density of 82.11 kg/m3. The air components are 592.43mol/m3 of O2,
1.01mol/m3 of CO2, 2215.64mol/m3 of N2 and 26.01mol/m3 of Ar.
For the case of on-going supply of air, an air volume flow rate of
0.016m3/s at reservoir conditions is applied to represent the air ex-
change during one storage cycle.

3.3. Geochemical batch model

3.3.1. Thermodynamic database
The thermodynamic database for PHREEQC geochemical calcula-

tions is based on the 6th released database from THEREDA (Altmaier
et al., 2011), which uses the PITZER interaction model (Pitzer, 1973) to
account for activities in a high salinity condition and also includes
aqueous species related to carbonate and silicate minerals. The corre-
sponding parameters of PITZER interaction model for iron mineral re-
lated species, such as Fe2+, Fe3+ and S2−, are added based on the study
by Cohen et al. (1987) and Moog and Hagemann (2004). The influence
of pressure and temperature changes on solution species and mineral
phases is not considered in the database. These effects are expected to
be small due to limited temperature and pressure changes during a
cyclic CAES storage operation.

3.3.2. Equilibrated geochemical system
The mineral assemblage (see Table 2) for the Rhaetian sandstone is

taken from a statistical study by Dethlefsen et al. (2014), while the
reference fluid composition (see Table 4) represents measured values
for the Rhaetian sandstone from an average depth of 1500m (Mitiku
et al., 2013). An equilibrated geochemical system is derived by the
stepwise addition of minerals and adjustment of the solution species.
The equilibrated fluid composition (Table 4) has a pH of 6.96, in-
dicating a pH-neutral environment. Concentrations of Na+ and Cl− are
adjusted explicitly to represent the lower solubility of 70 kg/m3 at
710m depth and are thus lower than in the reference fluid. The equi-
librated concentration of −SO4

2 is one order of magnitude higher, be-
cause anhydrite is considered as a primary mineral instead of gypsum,
and its solubility is larger at the formation temperature of 306.15 K
(Klimchouk, 1996). The lower concentration of Fe2+ is due to the lower
solubility of pyrite at the lower pressure and temperature conditions at
smaller depth. The differences of other equilibrated concentrations to
the measured data are within one order of magnitude, which is attri-
butable to uncertainties in sampling and is within the range of the
spatial variation (Dethlefsen et al., 2014). The equilibrated concentra-
tions of solution species can thus be considered as a representative fluid

composition in the Rhaetian sandstone.

3.3.3. Primary and secondary minerals
Minerals (see Table 2) used for equilibrating the geochemical

system of the Rhaetian sandstone formation are considered as primary
minerals. The secondary iron-related minerals resulting from pyrite
oxidation are selected based on studies on acid mine drainage. The
chemical reaction for induced pyrite oxidation is shown in Eq. (6)
(Chandra and Gerson, 2010; Lowson, 1982; Taylor et al., 2009). At a pH
larger than 3.5, insoluble ferric hydroxide (Fe(OH)3) is precipitated due
to hydrolysis (see Eq. (7)) (Nordstrom, 1982). Insoluble ferric hydro-
xide is in an amorphous state and will continuously transform to other
mineral forms, such as goethite (see Eq. (8)), ferryhydrite, schwert-
mannite, hematite and jarosite (see Eq. (9)). Among these minerals,
goethite is the most stable mineral phase over the pH range 2–6 com-
pared to schwertmannite and ferryhydrite (Bigham et al., 1996). He-
matite is formed only under a dehydration process of ferric hydroxide at
temperatures close to 373.15 K (Cornell and Schwertmann, 2003). This
temperature is much higher than the temperature in the storage for-
mation. In a strong acid solution with a low pH (e.g. pH < 2) and rich
in sulfate and ferric ions, potassium jarosite (KFe3(OH)6(SO4)2)may
precipitate (Cornell and Schwertmann, 2003; Zolotov and Shock,
2005). For the secondary iron-related minerals, therefore, we consider
goethite as representing the minerals containing oxidized ferric iron at
all pH conditions, and jarosite for the minerals buffering the solution
with a high concentration of H+ and −SO4

2 at a pH of lower than 2.0.

+ + → + ++ − +FeS 15
4O 1

2H O Fe 2SO H2 2(aq) 2
3

4
2 (6)

+ → ++ +Fe 3H O Fe(OH) 3H3
2 3(a) (7)

→ +Fe(OH) FeOOH H O3(a) (goethite) 2 (8)

+ + + → ++ − +K 3Fe(OH) 2SO 3H KFe (OH) (SO ) 3H O3(a) 4
2

3 6 4 2(jarosite) 2

(9)

Pyrite oxidation produces acid, i.e. the hydrogen ion H+ (see Eq.
(6)). The H+ can react with the carbonates calcite and dolomite in the
Rhaetian sandstone formation and induce carbonate dissolution
(Appelo and Postma, 2005) (see Eq. (10) and Eq. (11)). Concentrations
of Ca2+ and −SO4

2 in solution will increase and precipitation of anhy-
drite is expected. The clay mineral kaolinite (Al2Si2O5(OH)4) is chosen
as the secondary mineral for mineral precipitation when the solution
has a high concentration of Al3+, following the study by Mitiku et al.
(2013).

