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The capabilities of reactive transport modeling codes for geological carbon sequestration have improved
significantly in the past decade. Comparing different geochemical modeling codes is crucial to identify modeling
discrepancies, especially when experimental validation is not feasible. However, it is challenging to consistently
get comparable results, as shown in previous studies where batch reaction of CO; storage using different sim-
ulators sometimes resulted in significant discrepancies in their outputs. In this study, we introduce and
demonstrate an approach to consistently produce comparable batch-reaction modeling of kinetically controlled
COy-water-rock interactions in PHREEQC, TOUGHREACT, and GEM, which are amongst the most widely used
simulators for CO; sequestration studies. The primary step is to assemble a thermodynamic database in
PHREEQC format, with representative fluid properties for COp-water interaction, and carefully convert it to the
format of the other simulators. We use two case studies from the literature to demonstrate our method where
good matches between the outputs of all three simulators were achieved, which was not previously attained.
Furthermore, limiting the discrepancies in batch-reaction models provides a consistent baseline to study the
coupled mechanisms of transport and chemical reaction, which was also successfully demonstrated with a one-
dimensional reactive transport model in PHREEQC, GEM and TOUGHREACT.

1. Introduction

Carbon sequestration is one of the necessary tools in the fight against
climate change. To meet the goal of net-zero CO, emission by 2050, the
annual COy capture capacity needs to be approximately 6000 MT
(million metric tons of CO3) by 2050 (Global CCS Institute, 2020). In
2020, only about 40 MT of CO5 was stored globally (Global CCS Insti-
tute, 2020), which is less than one percent of the target annual capture
capacity. It is clear that COy storage activity needs to be drastically
accelerated over the next 20-30 years.

One of the ways to accelerate CO, storage activity is to improve our
understanding of the long-term consequences of CO injection into
subsurface formations. An important aspect of this problem is the
characterization of the interaction between the injected CO; and the in-
situ reservoir fluids and rocks. Reactive transport models are an essential
tool in this process (Steefel et al., 2005). Furthermore, reactive transport
models can be utilized to accelerate the planning and optimization phase
of subsurface CO; storage projects (Harrison et al., 2019).

The capabilities of reactive transport modeling codes for
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geochemical systems have improved significantly in the past two de-
cades (Steefel et al., 2015a). Various geochemical simulators have
comparable functionalities to model complex coupled multiphase sub-
surface systems (Pruess et al., 2002; Steefel et al., 2015a; Steefel et al.,
2015b). This development aids the intercomparison of simulations from
multiple reactive transport codes for the same problem, such as
COq-water-rock interaction in a CO, disposal system. Simulating the
same system using different codes helps to identify and fix modeling
errors, especially for parameters that cannot be measured experimen-
tally or when experimental validation is not feasible. This issue is often
encountered in modeling long-term geological sequestration of CO5
spanning hundreds to thousands of years. Furthermore, intercomparison
of codes helps to identify which phenomena are well captured by the
models and which phenomena need better representation. In terms of
transport, model comparison studies summarized in (Pruess et al., 2002)
concluded that the two geochemical codes, TOUGHREACT (Xu et al.,
2011) and GEM (Nghiem et al., 2004), provide consistent representa-
tions of the governing flow and transport processes in the subsurface
relevant to COy disposal systems. However, in terms of chemical
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interactions, some comparative studies reported significant discrep-
ancies between different codes (Gundogan et al., 2011; Haase et al.,
2016). This issue was encountered when simulating mineralogical
change due to chemical interaction between CO5, water, and rock in CO,
disposal systems.

In one comparative study (Gundogan et al, 2011),
kinetically-controlled mineral alterations due to CO, storage in three
different sandstone reservoirs were modeled using batch reactions (no
transport) in PHREEQC (Parkhurst and Appelo, 1999), GEM, and
TOUGHREACT. In terms of mineral change, only one of the rock types
(the one with the simpler mineralogical composition) showed good
agreement between the three simulators. However, for the two
remaining rock types, there was a fair match between PHREEQC and
GEM, but a poor match with TOUGHREACT. The discrepancies in the
simulators’ predictions were believed to be related to the difference in
the thermodynamic databases between the simulators, the difference in
the calculated CO; solubility, and the differences in the aqueous activity
models (Gundogan et al., 2011). Obtaining consistent batch reaction
modeling is critical to calibrate dynamic reactive transport, where re-
sults could further deviate when adding convection, The inability to
consistently reproduce results obtained from reactive transport simula-
tors limits our ability to trust and utilize them to model geological CO5
sequestration.

In this study, we present and demonstrate a method to limit dis-
crepancies when modeling reactive transport of COs-water-rock in-
teractions using PHREEQC, TOUGHREACT, and GEM simulators. First,
we focus on the chemical interaction part. We show how to get com-
parable results of static COy-water-rock interactions by batch reaction
modeling. We use as examples for demonstration two of the reservoir
rocks presented in (Gundogan et al., 2011). We address previously
observed discrepancies by assembling a thermodynamic database in
PHREEQC format, with representative fluid properties for COy-water
interaction, and carefully convert it to the format of the other simula-
tors. Limiting the discrepancies in the chemical interaction part provides
a baseline to study more complex systems. After obtaining an excellent
match for both static batch reaction examples, we show one example
comparing one-dimensional (1D) reactive transport of carbonated water
injected at a constant rate. The comparison of the 1D reactive transport
also shows an excellent match between all three simulators. Being able
to match static batch reaction and simple reactive transport of CO2-w-
ater-rock interactions enables us to study more complex reactive trans-
port phenomena in multiple dimensions.

