TCCS-11 - Trondheim Conference on CO: Capture, Transport and Storage

Trondheim, Norway - June 21-23, 2021

ESTIMATION OF MUTUAL SOLUBILITY OF CO2-H20 IN SALINE AQUIFER
SYSTEMS USING EPC-SAFT EQUATION OF STATE

Mohammad Masoudi’’, Anja Sundal’, Helge Hellevang'

" Department of Geosciences, University of Oslo, Oslo, Norway

* Corresponding author e-mail: mohammad.masoudi@geo.uio.no

Abstract

A primary assessment of mutual solubility of CO, and water for estimated max and min temperatures and pressures
of the prospective reservoir formations of Aurora; Cook (at >2650 m depth) and Johansen (at >2700 m depth) have
been done using ePC-SAFT equation of estate. Mole fraction of CO, in H,O ranges from 0.025 to 0.027, and H>O in
CO; form 0.016 to 0.023 over pressure-temperature ranges of 265 — 283 bar and 95 — 110 °C. The potential for drying
out effects (H>O to CO,) is significant, and there would be risk of salt precipitation in the near well area.
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1. Introduction

An accurate determination of the distribution of
components among different fluid and solid phases is
crucial for efficiency and risk assessment in Carbon
Capture and Storage (CCS) projects. An important step
in quantification is modelling of different physical
phenomena specific to a given reservoir/site. Among
these, CO, concentration in water and water content of
CO; have a superior priority, as saline aquifers are by far
the most common type of repository, and evaporation of
water into CO» stream causes salt precipitation and
permeability impairment. However, a system such as
H,0-CO,-Salt represents a complex fluid type due to
highly non-ideal intermolecular interactions, such as
association (hydrogen bonding), polarity, ionic bonds,
and chain forming reactions. From a thermodynamic
modelling perspective, it is not trivial to estimate the
exact location of the phase boundaries and components
distribution of such a complex system, by using standard
engineering equations-of-state of the Van der Waals type
(Peng-Robinson, Soave-Redlich-Kwong). Densities of
the dense phase is especially challenging. To account for
the non-ideal interactions, a good alternative is
incorporating a predictive thermodynamic model that
considers additional interactions (forces) between
molecules: The Statistical Association Fluid Theory
(SAFT). [1,2]

SAFT is a promising framework built on a reference
term, which — unlike Van der Waals equations — can
capture chain length (molecular shape) and molecular
association [3]. Because of its accuracy and predictive
capabilities, we used the ePC-SAFT [4-6] version to
predict phase behaviour of H>O-CO»-Salt. This is at
present the most advanced and accurate predictive tool
for quantification of salt precipitation, and thus essential
input to risk evaluations related to clogging.

2. Reservoir setting and data

The Norwegian Longship full value-chain CCS project
[7] has selected deeply buried saline aquifers just
offshore West Norway as suitable storage reservoirs for
CO;. The Johansen and Cook storage formations are
siliciclastic, highly porous (20-30 %) Jurassic sandstones
at burial depths in the order of 2.6-2.7 km below the sea
floor [8]. The site has been studied extensively in the last
decade [8—12]; however, there were no well data (P, T,
porosity, permeability, mineralogy, fluid chemistry etc.)
available from the storage license until 2020, when a CO,
storage exploration well was drilled: 31/5-7 EOS [13].
Equinor and their Northern Lights Team, has made a data
repository available [14].

Estimates of pressure (P), temperature (T) and salinity
vary in previous studies and according to parameters for
projections from analogue data (e.g. from Warren &
Smalley, 1995[15]), and different studied locations. In
[8,10,11,15] ranges are: P: 200-350 bar, T: 70-120 C and
salinity 20 000 — 100 000 ppm. With new data, we now
have proper input values for both the upper (Cook) and
the lower (Johansen) reservoirs, and we applied
formation water with TDS of 73000 - 73500 ppm, and P,
T max/min scenarios of 95/110 °C, 265-283 bar [14].