+ → + ++ +CaCO 2H Ca H O CO3(calcite)
2

2 2 (10)

+ → + + ++ + +CaMg(CO ) 4H Ca Mg 2H O 2CO3 2(dolomite)
2 2

2 2 (11)

According to Palandri and Kharaka (2004), the dissolution rate
constant of silicates and clay minerals is often very slow and roughly six
orders of magnitude lower than the rate for carbonates, anhydrite and
pyrite. For quantifying the potential change in stored air with the
constant volume batch model, preliminary model runs show that in-
cluding silicates and clay minerals has no significant impact on the si-
mulated results. Therefore, the dissolution of silicates and clay minerals
is neglected. However, as preliminary model results near gas wells show
that the pH of the formation fluid may drop below 1.0, precipitation of
jarosite and dissolution of the silicate mineral K-feldspar and the clay
mineral K-mica for balancing potassium concentration may occur.
Therefore, these reactions and minerals have to be considered when
quantifying the changes near a gas well.

3.3.4. Reaction kinetics
The general rate law for mineral dissolution and precipitation can

be written as (Appelo and Postma, 2005):

Table 4
Fluid chemistry of Rhaetian sandstone formation: reference data and equili-
brated results.

Species Reference Concentration (Mitiku
et al., 2013) [mol/mliquid

3 ]
Equilibrated Concentration
[mol/mliquid

3 ]

Al3+ Not measured 1.67× 10−5

−CO3
2 Not measured 6.04× 10−1

Ca2+ 6.83× 101 1.38× 102

Cl- 2.69× 103 1.56× 103 a

Fe2+ 3.00× 10−1 1.37× 10−4

K+ 6.80 4.72
Mg2+ 3.21× 101 7.65× 101

Na+ 2.51× 103 1.20× 103 a

−SO4
2 9.40 3.63× 101

Si4+ Not measured 1.07× 10−1

pH [-] Not measured 6.96

a Concentration is adjusted explicitly considering the salinity of formation
fluid at the reservoir condition.
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= − × × × −( )dm
dt A k g c IAP

K( ) 1react (12)

where dm
dt shows the overall reaction rate in [mol/s] and m [mol] is

the moles of mineral at a given time t [s]. k [mol/m2/s] is the specific
rate constant, Areact [m2] the mineral reactive surface area referring to
1 kg water assumed in PHREEQC, g c( ) [-] a function accounting for the
effects of the solution composition (Lasaga, 1998), such as i.e. pH, IAP
[-] the ion activity product, and K [-] the solubility product. The ratio
IAP

K indicates the saturation state of a mineral, and −( )1 IAP
K de-

termines whether minerals are dissolving or precipitating by changing
the sign of Eq. (12).

The reactive surface area Areact can be estimated from geometrical
considerations as (Klein et al., 2013):

= × × ×A α A m Mreact geom s (13)

where, α [-] is a factor accounting for the selective sites of mineral
surface area involving in reactions, Ms [kg/mol] the molar weight of
minerals and Ageom [m2/kg] the mineral geometric surface area per kg
of mineral. The geometric surface is calculated assuming mineral par-
ticles are spheres (Cantucci et al., 2009; Klein et al., 2013):

= ×
×A r

ρ d
6

( )geom s s (14)

where, ρs [kg/m3] is the mineral density, ds [m] the average grain
diameter and r [-] a factor accounting for the roughness on mineral
surfaces. If assuming a smooth surface, r equals one.

The average grain diameter for non-clay minerals is set to
2× 10−5 m and for clay minerals to 2× 10−6 m (see Klein et al.
(2013); Cantucci et al. (2009); Gaus et al. (2005)). A factor of 10 is used
here to quantify the true geometric surface area accounting for the
roughness on the mineral surface (White and Peterson, 1990), as also
shown in the studies by Zerai et al. (2006), Zhang et al. (2009) and Xu
et al. (2010). The αfactor in Eq. (13) is applied to account for a reduced
reactivity due to smaller reactive surface areas in natural environments
(Beckingham et al., 2016; Bourg et al., 2015). In this study, a factor of
10−3 is applied for primary minerals following studies by Klein et al.
(2013), Gaus et al. (2005), Zhang et al. (2009) and Xu et al. (2010). For
secondary minerals, a factor of 10−1 is used assuming a very large
contact surface area with the fluids. Besides, a very small amount of
about 1× 10−8 mol is initially given in the model for secondary mi-
nerals as a ‘seed’ concentration to allow for precipitation. This results in
an initial surface area of 1× 10−6 (m2/mrock

3 ), in accordance with work
by Mitiku et al. (2013) and Zhang et al. (2009). The calculated reactive
surface areas for primary and secondary minerals are listed in Table 5.