In this paper, we present some of the relevant equations that govern
CO4 solubility and aqueous activity in the different simulators. We
briefly discuss the mechanisms involved in mineral dissolution and
precipitation, and present the rate laws used. A workflow is then pre-
sented to customize the used thermodynamic database and convert it to
the structure used by the different codes. Finally, we present and discuss
the results from batch reaction modeling and 1D reactive transport
modeling of COg-water-rock interaction in two sandstone reservoirs,
done using PHREEQC, TOUGHREACT, and GEM.

2. Methods
2.1. Reactive transport codes

Several geochemical reactive transport codes are available for
studying geological carbon storage systems. The continuous develop-
ment of these codes has refined and expanded their capabilities. In this
study, we compared PHREEQC version 3 (Parkhurst and Appelo, 2013),
TOUGHREACT version 3.32 (Xu et al., 2011), and GEM version 2019.1
(Nghiem et al., 2004). These three codes are amongst the most widely
used simulators for CO5 sequestration studies. All three codes support
the modeling of CO; solubility, thermodynamic database customization,
aqueous speciation, and equilibrium and kinetic mineral dissolution and
precipitation. A general description and comparison of the capabilities
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of several geochemical modeling codes, including PHREEQC and
TOUGHREACT is presented in Steefel et al. (2015a).

PHREEQC is a thermodynamic modeling program for geochemical
systems developed by the U.S. Geological Survey (Parkhurst and
Appelo, 1999; Parkhurst, 1995). This simulator was initially developed
as an ion-association aqueous model (Parkhurst, 1995), but its capability
has been expanded to include reactive transport modeling. It provides a
powerful tool for modeling chemical interaction, limited to 1D transport
and flow simulations. PHREEQC implements a sequential solution
method to couple the transport and chemical interaction, such that the
transport and chemical interaction equations are solved separately at
each time step. GEM is a fully-coupled geochemical and compositional
EOS simulator capable of modeling CO, storage in subsurface reservoirs
amongst a wide range of other subsurface flow applications. GEM em-
ploys efficient sparse solution techniques for multicomponent multi-
phase flow systems, solving both the transport and chemical reaction
equations concurrently (Nghiem et al., 2004). TOUGHREACT is a
multidimensional non-isothermal reactive flow simulator for subsurface
systems, created by adding chemical interaction modeling to TOUGH2
(Pruess et al., 1999; Xu and Pruess, 2001). TOUGHREACT uses the
ECO2N module, which is a fluid flow model developed for CO,
sequestration applications in saline aquifers (Pruess and Spycher, 2007).
This simulator uses a sequential solution approach to solve the system of
transport and chemical reaction equations.

PHREEQC is one of the most widely used geochemical solvers across
multiple disciplines, mainly because of its robust modeling of chemical
reactions. However, the inbuilt multidimensional flow modeling capa-
bilities in TOUGHREACT and GEM enable the modeling of more com-
plex reactive transport in multidimensional domains with physical
heterogeneity.

2.2. CO; solubility

COq-water-rock interaction is dependent on the solubility of CO; in
the aqueous phase. The concentration of CO; in the aqueous phase is a
function of temperature, pressure, and salinity. The CO; dissolution
reaction can be expressed as:

CO,(g)=CO0,(aq) (€]

The dissolution of CO; is a relatively fast reaction, and thus, ther-
modynamic equilibrium is usually assumed between the gaseous and
aqueous phases. This thermodynamic equilibrium is expressed as the
equality of the fugacities of the components in the gaseous and aqueous
phases (Hoteit and Firoozabadi, 2006). The fugacity of COy in the
aqueous phase is calculated using Henry’s law (Henry, 1803) and is
given by the product of the aqueous mole fraction of CO2 and Henry’s
constant. The fugacity in the gaseous phase is expressed as the product of
the fugacity coefficient and the partial pressure of CO; in the gas.

Previously, PHREEQC did not account for fugacity coefficients and
assumed the gas fugacity was equal to its partial pressure (Parkhurst and
Appelo, 1999). Gundogan et al. identified this limitation as one of the
reasons for discrepancies in their study (Gundogan et al., 2011). How-
ever, in PHREEQC version 3, the calculation of CO, fugacity has been
enabled by including the Van der Waals EOS (Appelo et al., 2014;
Redlich and Kwong, 1949; Soave, 1972). The calculation of fugacities in
PHREEQC requires the database to contain information on molar vol-
ume, critical properties and acentric factor, which are included in the
phreeeqc.dat and pitzer.dat databases. However, for other databases,
this information (molar volume, critical properties and acentric factor)
must be provided by the user to activate the calculation of fugacities and
therefore correctly calculate the CO4 solubility. Otherwise, the fugacity
calculation is not carried out in PHREEQC and unity is assumed for the
fugacity, resulting in overestimation of the solubility.