2. Theory and model

The Perturbed Chain Statistical Association Fluid Theory
(PC-SAFT) treats molecules as a chain composed of (m)
spherical segments of equal sizes, bonded tangentially
together and interacting via an intermolecular potential,
i.e. Lennard—Jones (LJ), square-well (SW) etc . SAFT-
type equations-of-states are usually formulated in terms
of the residual Helmholtz energy. Considering the
various types of molecular interactions we have taken
into account in this work, the residual Helmholtz energy
is defined as:
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Where @ is the difference between the total Helmholtz
energy per mole for the real gas or liquid and the ideal
gas Helmholtz energy per mole at the same temperature
and density. The superscripts refer to terms accounting
for the hard-chain, dispersion, association, and ionic
interactions, respectively. All other thermodynamic
properties can be estimated through derivatives of the
residual Helmholtz free energy. The fugacity coefficient,
¢, of the components can be calculated with:
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where x; is the mole fraction of component i, T is
temperature, p is density, and Z is the compressibility
factor and calculated with

aarﬁs
Z=1+p 3
[ op l ©)

The derivatives of the residual Helmholtz energy with
respect to density can be calculated both numerically and
analytically (here we wused analytical derivatives).
However, we generally recommend analytical derivation
for the residual Helmholtz energy with respect to
compositions, as we noticed that derivatives with respect
to compositions are highly sensitive. The analytical
derivation for hard chain and dispersion contribution of
the free Helmholtz energy can be found in [16—18], for
association contribution in [19], and for ionic
contribution in [20].

The model requires three parameters for each compound,
namely: m, the number of segments, o, the segment
diameter, and &, the segment energy. For associative
molecules, two additional parameters are needed, the
association volume, x'%, and the well depth of the
association energy, &

We developed the model based on the following
considerations:

- It is assumed that the association term can capture
the polarity contribution of the molecules.

- The ePC-SAFT considers the hydrogen bonding
through cross-association between unlike sites (i.e.,
O-H).

- The model for water molecules is based on the two-
site single segment model proposed by [6], in which
two associating sites of type (H) and type (O)
represent the proton-donor sites and electron lone
pairs, respectively. Two sites of the same type (i.e.,
O-0 or H-H) do not associate.

- CO; is not considered as an associative molecule.

- Dispersion interaction is not considered between
ions [6].

- Since the model is initially benchmarked for the
CO,-H,0O-NaCl system, we assumed total salinity as
NaCl (i.e. TDS in formation water samples).

PC-SAFT parameters for water, Na*, and CI- are taken
from [6]. PC-SAFT parameters for CO, are taken from
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[17]. PC-SAFT parameters for all the components are
reported in Table 1. Binary interaction parameters
reported in [20] for the HoO-CO,-NaCl system is used.

Table 1. ePC-SAFT parameters for H20, CO2, and ions

m c(A) | ek (K) KAB eAB/k(K)
H>O | 1.0953 | 2.8898 | 365.956 | 0.034868 2515.671
CO2 | 2.0729 | 2.7852 | 169.21 0 0
Na* 1 1.6262 | 119.806 0 0
Cl 1 3.5991 | 359.660 0 0

Given a pressure P, a temperature 7, and a mixture with
global composition z, multi-phase flash calculations
(vapour-liquid (V-L)) were performed to compute the
phase fraction and the distribution of the components.

To perform multiphase flash calculations, the Rachford-
Rice equation [21] is modified to account for the solid
phase as follows:

& (Ki _I)Zi _
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Where N¢ is the number of components, F is gas phase
molar fraction and K; is the equilibrium constant of
component i. K; is defined as:
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Xx; is composition of component i in aqueous phase and y;
is composition of component i in gas phase.

More details of phase equilibria calculations can be found
in our previous works [20,22].

3. Results and discussions

3.1 Model verification

The electrolyte and association contribution of the
developed model are benchmarked for associative binary
systems reported in [1] and water-salt systems reported
in [6].