Except pyrite and jarosite, the specific rate constant k together with

the function g c( ), i.e. the term ⋅k g c( ), for all primary and secondary
minerals are formulated according to Palandri and Kharaka (2004). The
relevant data for all minerals are listed in Table 5. The well-established
rate law from Williamson and Rimstidt (1994) written as Eq. (15) is
applied here for quantifying the rate of pyrite oxidation. It is valid for
aqueous pyrite oxidation by dissolved O2 referring to Eq. (6).

× = ×−
+k g c m

m( ) 10 DO
H

8.19
0.5

0.11
(15)

where mDO [mol] is the mole of dissolved oxygen and +mH [mol] the
mole of hydrogen ions.

For jarosite, a specific rate constant of 1.00× 10−10 mol/m2/s as
given by Brookfield et al. (2006) is applied in Eq. (12) for the term

×k g c( ). Additionally, a condition of pH < 2.0 is added in the for-
mulation of the rate law as an indicator allowing the precipitation of
jarosite for a solution rich of H+ and −SO4

2 .

4. Results

4.1. Short- and long-term change in the stored air pressure and composition

The kinetic batch model using the concept of constant volume was
applied to investigate the short- and long-term changes of stored air
pressure and air composition due to induced geochemical reactions. As
one storage cycle consists of 6 h of air injection and 6 h of air extraction,
air has a residence time of 12 h in the gas reservoir. Two different re-
servoir pressures were used, with 7.10MPa representing the average
pressure during one storage cycle and 10.65MPa representing the
highest occurring pressure and thus the case of highest O2 solubility.

Results are reported in Table 6 and show that at a pressure of
7.10MPa, 4.91mol of O2 in the injected air is used to oxidize pyrite and
the produced H+ reacts with carbonates resulting in a production of
4.60mol of CO2. The difference in oxygen is due to precipitation of the
mineral goethite. This corresponds to a relative reduction of 0.03% for
oxygen and a relative increase of 16.48% for CO2, respectively. At the
higher pressure of 10.65MPa, the absolute changes are larger due to the
higher amount of dissolved O2, however the relative changes are even
smaller with 0.02% and 12.82%, respectively.

For a diabatic CAES, the oxygen loss in the stored air can affect the
flammability of the gas mixture of extracted air and the added natural
gas. According to Zabetakis (1964), at a pressure of 4.3MPa, which is
the inlet pressure of the Huntorf gas turbine, the minimum oxygen
concentration (MOC) required for flame propagation in a gas mixture of
natural gas, nitrogen and oxygen is approximately 9.5%, both in vo-
lume or moles. Therefore the change in O2 during one cycle will not

Table 5
Kinetic rate parameters for primary and secondary minerals.

Parameter Areact [m2/g] Kinetic rate parameters (Brookfield et al., 2006; Palandri and Kharaka, 2004)

Neutral mechanism Acid mechanism Base mechanism

k25 [mol/m2/s] Ea[kJ/mol] k25 [mol/m2/s] Ea[kJ/mol] n(H+) k25 [mol/m2/s] Ea[kJ/mol] n(H+)

Primary Minerals
Anhydrite 1.01× 10−3 6.46× 10−4 14.3
Calcite 1.11× 10−3 1.55× 10−6 23.5 5.01× 10−1 14.4 1.0 3.31×10−4 35.4 1.0a

Dolomite 1.06× 10−3 2.95× 10−8 52.2 6.46× 10−4 36.1 0.5 1.13×10−3

Quartz 1.13× 10−3 1.02× 10−14 87.7
Albite 1.15× 10−3 2.75× 10−13 69.8 6.92× 10−11 65.0 0.46 2.51×10−16 71.0 −0.57
K-Feldspar 1.17× 10−3 3.89× 10−13 38.0 8.71× 10−11 51.7 0.5 6.31×10−22 94.1 −0.82
K-Mica 1.02× 10−2 1.00× 10−13 22.0
Pyrite 5.99× 10−4 Rate law from Williamson and Rimstidt (1994) (Eq. (15))
Secondary minerals
Goethite 7.89× 10−2 1.15× 10−8 86.5
Jarosite 9.80× 10−2 1.00× 10−10

