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CO2 storage is a promising technology to enable further use of coal resources without CO2 emissions
damaging climate. In the Czech Republic, The Dunajovice Sandstone reservoir has been identified as an example of a typical structure suitable for potential geological storage of CO 2 in the Carpathian Foredeep area, and served as a pattern for modelling and simulation purposes in this project. Once injected, CO2 propagates in its supercritical form and partially dissolves into groundwater. This process acidifies brine and triggers geochemical reactions with the injection wellbore cement, the host rock, as well as the cap rock. These
reactions must be quantified and assessed to ensure the security and sustainability of the storage. Here we
use the geochemical codes TOUGH2 and TOUGHREACT to estimate the plume propagation as well as the
geochemical effects of CO2 underground injection. Results show a good compatibility of hydrogeological parameters with a 30 years high-rate CO2 injection, which must be confirmed experimentally. We also notice
geochemical stability of sandstone and clay, while the cement is subject to huge mineral transformation. The
mechanical structure and tightness of such transformed cement should then be assessed.
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1. Introduction
CO2 Capture and Storage (CCS) has been identified as one of the technologies that could achieve 19 %
of worldwide CO2 emissions reduction by 2050 [1].
Indeed, it has the advantage to be potentially plugged
into existing infrastructure such as coal power plants,
steel and cement factories, oil refineries. Thus business
models are not disrupted and Industrials are supporting
it, provided the CO2 price incentive is high enough.
Though the technology is not yet widely spread, some
pilot projects such as Sleipner in the North Sea [2] have
been already existing, simulated and monitored for more
than 15 years. This has allowed the development on new
monitoring techniques and modelling tools that could be
efficiently benchmarked with reality. Though CCS
deployment still faces numerous technological challenges from the capture side, injection and storage of
CO2 involve long-term risks assessment and require a
good knowledge of the underground site, its geology,
hydrogeology and geochemistry.
Long-term safety of a CO2 storage project itself
depends on the stability of the reservoir and on a proper
assessment of CO2 leakage and fluid displacement
[2, 3]. Three components are particularly concerned by
CO2 injection: wellbore, host rock and cap rock. First,
cap rock tightness must be monitored and ensured during the entire lifetime of the CCS project to avoid potential diffuse leakages. Once in the host rock, CO2induced geochemical reactions must not clog its porosity, which would result in lower injectivity. Finally, the
most critical leakage potential comes from the wellbore
itself and can take various forms [4]: between casing
and cement, through the cement pore space, through
fractures in the cement, and between cement and rock.

To avoid these risks and especially cement fracturing,
the wellbore mechanical integrity must be ensured.
Indeed, huge geochemical changes may occur when
basic materials (cement) are in contact with CO2acidified brine [5].
That is why this Research Project aims at analysing
in laboratory different mineral evolution of rocks exposed to CO2-acidified brine. To complement and reproduce these experiments, numerical simulations are
done in parallel. This allows better understanding and
interpretation of different occurring processes. Hydrogeological simulations with TOUGH2 [6] are done to
upscale in space (up to 10 km), and time (up to 300
years) the CO2 plume propagation (1 MtCO2/year injected during 30 years), while geochemical simulations with
TOUGHREACT [7] are conducted to upscale in time
the observed geochemical reactions.
The aim of this numerical study is to interpret
physical and geochemical processes in the underground
material occurring within a potential CO2 storage project in the South-East of the Czech Republic. Namely,
we look at the underground extension of the CO2 plume,
as well as the geochemical evolution of the three media
in contact with CO2: cement, host rock and cap rock. An
important indicator of the system evolution is the porosity of each of the media. Indeed, higher porosity in the
cap rock may induce higher permeability, which is a
risk of diffuse leakage. On the other hand, lower porosity in the reservoir may induce lower injectivity and
near-well pressure build-up. This is a risk that may lead
to mechanical cracks in the cement or cap rock. Also,
clogging cement porosity may create pressure build-up
at the pore scale and lead to local micro-cracks.
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CO2g ↔ CO2aq

2. Physicochemical Background
2.1. Hydrogeological situation
The Dunajovice Sandstone already hosts a seasonal
natural gas storage facility [8]. This is a proof of quite
suitable hydrogeological parameters to conduct CO2
injection in similar geological structures in the area.
Assuming that these physical parameters extend up to
the potential injection location, we can then reuse the
data (see Tab. 1) in the injection model. Permeability in
horizontal direction κR is usually higher than the one in
the vertical direction κZ because of the sedimentation
processes. Also, the reservoir contains shale lens that
reduce yet allow vertical communication. We here use a
factor 100 between κR and κZ to account for that. CO2
properties (density and viscosity) are dynamically determined by TOUGH2 thermodynamic module ECO2N
[9] as a function of Pressure P, Temperature T and Salinity S.