In GEM, the effect of pressure, temperature, and salinity on Henry’s
constant is calculated using Harvey’s correlation (Harvey, 1996) or the
Li & Nghiem correlation (Li and Nghiem, 1986), which is based on the
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Scaled Particle Theory (Reiss et al., 1959). In TOUGHREACT, the effect
of pressure, temperature, and salinity on the fugacity coefficients of CO5
is computed within the ECO2N module using the Ho0-CO5 mutual sol-
ubility model of Spycher and Pruess (2005).

To calculate the CO; solubility in brine, we used Henry’s law with
Harvey’s correlation in GEM, Spycher & Reed solubility model in
TOUGHREACT, ECO2N module, and Van der Waal’s EOS with the Peng-
Robinson approach in PHREEQC.

2.3. Aqueous activity models

The calculation of ions speciation, which is the distribution of
aqueous species in the solution, is a critical part of CO,-water-rock
interaction modeling. When CO;, is injected into subsurface reservoirs, it
dissolves into the formation brine, resulting in a change in the brine’s
chemistry, such as a decrease in pH. This process alters the equilibrium
condition of the fluid/rock system in the reservoir, which could lead to
the dissolution of minerals. The dissolution of minerals in the rock re-
leases ions into the brine, which further alters its composition.

The exchange of ions between the solution and the minerals is gov-
erned by the law of mass action. The rate of these processes is propor-
tional to the activity of the participating reactants (Erdi and Téth, 1989),
and is also affected by other related factors such as temperature, pH, and
salinity (Brantley, 2008; Gislason and Oelkers, 2003; Pokrovsky et al.,
2005; Schott et al., 2009). The relation between the activity of a species i
in a solution and its molality is given by:

a; =ym; 2

where a;is the activity, y; is the activity coefficient, and m; is the
molality.

The activity of ionic species in the aqueous phase is a function of
temperature, pressure, and fluid composition. For non-ideal solutions, a
correction for the activity should be considered. There are several
models in the literature used to calculate the corrected activity co-
efficients for species in non-ideal solutions. In PHREEQC, the activity is
calculated using the Davies equation (Davies, 1938), or different ver-
sions of the extended Debye-Hiickel equation, including WATEQ
Debye-Hiickel equation (Truesdell and Jones, 1974), and the B-dot
model (Helgeson, 1969). In this study, we use the B-dot model to
calculate the activity coefficient in PHREEQC and GEM (Helgeson,
1969), and a slightly different version of the extended Debye-Hiickel
activity model in TOUGHREACT (Helgeson et al., 1981).

2.4. Mineral dissolution and precipitation

The change in mineral composition in terms of dissolution or pre-
cipitation can be calculated by assuming local chemical equilibrium
under certain circumstances. Local chemical equilibrium is the state
where a species of interest in the system has reached a constant con-
centration. This assumption is valid for fast reactions or when transport
is very slow (Bahr and Rubin, 1987) However, many mineral dis-
solution/precipitation processes exhibit slow reactions and thus require
a kinetic description of the mineral interaction with the aqueous phase
(Schott et al., 2009). A number of kinetic equations for geochemical
applications are available in the literature, e.g., (Lasaga et al., 1994;
Reddy et al., 1981). In this study, we adopt a kinetic rate law (Steefel and
Lasaga, 1994) of the form presented in Eq. (3) used in all three
simulators.

Ym = kmSm(l - Qm) (3)

where, r;, is the reaction rate of mineral m in [mol-s~1], k;, is the kinetic
dissolution (negative value) or precipitation (positive value) rate con-
stant, S, is the reactive surface area of mineral m in [m?], and Q, is the
saturation ratio of mineral m, which is a dimensionless quantity that
indicates how far the reaction is from equilibrium.
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The temperature dependency of the kinetic rate constant in Eq. (3) is
described by the Arrhenius equation as:

K = kP Ae R )

where k,,?° is the kinetic rate constant at 25 °C, A is the Arrhenius pre-
exponential factor, E, is the activation energy in [J-mol™!], R is the
universal gas constant in [J-mol~!-K~!], and T is the temperature in [K].

2.5. Thermodynamic database

Thermodynamic databases contain the description of the chemical
reactions in the aqueous, gaseous and solid phases, including reaction
stoichiometries, equilibrium constants, regression coefficients, and ki-
netic rates. Thermodynamic databases for subsurface systems are
continuously developed to improve their accuracy and cover a broader
range of phenomena and conditions, e.g., (Voigt et al., 2018; Zhang
et al., 2020). The differences between thermodynamic databases can be
significant, for example, in terms of mineral dissolution/precipitation
equilibrium constants. It is, therefore, essential to make sure that the
same thermodynamic data is used when comparing reactive transport
codes.

PHREEQC offers and maintains its own thermodynamic database,
phreeqc.dat, as well as a number of others databases (Parkhurst and
Appelo, 2013). On the other hand, TOUGHREACT v3.32 and GEM
v2019.1 do not have their own databases. TOUGHREACT and GEM
provides sample databases, but it is emphasized that it is the user’s re-
sponsibility to verify the database used.

In this study, we construct a thermodynamic database and syn-
chronize it for all three codes. The constructed database contains the
following components:

e Primary solution species: The building blocks for the chemical re-
actions in the database. The thermodynamic database contains the
following data for the primary solution species: chemical formula,
ion size, charge, and molar weight.