Kaolinite 1.15 6.92× 10−14 22.2 4.90× 10−12 65.9 0.78 8.91×10−18 17.9 −0.47

a Reaction order n with respect to partial pressure of CO2.
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affect the flammability of the stored air mixed with the natural gas.
To investigate long-term changes in the stored air, the kinetic batch

model was run for a simulation time of 20 years assuming a reservoir
pressure of 7.10MPa. The resulting changes in air pressure and air
composition are shown in Fig. 2. The oxygen mole fraction drops below
MOC after about 4.6 years (see Fig. 2b) and the stored air cannot be
used for burning natural gas. For even longer residence times, the air
pressure drops further to 6.32MPa after about 14.5 years and remains
constant afterwards, as all oxygen has been depleted by the reactions.
Pressure decreases, because the gas density of CO2 is higher than of O2.
Furthermore, although the kinetic reaction rates of pyrite oxidation are
similar to those of carbonate dissolution, the induced chemical reac-
tions result in a decrease of 1mol of O2 but a corresponding increase of
less than 1mol of CO2 due to the precipitation of goethite. N2 and Ar
are not participating in the chemical reactions, so their absolute mole
numbers remain constant. However, due to the net decrease of moles in
O2 and CO2, the total moles of gas components in the stored air de-
creases, resulting in an increase in N2 and Ar mole fractions.

4.2. Change in the formation fluid and minerals within the gas reservoir

Air is brought to the edge of the gas reservoir during the initial fill,
but is not replaced by the cyclic storage operation due to the long
distance from the well. This causes a limited supply of oxygen, as
oxygen is not replenished, and thus a different reactive behavior com-
pared to the places near gas wells. The kinetic batch model with the
concept of the constant volume is thus suitable to investigate the
change in the formation fluid and minerals at the reservoir edge for a
simulation time of 20 years. The pH of the formation fluid (see Fig. 3a)
shows a fast decrease from the initial value of 6.96 to 5.48 within the
first two years. Pyrite oxidation producing acid lowers the pH even with
buffering by carbonate dissolution, because the produced CO2 stays in
the gas phase with an elevated partial pressure and thus has a higher

solubility. After the O2 in the stored air is completely consumed at
about 14.5 years (see Fig. 2b), pH drops to 5.12 and remains constant
afterwards. This demonstrates that pyrite oxidation can acidize the
formation fluid, but pH will not drop further due to the limited supply
of oxygen.

At a pH of 5.12 jarosite does not precipitate and thus jarosite, sili-
cates and clay minerals are not considered in this case. Fig. 3a shows
changes in solution species concentration of those species relevant to
carbonates, anhydrite and iron minerals. The concentration of Ca2+

increases for about 7 years and decreases again afterwards. The in-
crease results from the dissolution of calcite and dolomite (see Fig. 3b)
due to the additional H+ from pyrite oxidation. The enrichment of
Ca2+ in the solution results in the precipitation of anhydrite which
reduces the concentration of −SO4

2 at the same time. After the complete
dissolution of calcite at about 7 years (see Fig. 3b), the precipitation of
anhydrite causes a decrease of the concentration of Ca2+. The anhydrite
precipitation rate decreases due to a slower supply of Ca2+ from do-
lomite dissolution, which leads to an increase in −SO4

2 concentration. At
the same time, the additional H+ from pyrite oxidation can only react
with dolomite, which shows as a faster increase of Mg2+ in the solution.
The total concentration of Fe, i.e. the sum of Fe2+ and Fe3+, is not
observable in Fig. 3a because the small amount of Fe2+ in the initial
solution is quickly oxidized by the dissolved O2 and the Fe3+ from
pyrite oxidation is precipitated as goethite (see Fig. 3b). The weight
percentage of pyrite used in this reaction up to MOC is about 0.15%.

Near the gas wells fresh air containing oxygen is supplied in each
storage cycle. This situation is simulated using the kinetic batch model
with constant air flow. Due to this constant supply, the dissolved O2

concentration remains constant (Fig. 4b). After about 12.5 years pH
decreases from 6 to 1.5 (see Fig. 4a) when dolomite in the mineral
phase has been completely dissolved (see Fig. 4c) and H+ from pyrite
oxidation cannot be buffered any more by carbonate minerals. The
resulting acidic solution shows an increase in the concentration of Fe as
Fe3+, because goethite precipitation stops but pyrite oxidation still
continues, as well as a further slow reduction in pH. A low pH in the
solution also leads to the slow dissolution of silicate and clay minerals,
which shows as an increase of Si4+ concentration and later K+ con-
centration. The solution species of Ca2+, Mg2+ and −SO4

2 show the same
behavior as in the case of no oxygen resupply (see Fig. 3a), but the
overall change in concentration is much larger. During air extraction,
some of the residual low pH formation fluid near the extraction well
may be produced together with the air. The acidified formation fluid is
thus in contact with the well inner tubing and increases the risk of
corrosion in the gas well. This effect needs to be considered when

Table 6
Change in components O2 and CO2 within one storage cycle of 12 h at reservoir
pressures of 7.10MPa and 10.65MPa.