3.1.1 Association term

To validate the association contribution, we considered
two systems. The first one is a Benzene-1-Propanol
system. Benzene is a non-associating molecules and 1-
propanol is an associating molecule. Figure 1.A shows
isothermal vapor-liquid equilibria of this binary, self-
associating mixture in which both compounds are below
their critical point.

The second system is a mixture with two associating
substances, Methanol and 1-Octanol. The results of
isobaric vapor-liquid equilibria of this system is shown in
Figure 1B.
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The results confirm the ability of the model to simulate
the phase behavior of systems containing associating
molecules. We got the same results as [23] and matched
the experimental data from [24,25].

Figure 1: Vapor-liquid equilibria of: A) a system which
contains one associating substance[24], and B) a system with
two associating substances[24].

3.1.2 Ionic term

To validate the ionic contribution to Helmholtz energy,
we considered two aqueous solutions containing
monovalent ions (NaCl) and the bivalent ion (Na;SOx).
The vapor pressure of aqueous solutions are calculated at
different temperatures. The results show the ability of the
model to cover the phase behavior of electrolyte solutions
(Figure 2). We got the same results as [6] and matched
the experimental data from [26,27].

Figure 2: Vapor pressures of aqueous solutions of NaCl [26]
and Na>SO4[27] at different temperatures.

3.2 Mutual solubility

Figure 3 shows the mutual solubility of CO, and water in
the CO,-H,O-NaCl system for 73,000 ppm salinity and
CO; to brine ratio of 1:10 over a wide range of pressure
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and temperature. The details of the mutual solubility for
a combination of the expected max and min temperatures
and pressures reported for the prospective reservoir
formations of Aurora; Cook and Johansen, are reported
in Table 2. Mole fraction of CO; in H,O ranges from
0.025 t0 0.027, and H,O in CO; form 0.016 to 0.023 over
pressure-temperature ranges of 265 — 283 bar and 95 —
110 °C.

Table 2: Mutual solubility of CO2 and water for estimated max
and min temperatures and pressures of the Johansen Fm. at
>2700 m depth, and the Cook Fm. at >2650 m depth.

TeC) | P(bar) Xco, Viro

95 272 0.0258 0.0166

Fluid 1 10 272 0.0272 0.0231
u 95 283 0.0261 0.0169
110 283 0.0276 0.0234

95 265 0.0255 0.0164

. 110 265 0.0269 0.0229

Fluid 2 =53 270 0.0257 0.0166
110 270 0.0271 0.0230

4. Conclusion and recommendation

The PC-SAFT model set up presented here proves valid
for estimating mutual solubility for CO,-NaCl-H,O
systems, analogous to storage reservoir conditions. The
estimated solubility for CO» in water (0.0255 — 0.0276
mol CO»/H>0) are in the same order of magnitude as in
previous studies of the Aurora reservoirs. However, the
potential for drying out effects (H.O to CO») is
significant, and there would be risk of salt precipitation
in the near well area.

To have a better risk assessment a thorough simulation
including sensitivity analysis on different salts and ions
would have to be applied.

Acknowledgements

This publication has been produced with support from the
project "Preventing loss of near-well permeability in CO»
injection wells (POREPAC), funded by the Research
Council of Norway through the CLIMIT program
(280651/E20), and from the NCCS Centre (257579/E20),
performed under the Norwegian research program
Centres for Environment-friendly Energy Research

Figure 3: Mutual solubility of CO2 in brine with 73,000 ppm NaCl and H20 in COz at varying reservoir conditions.

Authorl, Affiliation, City and Country 325



TCCS-11 - Trondheim Conference on CO: Capture, Transport and Storage

(FME). The authors acknowledge the following partners
for their contributions: Aker Solutions, Ansaldo Energia,
Baker Hughes, CoorsTek Membrane Sciences, EMGS,
Equinor, Gassco, Krohne, Larvik Shipping, Lundin,
Norcem, Norwegian Oil and Gas, Quad Geometrics,
Total, and Vér Energi. Finally, the authors acknowledge
Equinor and Northern Lights for making available the
well data repository from EOS.