H2CO3 ↔ HCO3 + H

Sandstone
36 m
18%
450 mD
4.5 mD
81 bar
35°C
68 g/L
f(P,T,S) [9]
f(P,T,S) [9]

Brine
35°C
7.65
12.1
1850.9
19298.4
960.1
50.0
34572.0
3094.7
120.5
77.0

Acidified Brine
35°C
4.78
12.1
1850.9
19298.4
960.1
50.0
34572.0
75741
120.5
77.0

-

(1)
2-

HCO3 ↔ CO3 + H+

2.3. Solid phases composition
The host rock (Dunajovice Sandstone) was sampled and analysed in order to determine its mineral
composition. Tab. 3 summarises the main minerals
constituting sandstone
Tab. 3 Sandstone composition
Mineral
Quartz
Muscovite
Kaolinite
Microcline
Chamosite
Calcite

%Vol)
56.8
21.4
9.9
8.2
2.6
1.1

The envisaged cement for the wellbore is a normal
Portland CEM II/B-M (S-V) 32,5 R. XRF analysis estimates its initial oxides composition (see Tab. 4).
Tab. 4 Cement powder composition (XRF analysis)
Oxide
MgO
Al2O3
SiO2
SO3
CaO
Fe2O3

2.2. Solutions composition
Tab. 2 Brine composition [mg/L]
Element
T
pH
Ca2+
Mg2+
Na+
K+
Li+
ClCO2
SO42NH4+

+

This acidified brine is then used both in experiments and simulations. Tab. 2 gives its composition.

Tab. 1 Hydrogeological parameters
Parameter
Thickness
Porosity
Permeability κR
Permeability κZ
Pressure P
Temperature T
Salinity S
CO2 density
CO2 viscosity

CO2aq +H2O ↔ H2CO3
-

%Mass
2.56
5.77
19.95
3.74
63.34
2.64

Once hydrated, cement forms minerals and gels,
whose composition depends on temperature and initial
oxides composition. Tab. 5 gives the final computed
mineral composition, assuming an ideal homogeneous
hydration (no remaining oxides crystals). Main cement
component is then a Ca-Si hydrate (CSH1.6).
Tab. 5 Cement composition
Mineral
CSH1.6
Portlandite
Ettringite
Hydrotalcite
Katoite-Si
Ferrihydrite

Some brine samples were taken and chemically analysed for the purpose of the project. Then an artificial
brine composition was reconstituted. For collateral
batch experiments [10], the brine is in contact with
supercritical CO2 at 81 bar and 35°C. CO2 then dissolves into the brine up to the thermodynamic equilibrium. This process acidifies the brine and enriches it by
carbonate ions, according to:
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Formula
Ca1.6SiO3.6:2.58H2O
Ca(OH)2
Ca6Al2(SO4)3(OH)12:26H2O
Mg4Al2O7:10H2O
Ca3Al2SiO4(OH)8
Fe(OH)3

%Vol
42.3
25.2
18.2
5.9
5.7
1.9
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3. Modelling Approach
3.1. Grid and Geometry
For the need of the large-scale hydrogeological
simulation, we considered a cylinder (R-Z coordinates)
and created a mesh representing the host rock. It is
composed of 808 cells with exponentially growing radii.

This gives enough precision in the near well zone, while
allowing a wide extension of the domain at reduced
CPU-cost. Thus Neumann boundary conditions (initial
pressure gradient imposed) are far enough from the
studied subject.. Thickness is reduced in the top layers
to better account for the upward widening of the plume
due to buoyancy (Fig. 1).

Fig. 1 808 cells grid, 36 m high, 10 km wide with exponential cell size, R-Z geometry
3.2. Two-phase flow and Darcy law
Hydrogeological simulations are needed to estimate CO2 plume propagation. TOUGH2 code [6] is
used and assumes the host rock is a homogeneous porous medium. Thus, Darcy law best describes the fluids
flow through a porous cell for each dimension according
to:
   r P
(2)
qv
 
   g





ly, Capillary pressure is also computed by van Genuchten function:
(5)
Tab. 6 Van Genuchten parameters
Parameter
λ
Slr
Sls
Sgr
1/P0
Pmax



where qv is the volumetric fluid flux, κ the intrinsic
Permeability of the porous material, κr its relative permeability model, μ the fluid viscosity, ΔP the overpressure between the 2 boundaries of the cell, ε the cell
thickness, Δρ the density difference between the gas and
the brine, g the gravity. Relative permeabilities κr (or kr)
are determined according van Genuchten model [11]
and parameters (Tab. 6):