Secondary solution species: solution species consisting of a combi-
nation of primary species. The thermodynamic database contains the
following data for the secondary solution species: reaction stoichi-
ometries, equilibrium constants (relevant to Eq. (3)), temperature
regression coefficients, molar weight, ion size and molar volume.
Minerals: Similar to secondary species, the minerals are described in
terms of the primary species. The thermodynamic database includes
data on: reaction stoichiometries, equilibrium constants, tempera-
ture regression coefficients (used in Egs. (5)-(7)), molar weight, and
molar volume.

Gases: Similar to secondary species and minerals, the gases are
described in terms of the primary species. The thermodynamic
database includes data on reaction stoichiometries, equilibrium
constants, temperature regression coefficients, molar weight, and
molar volume.

We assembled a thermodynamic database where only the minerals
and ionic species mentioned in Gundogan et al. (2011), as listed in
Table 1, are included. We used thermodynamic data from the Lawrence
Livermore National Laboratory database (llnl.dat) available in
PHREEQC database. The llnl.dat database was selected to be consistent
with (Gundogan et al., 2011), our reference for the numerical examples
presented in this study. However, the lInl.dat database does not contain
information on molar volume, critical properties and acentric factor for
CO9, which are needed for the calculation of fugacity in PHREEQC.
Therefore, we used CO; solubility data from the phreeqc.dat database
(Appelo et al., 2014) and molar volume data from the diagenesis.dat
thermodynamic database (Zhang et al., 2020).

We converted our assembled database for PHREEQC to make it
compatible with the database format in TOUGHREACT and GEM. In this
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Table 1

International Journal of Greenhouse Gas Control 110 (2021) 103419

Physical properties, initial water chemistry and mineralogical composition of the two rock types, after Gundogan et al. (2011).

Physical properties

Temperature (°C) Pressure (bar) Porosity Permeability (mD)
Rannoch 92 460 0.25 200
Oseberg 100 280 0.20 600
Initial water chemistry (mol/kgw)
pH Al Ca Cl K Mg Na Si
Rannoch 6.90 7.37E-8 9.00E-3 5.60E-1 4.20E-3 6.30E-3 5.29E-1 1.25E-3
Oseberg 6.04 1.32E-7 2.15E-2 6.80E-1 3.95E-3 9.90E-3 6.16E-1 1.45E-3
Initial minerals volume fraction of (% bulk volume of rock)
Calcite Chalcedony Clinochlore Dolomite Illite
Rannoch 0.0 62.5 1.5 0.0 -
Oseberg 1.0 62.0 0.0 1.0
Kaolinite K-feldspar Magnesite Muscovite
Rannoch - 5.0 0.0 4.0
Oseberg 4.0 5.0 0.0 0.0

process, it is important to account for the different temperature de-
pendency relations for the equilibrium constant, used by the three codes.

a a.
PHREEQC : logKr(x) = dopk + arpuxT + 2; R 4 asprrlogT + % 5)
TOUGHREACT : logKrx) = doreInT + ayzg + aeT + ”% + ”;,zﬂ (6)

GEM : logKr(c) = aocen + arcemT + arcen T + asoeu T + dsgen T @)

where AopHR — QA4PHR, A0TR — A4TR and AoGEM — Q4GEM are the temperature
dependency coefficients for the equilibrium constant in the format of the
PHREEQC, TOUGHREACT and GEM thermodynamic databases,
respectively.

We used the coefficients agpgr — aspgr from our assembled database
for PHREEQC to calculate the logarithm of the equilibrium constant at 8
temperature points between 0 and 300 °C. The equilibrium constant at
the 8 temperature points is used to calculate the coefficients aprg —asrr
(calculated internally in TOUGHREACT using Eq. (6)) and apgem —aacem
(calculated using Eq. (7)). Fig. 1 shows an excellent match for the
temperature dependency of the equilibrium constants of the minerals
included in our assembled database for PHREEQC, TOUGHREACT and
GEM.

The effect of pressure on the chemical equilibrium constants is less
significant than the effect of temperature. Therefore, most reactive
transport codes neglect the effect of pressure on the chemical

equilibrium constants. However, PHREEQC and TOUGHREACT can
account for the effect of pressure on the chemical equilibrium constants
if molar volume data is included in the thermodynamic database.

Our assembled database for PHREEQC, TOUGHREACT, and GEM are
provided in the supplementary material. The kinetic rate descriptions
for the minerals are also included at the end of each database.

2.6. Transport

The governing mass conservation equation in PHREEQC is the
advection-dispersion-reaction equation given by:
ac dgq

= va~C+DLV2~CfE (8)

ot

where C is the molar concentration of the chemical in the solution, t is
the time in [s], v is the flow velocity in [m/s], g is the concentration in the
aqueous phase in [mol/kgw| and Dy, is the dispersion/diffusion coefficient
in [m?/s).