References

(1]

(2]

(5]

(6]

(7]

(8]

[10]

[11]

J. Gross, G. Sadowski, Application of the perturbed-
chain SAFT equation of state to associating systems,
Ind. Eng. Chem. Res. 41 (2002) 5510-5515.

R. Miri, P. Aagaard, H. Hellevang, Examination of
CO2-S0O2 Solubility in Water by SAFTI.
Implications for CO2 Transport and Storage, J. Phys.
Chem. B. 118 (2014) 10214-10223.
https://doi.org/10.1021/jp505562;.

W.G. Chapman, K.E. Gubbins, G. Jackson, M.
Radosz, SAFT: Equation-of-state solution model for
associating fluids, Fluid Phase Equilib. 52 (1989) 31—
38.

X. Ji, C. Held, G. Sadowski, Modeling imidazolium-
based ionic liquids with ePC-SAFT, Fluid Phase
Equilib. 335 (2012) 64-73.
https://doi.org/10.1016/J.FLUID.2012.05.029.

C. Held, T. Reschke, S. Mohammad, A. Luza, G.
Sadowski, ePC-SAFT revised, Chem. Eng. Res. Des.
92 (2014) 2884-2897.
https://doi.org/10.1016/J.CHERD.2014.05.017.

L.F. Cameretti, G. Sadowski, J.M. Mollerup,
Modeling of Aqueous Electrolyte Solutions with
Perturbed-Chain Statistical Associated Fluid Theory,
Ind. Eng. Chem. Res. 44 (2005) 3355-3362.
https://doi.org/10.1021/ie0488142.

Norwegian Government, The Government launches
‘Longship’ for carbon capture and storage in Norway,
(2020).
https://www.regjeringen.no/no/aktuelt/regjeringa-
lanserer-langskip-for-fangst-og-lagring-av-co2-i-
noreg/id2765288/.

E.K. Halland, J. Mujezinovic, F. Riis, CO2 Storage
Atlas: Norwegian Continental Shelf, Norwegian
Petroleum Directorate, PO Box 600, NO-4003
Stavanger, Norway, 2014, URL Http/Www. Npd.
No/En/Publications/Reports/Compiled-CO2-Atlas.
(2014).

A. Sundal, H. Hellevang, Using Reservoir Geology
and Petrographic Observations to Improve CO2
Mineralization Estimates: Examples from the
Johansen Formation, North Sea, Norway, Miner. . 9
(2019). https://doi.org/10.3390/min9110671.

A. Sundal, R. Miri, T. Ravn, P. Aagaard, Modelling
CO2 migration in aquifers; considering 3D seismic
property data and the effect of site-typical depositional
heterogeneities, Int. J. Greenh. Gas Control. 39 (2015)
349-365.
https://doi.org/https://doi.org/10.1016/j.ijggc.2015.05.
021.

L. Wei, F. Saaf, Estimate CO2 storage capacity of the
Johansen formation: numerical investigations beyond
the benchmarking exercise, Comput. Geosci. 13
(2009) 451. https://doi.org/10.1007/s10596-008-9122-
X.

Authorl, Affiliation, City and Country

(23]

(23]

(26]

Trondheim, Norway - June 21-23, 2021

G.T. Eigestad, H.K. Dahle, B. Hellevang, F. Riis, W.T.
Johansen, E. Oian, Geological modeling and
simulation of CO 2 injection in the Johansen
formation, Comput. Geosci. 13 (2009) 435.

NPD factpages, n.d. https:/factpages.npd.no/nb-
no/facility/pageview/fixed/all/723056.

Equinor Open Data, Northern Lights Repository, n.d.
https://data.equinor.com/dataset/NorthernLights.