(3)

(4)
where S* = (Sl-Slr)/(Sls-Slr), with Sl the liquid saturation, and Ŝ = (Sl-Slr)/(1-Slr-Sgr). krl stands for the relative permeability of the liquid phase, while krg stands for
the relative permeability of the gaseous phase. Similar-

Sandstone
0.457
0.3
1
0.05
1 Pa-1
1E7 Pa

3.3. Geochemical parameters
Geochemical analyses are done thanks to batch
simulations. Thermodynamic equilibrium, elements
speciation, and mineral saturation indexes are determined using Thermoddem database [12]. When not at
the thermodynamic equilibrium, minerals tend to precipitate (if over-saturated) or dissolve (if undersaturated). But their internal structure leads to heterogeneous kinetic rates. TOUGHREACT [7] computes the
rate law for mineral dissolution and precipitation according to Lasaga formalism [13]:

rn   k A n 1   n


-1

(6)

A positive value for rn (mol s ) corresponds to dissolution of the mineral n (negative for precipitation), k
is the rate constant (mol m-2 s-1) depending on the tem-
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perature, An is the specific reactive surface area
(m2.kgw-1), and n is the saturation ratio of the mineral n
(ratio between the activity product and the equilibrium
constant). The empirical parameters  and  are determined from experiments, otherwise they are usually
taken as 1. The dependence of the rate constant k with
temperature is calculated by means of the Arrhenius
equation [13]:
 Ea  1
1 
(7)
k  k 25 exp 
 

 R  T 298.15 
where Ea (J.mol-1) is the activation energy, k25
(mol.m-2.s-1) the rate constant at 25 °C, R (J.K-1.mol-1) is
the universal gas constant and T (K) the absolute temperature. Mineral precipitation and dissolution rates can
be influenced by different mechanisms, for example
acid or carbonate mechanisms [14].
  E anu  1
1 
k  k nu
exp
 


25
 R  T 298.15 
  E aH  1
1  n H
 k H25 exp 
 
 a H
 R  T 298.15 
2
  E CO
a
2
 k CO
25 exp 
 R

(8)

1  nCO 2
1
 
 a CO 2,aq
T
298
.15 


where superscripts or subscripts nu, H and CO2 indicate neutral, acid and carbonate mechanisms, respectively, and a is the activity of the corresponding species.
Tab. 7 summarizes the different kinetic parameters
further used in the simulations.
Tab. 7 Kinetic coefficients [14, 15, 16, 17]
k25
n
A
EA
m2/g
mol/m2/s kJ/mol
Portlandite
2.18E-8
74.9
0.154
acid mech.
8.04E-4
74.9
0.6
CSH1.6
1.6E-18
2.0
acid mech.
5.94E-8
0.275
Katoite
1.6E-18
0.057
acid mech.
5.94E-8
0.275
Hydrotalcite
1.6E-18
0.1
acid mech.
5.94E-8
0.275
Ettringite
1.14E-12
0.098
Calcite
1.55E-6
23.5
0.026
acid mech.
5.0E-1
14.4
carb mech.
6.58E-3
56.1
Magnesite
4.47E-10
63
0.026
acid mech.
4.37E-5
19
Dolomite
1.05E-8
30.8
0.0012
acid mech
2.85E-4
45.9
0.615
k25 is the kinetic constant at 25°C, EA the activation
energy, n the degree of the additional mechanism (H + or
HCO3-), A the reactive surface of the material
Mineral