In PHREEQC, transport is limited to one dimension, and assuming
D; =0, Eq. (2) is reduced to:

aC
o Vaa ©)

The fundamental governing equations in TOUGHREACT and GEM
solve the mass balance in the gaseous and aqueous phases are similar to
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60
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Fig. 1. Comparing the temperature dependency of the logarithm of the equilibrium constant of the minerals included in our database for PHREEQC, TOUGHREACT,

and GEM.
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the equations presented above.
3. Numerical examples

PHREEQC, TOUGHREACT, and GEM use different models and cor-
relations to calculate the thermodynamic properties of CO,/brine as a
function of temperature, pressure, and salinity. To ensure that the
thermodynamic models are consistent, we compared them against
experimental data for CO5 solubility, molar volume, and COs-saturated
water density. The temperature and pressure ranges were selected to
cover the encountered conditions in the numerical examples for CO5
storage in sandstone reservoirs.

The numerical examples in this study are based on the data in the
comparison study by Gundogan et al. (2011), where the data for the
Rannoch and Oseberg formations are used. Rannoch and Oseberg were
candidate reservoirs for CO; storage in the North Sea (Gundogan et al.,
2011). First, batch reactions of static cases of COy-water-rock interaction
for the two reservoirs were carried out in PHREEQC, GEM, and
TOUGHREAT. Second, a dynamic case where carbonated water is
injected into the Oseberg reservoir was modeled using one-dimensional
reactive transport.

For the static cases, batch reaction was carried out in PHREEQC and
TOUGHREAT at constant reservoir pressure and temperature. An
abundance of CO, gas was introduced in the two models to ensure a
saturated CO3 solution at all times. GEM does not have the option to run
batch reaction modeling. Similar to Gundogan et al. (2011), we used a
homogenous one-dimensional model where the CO; is introduced
gradually as a source term. The physical properties, mineralogical
composition, and initial water chemistry of Rannoch and Oseberg for-
mations, as provided in Gundogan et al. (2011), are listed in Table 1. The
initial water composition, shown in Table 1, was calculated using
PHREEQC in (Gundogan et al., 2011), assuming equilibrium between
the formation water and the reservoir’s initial mineralogical
composition.

For the dynamic case, we used a homogenous one-dimensional
reactive transport model in PHREEQC, GEM and TOUGHREAT, where
carbonated water is continuously injected into the Oseberg reservoir at
constant velocity, pressure, and temperature. Only advection and reac-
tion were considered in the reactive transport models in all three sim-
ulators (no diffusion or dispersion). A spatial domain of 100 m in the x-
direction was discretized using 50 cells in all three simulators. CO5
saturated water was injected at a constant velocity of 100 m/year,
corresponding to 1 pore volume injected per year. To keep constant
conditions in the reservoir, a constant flux boundary was used at the end
of the spatial domain in PHREEQC and TOUGHREACT. In GEM, a pro-
ducer at the end of the spatial domain was used to keep constant
reservoir conditions. The physical properties, mineralogical composi-
tion, and initial water chemistry of Oseberg formation listed in Table 1
were used.

In the original study by Gundogan et al. (2011), only the static cases
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(batch reaction) were presented. For the Oseberg rock type, Gundogan
et al. reported significant discrepancies in mineral changes between the
models, especially between PHREEQC and TOUGHREACT. Fig. 2 illus-
trates the discrepancies between PHREEQC and TOUGHREACT for some
minerals, as reported by Gundogan et al. (2011). The continuous and
dashed lines in Fig. 2 show a reproduction of the mineral changes
(Fig. 2). We were able to reproduce these results using the llnl.dat
database in PHREEQC, as well as with the TherAkin10.dat database
distributed with TOUGHREACT. Gundogan et al. used the thermody-
namic data from PHREEQC in TOUGHREACT and obtained major dis-
crepancies, as represented by the dotted line in Fig. 2. This simulation
data was digitized from Gundogan et al. (2011), as we were unable to
reproduce it in TOUGHREACT.

4. Results
4.1. CO; solubility properties

A comparison of COg solubility properties calculated using
PHREEQC, TOUGHREACT, and GEM is displayed in Fig. 3. All three
codes show good agreement with the experimental data compiled from
Duan et al. (2006), Spycher et al. (2003) and Koschel et al. (2006).

Fig. 3a and d show, respectively, the solubility of CO5 in pure water
with 1 molal NaCl solution, as a function of pressure at 50 and 100 °C.
Fig. 3b and e display an excellent fit between the experimental data and
all three codes for the pressure dependence of the molar volume of COs,
at 50 and 100 °C, respectively. Fig. 3c and f show the density of CO»-
saturated water as a function of pressure, at 50 and 100 °C, respectively.
Cross-checking the COy/brine thermodynamics in the three simulators is
a critical primary step to verify the COy/brine/rock reaction model.

4.2. Batch reaction of CO2 storage in sandstone reservoirs

Batch reaction simulation results of static COp-water-rock interaction
versus time at 92 °C and 460 bar for the Rannoch reservoir are presented
in Fig. 4, and at 100 °C and 280 bar for the Oseberg reservoir in Fig. 5.
The results from PHREEQC, TOUGHREACT and GEM, show very good
agreement between all three codes for both rock types. Fig. 4a shows the
development of pH versus time for the Rannoch rock type. All three
codes show the same trend. The pH drops to about 3 at the beginning of
the simulation due to CO; dissolution; and then increases rapidly as
cations are released from dissolving minerals to the solution. The GEM
simulation shows a higher pH at the beginning of the simulation as CO»
is introduced as a source term since GEM does not allow for batch re-
action modeling. This initialization causes the release of cations from
mineral dissolution to prevent the pH from dropping to the same pH
levels as PHREEQC and TOUGHREACT, where dissolved CO, is at
equilibrium from the start of the simulation. This phenomenon is dis-
played in Fig. 4b, where the composition of dissolved CO in the solution
is shown. Once GEM reaches equilibrium, a good agreement is seen