Air Pressure Time O2 CO2 ΔO2 ΔCO2

[MPa] [hour] [mol] [mol] [mol] [%] [mol] [%]

7.10 0 16209.64 27.88 −4.91 −0.03% 4.60 16.48%
12 16204.73 32.48

10.65 0 24333.60 43.25 −5.75 −0.02% 5.55 12.82%
12 24327.85 48.80

Fig. 2. Change in the stored air without oxygen replenishment. (a) air pressure (b) air components.
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selecting appropriate materials for the gas well materials.
Due to the produced acid, pyrite oxidation leads to a complete

dissolution of calcite after approximately 5.3 years and for dolomite
after approximately 12.5 years (see Fig. 4c). A 60% increase in the
molar concentration of anhydite can be found after 20 years, due to the
enrichment of Ca2+and −SO4

2 concentration in the pore fluid. The re-
lative change in silicate minerals, such as quartz, is less than 1% (see
Fig. 4d) due to the small change of porosity. Approximately 6% of the
mineral K-mica has dissolved after 20 years, resulting in an increase of
the K+ concentration in solution. After 20 years, about 12% of pyrite
has reacted with the dissolved O2. The iron-containing minerals goe-
thite, jarosite and the clay mineral kaolinite are therefore precipitating
(see Fig. 4e). The precipitated goethite starts to dissolve after the pH of
the formation fluid reaches around 2.0, which also leads to the pre-
cipitation of kaolinite and jarosite. Overall mineral dissolution and
precipitation in the storage formation result in only a small increase of
porosity and thus permeability, with relative changes of about 0.3%
and 1.2% respectively (see Fig. 4f). These small changes in porosity and
permeability induce only a minor impact on the deliverable air flow
rate, i.e. the maximum air pumping rate of the storage reservoir. A
slight decrease is found after 12.5 years, when all carbonates have been
dissolved and kaolinite as well as jarosite start to precipitate.

5. Sensitivity analysis

5.1. Influence of mineral reactive surface area

Parametrization of geochemical reactions in geochemical models
involves a range of uncertainties, as e.g. the amount of pyrite reactive
surface area may spatially vary strongly. During the Rhaetian time, the
depositional system in the Northern German Basin changed spatially
from a non-marine system in the east through a paralic system in the
middle to a marine setting in the west (Doornenbal and Stevenson,
2010). These sedimentary conditions typically lead to a strong variation
in grain sizes and grain morphologies of the pyrite deposited, implying
an uncertainty of the reactive mineral surface area. The possible range
of pyrite reactive surface area as reported by Bourg et al. (2015) is
between 4× 10−2 m2/g and 1× 10−4 m2/g. Thus, larger surface areas
than the value of 5.99× 10−4 m2/g used in this study are possible.
Here, we assume a roughness factor of 10 and a α factor of 10−2 to
represent a larger reactive surface area of 5.99× 10−3 m2/g. For
comparison, a roughness factor of 1 and a factor α of 10−3 is applied to
represent a smooth geometric surface area of mineral grains with a

smaller reactive surface area of 5.99×10−5 m2/g.

5.1.1. Impact on short- and long-term changes of stored air pressure and
composition

Accounting for different mineral reactive surface areas, the change
in O2 and CO2 of the injected air within one storage cycle of 12 h is
shown in Table 7. Within one storage cycle, the O2 in the injected air
can decrease by 0.003% at the smaller reactive surface area and up to
0.29% at the larger reactive surface area, at a pressure of 7.10MPa CO2

increases accordingly by 1.98% and 144.78%, respectively. Therefore,
even using a larger reactive surface area of 5.99× 10−3 m2/g, the loss
of O2 in the injected air within one storage cycle will not affect the
flammability of the stored air mixed with the natural gas either.

Considering a longer residence time of 20 years, using a larger
mineral reactive surface area of 5.99×10−3 m2/g leads to a pressure
drop of 0.78MPa within about 1.8 years (Fig. 5a) as well as the total
depletion of oxygen in the stored air (Fig. 5b). MOC in the stored air is
reached after already half a year, which is shorter than the time re-
quired for the initial fill of the gas reservoir. This faster decrease also
increases the risk of failure during operation of this diabatic CAES, as
the stored air cannot be used for burning natural gas. However, lower
reaction rates are also possible using a smaller reactive surface area of
5.99×10−5 m2/g, which leads to a pressure drop of only 0.22MPa
even after 20 years (Fig. 5a) and an oxygen mole fraction of 15%
(Fig. 5b). The depletion rate of O2 in the stored air and the air pressure
are thus very sensitive to the mineral reactive surface area, and for a
reliable estimate of these changes, the analysis of this parameter of
minerals from a target geological formation is thus required.

5.1.2. Impact on the porous storage formation
At the edge of the reservoir, where no oxygen is replenished during

the cyclic operation, using a larger mineral reactive surface area of
5.99×10−3 m2/g leads to a faster pH decrease to 5.12 within about
1.8 years. The pH remains constant afterwards as all oxygen has been
consumed then (Fig. 6a). After 20 years, using a smaller mineral re-
active surface area of 5.99×10−5 m2/g, the pH has decreased to 5.47.
The pH will further decrease until all oxygen has been consumed and
will also reach 5.12 as in the other cases. If oxygen is not replenished, a
different reactive surface area only influences the rate of pH decrease
but not the final magnitude.