4. Results and Discussion
4.1. CO2 Plume Propagation
When injecting CO2 at the high rate of 1 Mt/year in
a 100% water saturated pore space, we first notice a
near well pressure build-up (Fig. 3) of ΔP being 23 bar.
This is necessary so that injected CO2 creates pathways
for further diffusion in the porous medium. This may
induce mechanical cracks to the cap rock and endanger
its tightness. However, this local and temporarily effect
can be overcome by slower injection during the first
years if the overall industrial project is compatible.
Then, the near well pressure decreases while pressure builds up in the rest of the reservoir (Fig. 3). This
accompanies the formation of the CO2 plume in the
reservoir. Over time, from cylindrical shape, the plume
widens its upper body, blocked under the cap rock.
After 30 years injection, the near-well overpressure does
not exceed 10 bar, while CO2 plume extension does not
exceed 7 km (3.5 km radius) in its wider extent.
However, this situation concerns an ideal case where
the cap rock is perfectly plane and horizontal. In case of
even a minor slope, CO2 would spread more in the upward direction. This would trigger a higher plume extent,
as well as a higher dissolution rate in unsaturated brine
and would accelerate the final CO2 immobilization. Future simulations require advanced geological assessment
in order to better model the underground structure.
After the 30 years injection period, we model further 300 years relaxation time for the system. During
this timescale, pressure rapidly recovers its initial gradient, while CO2 plume further extents due to buoyancy.
By reaching new unsaturated brine, CO2 continues to
dissolve. CO2 dissolution into brine is almost instantaneous, so aqueous CO2 is at its themodynamic equilibrium of 39gCO2/kgbrine in each zone hosting or having
hosted supercritical CO2 (Fig. 4).
After 300 years of post-injection relaxation period,
CO2 plume extents to 12 km (6 km radius). The fraction
of CO2 that has dissolved represents 30% of the initial
injected CO2 (Fig. 7). This aqueous CO2 is much less
mobile than supercritical CO2 that is still in a slow upward motion. We may expect that the intercalation of
more permeable and less permeable layers inside the
reservoir reduces CO2 mobility and plume extent.

Fig. 2 CO2 breakdown aqueous/gas (supercritical)
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Fig. 3 Pressure (Pa, left) and gas saturation (supercritical CO2 plume, right), after 1 and 30 years of injection

Fig. 4 Dissolved CO2 (left) and gas saturation (supercritical CO2 plume, right), 10 and 300 years after injection
4.2. Sandstone geochemical evolution
Batch simulations show a relative stability of sandstone (Fig. 5). This is confirmed by the batch experiment
(100 days only). Yet, quartz seems to replace part of the
muscovite initially in place. This should be further confirmed, since both components are expected to stay stable, especially after only 100 days of reaction [2].

Since the Mg concentration of the brine is initially
high, dissolution of CO2 into the brine leads to some
magnesite precipitation. Overall, the porosity of sandstone is almost unchanged. This decreases the risk of
clogging host rock. Thus, permeability is expected to be
conserved, which prevents further consequences in
terms of cement or cap-rock fracking.
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Fig. 5 Sandstone mineral evolution over 100 years

Fig. 6 Portland cement mineral evolution over 100 days

4.3. Cement geochemical evolution
Batch simulation shows dramatic evolution of the
cement mineral evolution (Fig. 10). Experiments con-

firm the fast replacement of portlandite by calcite. Indeed, cement minerals are only stable in basic solutions.
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In CO2-acidified brine, geochemical reactions are inevitable:
Ca(OH)2 + CO2 + ↔ CaCO3 + H2O

(9)

Experiments then show a dissolution of ettringite.
In the numerical simulation however, ettringite is rather
stable, while CSH gel is the next cement component to
dissolve and forms calcite and Silica:
CSH + 1.6 CO2 ↔ 1.6 CaCO3 + SiO2

(10)

This difference might come from the difficulties to
characterise cement pastes. Indeed, cement components
rather form a solid solution once hydrated. However
simulation codes and analysis tools are designed to
work with clearly identified mineral phases. Thus, a
given composition might be interpreted and treated
differently by the two approaches (experiment or simulation). To increase the confidence of the results, better
cement-specific thermodynamic databases are required.
Overall, the cement porosity slightly decreases.
This is not a danger in itself, however the mineral
changes are so huge that mechanical and sealing properties of such cement paste should be further studied.
Indeed, the microstructure may not be necessarily homogeneously affected.

5. Conclusion
This study allows to draw preliminary pictures of
what a CO2 storage project in the South-East of the
Czech Republic might look like. Given the chosen assumptions, the CO2 plume is expected to propagate
horizontally in the order of several km. Further steps for
a potential pilot project in the Czech Republic should
include a better characterisation of the geological structural model. In particular, the development of a static
geological model (both structures and rock properties)
and the subsequent dynamic hydrogeological model
would improve the accuracy of future numerical simulations. Indeed, heterogeneous sand layers may lead to
faster dissolution and immobilisation of CO2 in both
gaseous and aqueous phases. On the other hand, leaning
layers may enable CO2 plume to propagate faster and
further.
Sandstone is expected to be geochemically stable,
however, further specific studies should confirm in this
particular case. On-going Sleipner project is also based
on a saline sandstone aquifer and numerical tools
proved remarkably well compared to real monitored
data [2]. Thus, we expect a good reliability of the geochemical simulation. Concerning the wellbore, cement
paste leaches, which is considered as a normal evolution
of cement in underground conditions. However it should
be checked whether such leaching could threaten the
cement mechanical properties. Otherwise, other pastes
and low-pH cement may be considered as well.
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