(e) K-feldspar (g) Muscovite

5 (a) Calcite 95 (c) Dolomite

- 20
= -2
5}
= 15
ME -10
= 10
‘E‘—l7 PHR (ref. Fig.2)
IR (ref. Fig.2) 5
= TR (ref. Fig.4)
1 10 100 1000 1 10 100 1000

100 500
50l S Y 375
200 ' 250
350 125
ool

1 10 100 1000 1 10 100 1000

time [years]

Fig. 2. A reproduction of the mineral composition change over time for Oseberg rock type after Gundogan et al. (2011), calculated using PHREEQC and
TOUGHREACT. The dashed lines represent a reproduction of the results in Fig 2 in Gundogan et al. (2011), and the dotted lines are digitized from Fig. 4 in Gundogan

et al. (2011).



M. Addassi et al.

International Journal of Greenhouse Gas Control 110 (2021) 103419

a b c
0.04( ) o 500 ( ) o 1050 © o
50 °C 50°C 50°C
—_ 400 o
;- 0.03 Om()_!f?.l. _ b g 1025
g 5 2
5 5,300 =
& ekt 5 2
= 0.02 Tmolal & « Z 1000
—_— j2] L [
g E 200 ) e
o 3
le) & B Exp. Data
S .01 100l g 975 o
- --TR
.......... GEM
0.00 0 950
0 100 200 300 400 500 0 03 04 0 100 200 300 400 500
Pressure, [bar] CO2 molar volume, [mol/L] Pressure, [bar]
d e
0.04 ( ) o 500 ©) o 1050 ® o
100 °C 100 °C 100 °C
_ 400 e
— 0.03r = 1025
= —_— ~
8 5 2
£ 5,300 =
s 5 ey
= 0.02 2 ‘% 1000
2 ’ :
wn)
g 8 200 E
o 2 £
0.01 S 975
© 100 B
0.00 0 950
0 100 200 300 400 500 0 0.1 03 04 0 100 200 300 400 500

Pressure, [bar]

CO2 molar volume, [mol/L]

Pressure, [bar]

Fig. 3. Comparing CO, solubility, CO, molar volume, and the density of CO,-saturated water as a function of pressure calculated using PHREEQC, TOUGHREACT,
and GEM at 50 and 100 °C. Experimental data compiled by m Hebach et al. (2004), ® Appelo et al. (2014) and a Koschel et al. (2006).

between all the codes for the simulated amount of dissolved CO5. The
concentration profile of HCO3™ and CO3~2 jons in Fig. 4b is affected by
the change in mineral composition due to dissolution/precipitation as a
result of mineral-fluid interactions.

Fig. 4c shows the change in mineral composition for Rannoch rock
type, displaying an excellent match between all three codes. Fig. 4c
shows how the dissolution of clinochlore and k-feldspar was triggered
from the start of the simulation due to the acidic condition from CO,
dissolution. The dissolved minerals release cations to the solution. The
increased concentration of Al, K, Mg and Si in the solution (Fig. 4d)
triggers the precipitation of chalcedony, muscovite, and later magnesite,
as illustrated in Fig. 4c. Fig. 4d shows the change in concentration for the
elements in the system. The concentration of Sodium and Chloride
remain constant as they do not participate in any of the mineral re-
actions included in the simulation. The simulated element concentra-
tions show good agreement between PHREEQC, TOUGHREACT, and
GEM. Fig. 4e illustrates the mass balance for one of the chemical ele-
ments in the system. Fig. 4e shows the total number of moles of mag-
nesium in the solution and in the solid phases. The amount of
magnesium in the solution increases up to approximately 0.1 years
whereby the concentration of Mg*? and HCO3~ in the solution triggers
the precipitation of magnesite. Fig. 4e shows a clear correlation between
the amount of magnesium released from the dissolution of clinochlore
and the amount of magnesium bound from the precipitation of magne-
site. A very small amount of dolomite precipitates and dissolves again.

Fig. 5a shows the development of the pH over time for the Oseberg
rock type, and Fig. 5b shows the composition of dissolved CO; in the
solution. A good agreement between all the codes is seen once dissolved

CO; in GEM reaches equilibrium. Fig. 5c shows the change in mineral
composition for Oseberg rock type, once again showing a good match
between all three codes. The changes in concentration for the elements
in the solution for the Oseberg rock type are plotted in Fig. 5d. The
predicted concentrations show good agreement in general between
PHREEQC, TOUGHREACT, and GEM. Fig. 5e demonstrates the mass
balance for Aluminum for Oseberg rock type. The Aluminum concen-
tration in the solution is relatively low, hence, a logarithmic scale is used
for the solution in Fig. Se. The dissolution of illite triggers the precipi-
tation of K-feldspar and Kaolinite. However, K-feldspar and Kaolinite
dissolve once muscovite starts to precipitate (Fig. 5e). This dynamic can
also be seen in Fig. 6, where the volume change of the minerals over time
is shown.