However, near gas wells with a constant supply of oxygen con-
taining fresh air, using a smaller reactive surface area of

Fig. 3. Geochemical composition of formation water and storage formation without oxygen replenishment. (a) pH and solution species of formation fluid (b)
formation minerals.
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Fig. 4. Geochemical composition of formation water and storage formation with oxygen replenishment. (a, b) pH and solution species of formation fluid (c, d)
primary mineral compositions (e) secondary mineral compositions (f) porosity and permeability.
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5.99×10−5 m2/g only causes a pH decrease to 6.58 after 20 years
(Fig. 6b), which is even higher than the case without oxygen replen-
ishment. This is because the CO2 produced is extracted from the gas
reservoir during each operation cycle. Therefore CO2 partial pressure
and solubility do not increase, as in the case without air replenishment.
Using the larger reactive surface area, pH drops to 0.8 after about 2
years, and thus the risks of corrosion in the gas wells is increased
substantially already at the beginning of the cyclic operation. The
overall mineral dissolution and precipitation reactions induced in the
storage formation result in relative increases of 1% and 5% of porosity
and permeability after 20 years, as shown in Fig. 6c. This represents
minor changes and thus will only slightly affect well deliverability.

5.2. Influence of pyrite mineral surface passivation

As pyrite oxidation is mainly a mineral surface controlled reaction
(Chandra and Gerson, 2010), the hydrolytic precipitation of ferric-ion-
containing hydroxide may form a passivation layer on the pyrite mi-
neral surface. Results from lab experiments on pyrite oxidation (Berta
et al., 2016; Huminicki and Rimstidt, 2009; Pérez-López et al., 2009)
showed that carbonates present in the mineral or fluid phase reduce the
reaction rate of pyrite oxidation due to the formation of a passivation
layer. In the Rhaetian sandstone formation considered here, the mineral
composition shows the presence of carbonate minerals together with
pyrite, and these carbonates may help to form the passivation layer on
the surface of pyrite.

Accounting for surface passivation in the model, the loss of O2 of the
stored air may be strongly reduced. To quantify this passivation effect,
we applied a rate law for pyrite oxidation accounting for the surface

passivation from Berta et al. (2016) (see Eq. (16)). This rate law also
accounts for the influence by the partial pressure of O2 in the gas phase.

⋅ = + ⋅ ⋅k g c f f pass k( ) ( )rest pass WR (16)

where, frest [-] is the fraction of un-passivated pyrite, fpass [-] the frac-
tion of passivated pyrite, kWR [mol/m2/s] the rate law from Williamson
and Rimstidt as shown in Eq. (15). The factor pass is given by Berta
et al. (2016) as:
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where, m0 [mol] is the initial moles of pyrite, m [mol] the moles of
pyrite at a given time, PO2 [MPa] the partial pressure of O2, and f1[-],
f2[-] and f3[-] fitted parameters as 100, -0.015 and 0.75, respectively.

5.2.1. Impact on short- and long-term changes of stored air pressure and
composition

Considering the surface passivation of pyrite, at a pressure of
7.10MPa only 0.006% of O2 in the injected air has reacted (Table 8).
This value is five times smaller than in the case without surface passi-
vation. The produced acid reacting with carbonates leads to a relative
increase of 3.47% CO2 in the injected air. At the higher pressure of
10.65MPa, the relative changes are 0.004% and 2.47%, respectively.
Because of surface passivation, the changes of O2 and CO2 in the in-
jected air within one storage cycle are much smaller, which will not
affect the flammability of the stored air mixed with the natural gas.

Considering a longer residence time of 20 years, pressure of the

Table 7
Change in components of O2 and CO2 within one storage cycle of 12 h at reservoir pressure of 7.10MPa and 10.65MPa accounting for different mineral reactive
surface areas.

Air Pressure Time Areact O2 CO2 ΔO2 ΔCO2

[MPa] [hour] [m2/g] [mol] [mol] [mol] [%] [mol] [%]

7.10 0 16209.64 27.88
12 5.99×10−5 16209.12 28.43 −0.52 −0.003% 0.55 1.98%

5.99×10−4 16204.73 32.48 −4.91 −0.03% 4.60 16.48%
5.99×10−3 16163.60 68.25 −46.04 −0.29% 40.37 144.78%

10.65 0 24333.60 43.25
12 5.99×10−5 24333.01 43.82 −0.59 −0.002% 0.57 1.32%

5.99×10−4 24327.85 48.80 −5.75 −0.02% 5.55 12.82%
5.99×10−3 24279.13 92.59 −54.47 −0.22% 49.34 114.06%