E.A. Warren, P.C. Smalley, North Sea formation
waters atlas, Oceanogr. Lit. Rev. 6 (1995) 471.

R. Privat, R. Gani, J.-N. Jaubert, Are safe results
obtained when the PC-SAFT equation of state is
applied to ordinary pure chemicals?, Fluid Phase
Equilib. 295 (2010) 76-92.
https://doi.org/https://doi.org/10.1016/j.fluid.2010.03.
041.

J. Gross, G. Sadowski, Perturbed-Chain SAFT: An
Equation of State Based on a Perturbation Theory for
Chain Molecules, Ind. Eng. Chem. Res. 40 (2001)
1244-1260. https://doi.org/10.1021/ie0003887.

S. Mohebbinia, Advanced equation of state modeling
for compositional simulation of gas floods, The
University  of  Texas at  Austin, 2013.
http://hdl.handle.net/2152/23098.

W.G. Chapman, K.E. Gubbins, G. Jackson, M.
Radosz, New reference equation of state for
associating liquids, Ind. Eng. Chem. Res. 29 (1990)
1709-1721.

S. Parvin, M. Masoudi, A. Sundal, R. Miri, Continuum
scale modelling of salt precipitation in the context of
CO2 storage in saline aquifers with MRST
compositional, Int. J. Greenh. Gas Control. 99 (2020)
103075.
https://doi.org/https://doi.org/10.1016/j.ijggc.2020.10
3075.

H.H. Rachford Jr, J.D. Rice, Procedure for use of
electronic digital computers in calculating flash
vaporization hydrocarbon equilibrium, J. Pet. Technol.
4 (1952) 13-19.

M. Masoudi, R. Miri, H. Hellevang, S. Kord, Modified
PC-SAFT characterization technique for modeling
asphaltenic crude oil phase behavior, Fluid Phase
Equilib. 513 (2020) 112545.
https://doi.org/https://doi.org/10.1016/j.fluid.2020.11
2545.

J. Gross, G. Sadowski, Application of the perturbed-
chain SAFT equation of state to associating systems,
Ind. Eng. Chem. Res. 41 (2002) 5510-5515.
https://doi.org/10.1021/ie010954d.

JM. Rhodes, T.A. Griffin, M.J. Lazzaroni, V.R.
Bhethanabotla, S.W. Campbell, Total pressure
measurements for benzene with 1-propanol, 2-
propanol, 1-pentanol, 3-pentanol, and 2-methyl-2-
butanol at 313.15 K, Fluid Phase Equilib. 179 (2001)
217-229.
https://doi.org/https://doi.org/10.1016/S0378-
3812(00)00502-1.

A. Arce, A. Blanco, A. Soto, J. Tojo, Isobaric vapor-
liquid equilibria of methanol+ 1-octanol and ethanol+
1-octanol mixtures, J. Chem. Eng. Data. 40 (1995)
1011-1014.

A. Apelblat, E. Korin, The vapour pressures of
saturated aqueous solutions of sodium chloride,
sodium bromide, sodium nitrate, sodium nitrite,

326



[27]

TCCS-11 - Trondheim Conference on CO: Capture, Transport and Storage

potassium iodate, and rubidium chloride at
temperatures from 227 K to 323 K, J. Chem.
Thermodyn. 30 (1998) 59-71.
https://doi.org/https://doi.org/10.1006/jcht.1997.0275.

A. Apelblat, E. Korin, The vapour pressure of water

Authorl, Affiliation, City and Country

Trondheim, Norway - June 21-23, 2021

over saturated solutions of sodium sulfate, calcium
bromide, ferric chloride, zinc nitrate, calcium nitrate,
and lithium nitrate at temperatures from 278.15K to
323.15K, J. Chem. Thermodyn. 34 (2002) 1621-1637.
https://doi.org/https://doi.org/10.1016/S0021-
9614(02)00201-X.

327