The complete dissolution of illite, k-feldspar, and kaolinite, and the
precipitation of muscovite and chalcedony leads to a small reduction of
the overall rock volume as illustrated in Fig. 6, where the black dashed
line represents the initial rock volume. Fig. 6 is generated using batch
reaction results calculated using TOUGHREACT (the same could be
generated using the two other simulators as the mineral change over
time was the same as shown in Fig. 5).

4.3. Reactive transport of CO2 storage in a sandstone reservoir

Reactive transport simulation was performed for continuous injec-
tion of carbonated water into a horizontal 100 m domain of the Oseberg
reservoir at a constant velocity of 100 m/year. Fig. 7a shows the pre-
dictions of the mineral change over the spatial domain due to CO5 in-
jection in the form of carbonated water after 10, and 50 years of
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Fig. 4. Comparing changes over time for Rannoch rock type calculated using PHREEQC, TOUGHREACT, and GEM, for (a) the pH, (b) dissolved CO, composition in
the solution, (c) rock mineral change, (d) concentration of primary solution species, and (e) mass balance for magnesium for Rannoch rock type.

injection at a rate corresponding to injecting 1 pore volume per year. All
three simulators show an excellent agreement for the simulated mineral
change for the entire spatial domain at both time intervals.

Fig. 7a shows how calcite in the rock is dissolving completely over
time near the injection site as released calcium ions are being trans-
ported by injection of the carbonated water. The transported calcium
ions lead to temporary calcite precipitation on the other side of the
dissolution front. The dissolution of k-feldspar (Fig. 7a), leads to the

super-saturation of Al, K, and Si ions in the solution, which results in
precipitation of kaolinite (consumes Al and part of Si), and chalcedony
(consumes the rest of Si). The potassium ions precipitate temporarily on
the other side of the k-feldspar dissolution front as illite. However, po-
tassium dissolves again as the front progresses, similar to calcite. The
overall reaction can be simplified as:

K-feldspar — 0.5 Kaolinite 4 2 Chalcedony + K"

Fig. 7a shows that the amount of chalcedony precipitating after 50
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years close to the injector (left-hand side) is twice the amount of k-
feldspar being dissolved, which is in agreement with the above reaction.
Similarly, the amount of kaolinite precipitating after 50 years close to
the injector (left-hand side) is half the amount of K-feldspar being dis-
solved. Fig. 7b shows the corresponding change in pH over the two time
intervals. The pH drops to approximately 3.2 close to the injector where
calcite and k-feldspar have been dissolved completely.

Fig. 7c shows the CO, concentration in the solution, and elemental
concentration of Ca and Si across the spatial domain at 10, and 50 years.

All three simulators show full saturation of CO, concentration in the
solution across the domain at 10 and 50 years, due to continued injec-
tion of carbonated water. The Ca concentration profile in Fig. 7c exhibits
the same trend as the calcite dissolution profile in Fig. 7a.

Fig. 8 illustrates the volume change of the Oseberg minerals along
the spatial domain after 1, 10, and 50 years. Comparing Figs. 8 and 7a,
one notices that after 50 years of carbonated water injection, calcite and
k-feldspar dissolved completely close to the injection well.
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Fig. 6. Static batch reaction results of mineral volume change over time for
Oseberg rock type calculated using TOUGHREACT.

5. Discussion

The three geochemical codes compared in this study, PHREEQC,
TOUGHREACT and GEM, are capable of accurate representation of COy
fluid properties. All three codes show a good match with the experi-
mental data for CO; solubility, molar volume, and salinity (1 molal
concentration) in the pressure range up to 500 bar, at 50 and 100 °C.
Previous studies, (Gundogan et al., 2011), showed discrepancies be-
tween PHREEQC, TOUGHREACT, and GEM in terms of COg solubility.
Gundogan et al. reported that both PHREEQC and TOUGHREACT
overestimated the solubility. In PHREEQC version 2, the overestimation
was significant due to the missing implementation of fugacity coefficient
calculation. This functionality has been added to PHREEQC version 3, as
detailed in Appelo et al. (2014). The ECO2N module in TOUGHREACT
provides an accurate representation of COp-water interaction. The
overestimation of CO4 solubility for TOUGHREACT reported in Table 5
in Appelo et al. (2014) was due to an implementation error (using a fixed
fugacity option when introducing the CO; as a gaseous species in the
chemical input file for TOUGHREACT, the parameter IGASFIX). Allow-
ing TOUGHREACT to calculate the fugacity based on the system con-
ditions results in more accurate results.

The produced results for the static (batch reaction) cases, Figs. 4 and
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80 100

Mineral volume [m”/m” rock]
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0 20 40 60
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Fig. 8. The mineral volume change over distance for Oseberg rock type after 1,
10 and 50 years of carbonated water injection simulated using TOUGHREACT.