Fig. 5. Influence of mineral reactive surface area on the change in the stored air without oxygen replenishment. (a) air pressure (b) oxygen mole fraction.
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stored air decreases to 6.94MPa (see Fig. 7a) accounting for the surface
passivation on pyrite, and the corresponding mole fraction of O2 in the
stored air is 16.4% (see Fig. 7b). The same amount of change in oxygen
can be observed at about 1.5 years without the surface passivation,
which shows that the formed passivation layer strongly reduces the
oxygen depletion rate. Thus, in the case of surface passivation occur-
ring, the mole fraction of O2 in the stored air is decreasing only slightly
even for longer residence time, and values are always above MOC.
Because the oxygen depletion rate is strongly determined by the ki-
netics of pyrite oxidation, experimental tests for a target formation are
required to reliably quantify these impacts.

5.2.2. Impact on the porous storage formation
At the edge of the reservoir without oxygen replenishment, ac-

counting for the surface passivation of pyrite leads to a pH decrease to

5.54 after 20 years (Fig. 8a) which is close to the fluid pH of 5.12
considering no surface passivation. Because oxygen is not replenished
at the reservoir fringe, surface passivation does not significantly change
the pH of the formation fluid there.

Near gas wells with a constant supply of fresh oxygen containing air,
however, accounting for surface passivation stabilizes pH at a neutral
value of 6.56 even after 20 years (Fig. 8b). This strongly reduces the
risks of corrosion in the gas wells for the operation of CAES. Corre-
spondingly, after 20 years, overall mineral dissolution and precipitation
in the storage formation causes relative changes of only 0.08% and
0.40% in porosity and permeability (see Fig. 8c). This effect is thus very
small and does not change well deliverability.

Fig. 6. Influence of mineral reactive surface area on the change in the storage formation. (a) pH without oxygen replenishment (b) pH with oxygen replenishment (c)
porosity and permeability with oxygen replenishment.

Table 8
Change in components of O2 and CO2 within one storage cycle of 12 h at reservoir pressure of 7.10MPa and 10.65MPa accounting for surface passivation.

Air Pressure Time Pyrite oxidation kinetic O2 CO2 ΔO2 ΔCO2

[MPa] [hour] [mol] [mol] [mol] [%] [mol] [%]

7.10 0 16209.64 27.88
12 no passivation 16204.73 32.48 −4.91 −0.03% 4.60 16.48%

with passivation 16208.67 28.85 −0.97 −0.006% 0.97 3.47%
10.65 0 24333.60 43.25

12 no passivation 24327.85 48.80 −5.75 −0.02% 5.55 12.82%
with passivation 24332.53 44.32 −1.07 −0.004% 1.07 2.47%
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Fig. 7. Influence of mineral surface passivation on the change in the stored air without oxygen replenishment. (a) air pressure (b) oxygen mole fraction.

Fig. 8. Influence of mineral surface passivation on the change in the storage formation. (a) pH without oxygen replenishment (b) pH with oxygen replenishment (c)
porosity and permeability with oxygen replenishment.
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6. Discussion

6.1. Gas phase mixing in the storage reservoir

The short-term changes in stored air composition during one storage
cycle assessed using the kinetic batch model show a very small decrease
in oxygen content due to the induced geochemical reactions. This shows
that on this short time scale no geochemical impacts on storage op-
eration will occur. The long-term changes in stored air composition
however indicate that the mole fraction of oxygen in stored air may be
reduced to below MOC and even to zero at large time scales. In this
case, an operation failure of the diabatic CAES facility will occur. This
can be mitigated by a refill of fresh, oxygen rich air. These two models
represent the “end members” of the spectrum of residence times that
will occur in a gas storage reservoir. In a real porous gas storage for-
mation, however, mixing between injected fresh air and air stored for
longer times will occur. These mixing effects are not explicitly con-
sidered here by a full reservoir model, as they will depend strongly on
the geometric and hydrodynamic characteristics of the storage forma-
tion. Thus, general findings on this mixing cannot be derived, but
mixing effects are discussed in the following.

The mole fraction of O2 in the extracted air will be between the two
bounding cases considered here, providing a lower power output in the
early stages of storage use than indicated by the short-term model. This
effect is also found by Oldenburg and Pan (2013b), who considered
porous formation CAES using CO2 as cushion gas and found that in the
case of 20m air-CO2 interface noticeable amounts of CO2 were pro-
duced along with the extracted air during the first production cycle.
With on-going cyclic operation, however, the mole fraction of O2 in the
extracted air will increase as oxygen mixed into the gas reservoir in
prior cycles is recovered along with the short-term stored air. Some of
the oxygen will diffuse to the reservoir fringe, due to the concentration
gradient in the storage air, and supply somewhat more oxygen there
than considered in the long-term simulations without gas flow. This
may result in a stronger decrease of pH there than given by the current
model. The extent of oxygen mixing and diffusion in the gas phase will
thus also depend on the storage cycles used.