5, illustrate how consistency in the calculation of fluid properties, and in
thermodynamic data between geochemical codes yielded a good match
of results. In the original study by (Gundogan et al., 2011), PHREEQC
and TOUGHREACT were in good agreement for the mineral changes for
the Rannoch rock type, while GEM was comparatively underestimating
the mineral changes. The discrepancies between the codes in Gundogan
et al. (2011) were actually due to overestimation of CO2 solubility by
PHREEQC and TOUGHREACT, as reported in Table 5 in Gundogan et al.
(2011). For the Oseberg rock type, Gundogan et al. (2011) reported
significant discrepancies in mineral changes between the models,
especially between PHREEQC and TOUGHREACT. In this study, we
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Fig. 7. Comparing changes across the spatial domain for Oseberg rock type after 10, and 50 years of carbonated water injection, calculated using PHREEQC,
TOUGHREACT, and GEM, for (a) the mineral change, (b) the pH, and, (c) the CO, concentration, and elemental concentration of Ca and Si.
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were able to significantly improve the fit between PHREEQC, TOUGH-
REACT, and GEM for the Oseberg rock type example.

The conversion of a thermodynamic database to fit the structure of a
different code requires care, especially when the equilibrium constant
temperature dependency relation is different between the codes, which
is the case here. The process of customizing a thermodynamic database
enables the user to understand the structure and content of the ther-
modynamic database in the different codes. This understanding is
essential to ensure that consistent thermodynamic data is used in the
different codes. A comparison between the assembled database and its
origin, the llnl.dat database for PHREEQC, for the Oseberg rock type
example is presented in Fig. 9a. Note that the fugacity of CO, was
modified manually for the simulation using the llnl.dat database to ac-
count for the lack of solubility data (as explained in Section 2.5). Fig. 9a
shows good agreement between the outputs using the two databases,
despite the fact that the number of secondary solution species in our
assembled database is limited.

For the Oseberg rock type example, we initially encountered dis-
crepancies between the simulated mineral changes even after ensuring
consistency in fluid properties calculation and in thermodynamic data
between the geochemical codes. This issue was due to the difference in
the minimum specific reactive surface area (an) between the simulators
in the mineral reaction kinetic description. The S, is a small positive
value of surface area needed to initiate mineral precipitation calcula-
tions when the initial volume fraction of a mineral is zero. The sensi-
tivity of St on the Oseberg rock type is illustrated in Fig. Ob. This value
showed a noticeable impact on the precipitation of muscovite and
dolomite and resulted in a shift in time for the occurrence of certain
mineral changes in the system. Using a consistent value of SE, (107% in
all three codes resulted in the match presented in Fig. 5. The sensitivity
to the initial mineral specific surface area emphasizes the importance of
attention to detail when setting up the kinetic description in all three
codes to ensure that the initial and updated surface area are consistent.
This process requires careful unit conversion and selecting the appro-
priate options for the kinetics description process.”

Reaching a good match between PHREEQC, TOUGHREACT, and
GEM for the static batch reaction cases of CO,-water-rock interaction
enabled the comparison of a dynamic reactive transport case. We pre-
sent a reactive transport case with carbonated water injection into a
horizontal 100 m domain of the Oseberg reservoir, where all three
simulators showed consistency in their predictions.

10

It is important to highlight that the benchmarking process may help
eliminate implementation errors, but it does not necessarily ensure that
the models’ results are correct. The nature of reactive transport models
with a large number of input and output parameters makes it chal-
lenging to validate each component of these models. In this study, we
aimed to calibrate the models using experimental data whenever
possible. However, for the geochemical changes, no experimental data
are available. Therefore, we analyzed the models stepwise during the
implementation process to ensure that the results are reasonable.

6. Conclusions

The continuous development and refinement of reactive transport
codes for geochemical modeling is an integral part of the efforts to
enable the modeling of subsurface CO, storage. Reactive transport
modeling provides the tools to assess the long-term effects of CO; stor-
age. The comparison of results from different reactive transport codes is
a useful method to identify mistakes and improves confidence in our
predictions, especially in scenarios where experimental validation is not
feasible. This process helps to identify inaccuracies in the model
conceptualization and highlights implementation errors.

In this study, we present a methodology to minimize discrepancies in
the modeling of CO»-water-rock interactions. To ensure proper setup
and reliability of our simulation models, we calculate the properties of
CO4, as a function of temperature, pressure, and salinity and compare
this against experimental data. In the batch reaction modeling of CO2
storage, we identify the accuracy of the thermodynamic database as an
important influencing factor in the quality of the output. Therefore, we
assemble a thermodynamic database in PHREEQC format and carefully
convert it to the specific formats compatible with each reactive transport
code. It is very important to account for the different temperature de-
pendency relations used by the different codes when defining the
chemical equilibrium constants during the conversion. Furthermore, we
identify that the minimum specific reactive surface area (an) in the
mineral reaction kinetic description had a noticeable impact on the
mineral changes for Oseberg rock type.

In this work, we demonstrate how to obtain consistent results across
different simulators. While database consistency and accurate fluid
properties description are important factors we highlight to limit dis-
crepancies, careful attention must also be given to other aspects. Such
aspects include kinetic description, unit conversion, discretization, and
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numerical stability controls to avoid convergence issues and numerical
artifacts in the results, e.g., numerical dispersion. Limiting the discrep-
ancies between different codes is an important step and provides a good
base to study the combined effect of transport and chemical reaction in
CO4, storage systems. However, it is crucial to highlight the importance
of having some experimental data to calibrate the numerical models.
Overall, all the aspects mentioned are important in the use of reactive
transport codes to accelerate geological carbon sequestration.
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