6.2. Mineral assemblage of the Rhaetian sandstone

In this study, one possible mineral assemblage is chosen to represent
the mineral composition in the Rhaetian sandstone. Using other mi-
nerals, such as gypsum instead of anhydrite, or, gibbsite instead of
kaolinite, would slightly change the simulation results, but would not
change the basic findings of this study, such as oxygen reduction due to
induced geochemical reactions. However, the amount of redox-sensitive
minerals available in the mineral assemblage, here represented by
pyrite, may affect the amount of oxygen reduction in the gas phase. The
available core samples from the Rhaetian sandstone show amounts of
pyrite in the mineral composition varying between zero and up to 6%
(Dethlefsen et al., 2014). Therefore, the amount of pyrite is likely lower
than the 5.7% assumed here, which would reduce the geochemical
impacts accordingly. If the pyrite content is less than 0.15%, oxygen
concentrations will always remain above MOC, which means that air
can be stored for long. However, if organic carbon or other ferrous-
containing minerals are present, the induced geochemical reactions
may still result in a reduction of oxygen concentration below MOC
because they can also react with oxygen.

6.3. Impact of residual water saturation

Gas dissolution in the residual formation water in the porous storage
formation is considered here as an equilibrium process, because a small
residual water saturation of 0.2 is assumed. If larger residual water
saturation occur, the travel time for the dissolved oxygen to the mineral
surfaces, where the reactions occur, as well as the respective travel time

of carbon dioxide towards the gas phase, are increasing strongly.
Accounting for this diffusion controlled transport process for the dis-
solved gas components would thus further limit the reaction rates and
the oxygen consumption. Therefore, at larger residual water saturations
in the storage formation the depletion rate of O2 in the stored air and
the power reduction rate will be slower than shown here. The model
used here is thus conservative with respect to this effect.

The cyclic injection of dry air may lead to evaporation of the re-
sidual water and thus a reduction of water saturation or a complete dry
out near the wells. The induced geochemical reactions in the storage
formation would thus be further reduced or even stopped when the
formation is fully dehydrated, as the reactions can only occur if water is
present. This would increase the relative permeability for gas flow and
thus storage performance, as higher rates can be obtained. At the same
time, the precipitation of all dissolved minerals in this dry out zone may
reduce permeability and porosity, which would counter this effect.

7. Conclusions

A synthetic diabatic compressed air energy storage (CAES) based on
the existing Huntorf facility and employing the Rhaetian sandstone
formation in the North German Basin as porous storage reservoir is
investigated for induced geochemical reactions. The chosen mineral
assemblage shows the presence of pyrite in the Rhaetian sandstone, so
that CAES in this porous formation will induce geochemical reactions
mainly governed by pyrite oxidation. A geochemical reaction system for
the Rhaetian sandstone is developed and kinetic batch simulations are
used to quantify the changes in stored air as well as the storage for-
mation due to the induced geochemical reactions. The major conclu-
sions that can be drawn are:

(1) The ECLIPSE-OGS-PHREEQC coupling scheme can be applied to
quantify the induced geochemical reactions for CAES in porous
formations with a consistent geochemical system. It can be scaled
up to a reactive reservoir scale model.

(2) Within one storage cycle, i.e. 12 h residence time in the storage
formation, oxygen loss in stored air is found to be very small. This
minor oxygen loss does not affect the flammability of the stored air
mixed with natural gas and thus will not influence the cyclic op-
eration of CAES.

(3) For longer residence times, the oxygen mole fraction can drop
below the minimum oxygen concentration (MOC) required for
flame propagation. Then this stored air cannot be used for burning
natural gas directly, and the risk of operating failure without an
intermediary refill occurs. Thus an adiabatic CAES may be a pre-
ferable option for porous formation storage, as heat gained during
air compression is stored and can be used to heat the extracted air
during expansion, instead of burning natural gas to this end.

(4) The pH of the formation fluid may drop significantly near wells,
even to values below 1.0. The acidified fluid increases the risks of
well corrosion and should be considered when selecting the casing
material of the gas wells.

(5) The induced dissolution and precipitation of minerals results only
in a minor increase of porosity and permeability, which will not
affect the storage performance in terms of well deliverability.

(6) The uncertainties in mineral assemblage, mineral reactive surface
area and pyrite oxidation kinetic strongly affect the rate of oxygen
reduction and fluid acidification. Analysis of these parameters of
the reservoir mineral phases from the target location, especially for
pyrite, are therefore required for a reliable estimate of possible
induced geochemical reactions and impacts

(7) The geochemical reaction system investigated here represents the
first step to quantify the induced geochemical impacts of CAES
using kinetic batch simulations. Mixing between the injected air
and the stored air could be quantified using the presented reaction
scheme and a reactive reservoir flow and transport model.
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