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ABSTRACT
Accurately predicting CO> solubility in saline aquifers is very important for CO; capture and
storage. A reliable and accurate thermodynamic model is needed to accurately predict the phase
behavior of the CO>+brine systems over a wide range of temperature, pressure, and molality. This
study aims at developing a cubic-equation-of-state-based thermodynamic model that can
accurately describe the phase behavior of the CO»+brine systems. Peng-Robinson equation of state
(PR EOS) (Peng & Robinson, 1976) and the Huron-Vidal (HV) mixing rule (Huron and Vidal,
1979) are utilized to model the phase equilibria of COx+brine systems containing salt species
including NaCl, KCl, CaCl,, and MgCl.. Binary interaction parameters as functions of temperature
and salt molality are established for specific CO2+single-salt+H>O systems. The model is extended
to account for the effects of different salt species on CO: solubility in aqueous phase solutions,

which can cover the typical geological conditions (273-550K, 0-800 bar, 0-6 mol/kg).

We employ the PR EOS together with the proposed BIP strategy in the HV mixing rule to
reproduce the mutual solubility of CO; and H>O in vapor-liquid equilibria (VLE). The collected
experimental data are used to determine the optimal BIP model. The validation of the model
calculations against the available experimental data indicates that the average absolute percentage
error (%6AAD) in reproducing the CO> concentration in the mixed-salt brine is 12.63%. Compared
to the calculation results provided by the state-of-the-art models in the literature (Sereide &
Whitson, 1992; Sun et al., 2021), the PR EOS together with the proposed BIP strategies in the HV
mixing rule can more accurately predict the VLE of COx+brine systems over large ranges of

temperature, pressure, and molality.
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CHAPTER 1 INTRODUCTION

1.1 Research Background

CO; emission due to the combustion of fossil fuels is becoming a major concern of global warming
and climate change. It is imperative to develop promising technologies that can significantly
reduce CO» concentration in the atmosphere. Carbon capture, utilization and storage (CCUS) is

considered as one of the key technologies.

COz injection into gas and oil reservoirs is one of the typical CCUS technologies. More specifically,
CO; can be injected into oil reservoirs to enhance oil recovery or gas reservoirs to enhance gas
recovery (Abba et al., 2019). During the recovery process, part of the injected CO2 can be stored
in the oil and gas reservoirs. Upon the end of the projects, the produced CO> will be injected into

the depleted reservoirs to get securely stored there.

CO: injection in underground aquifer formations is another promising geological storage
technology due to its large storage potential (Bachu et al., 2007; Xiao et al., 2016; Sminchak et al.,
2017; Ding et al., 2018). In this context, four key processes can guarantee the permanent
immobilization of COz: structural trapping, residual gas trapping, solubility trapping, and mineral
trapping (Chamwudhiprecha & Blunt, 2011). The solubility trapping mechanism refers to the
trapping of CO; due to the dissolution of CO; in the brine. Therefore, the prediction of CO>
solubility plays an important role in the reliable estimation of CO storage capacity in saline
aquifers. Since aquifer water is seldom pure and usually contains varying amounts of different

dissolved salts, the presence of salts can significantly alter the CO; solubility in saline aquifers.



Many efforts have been made to apply cubic equation of state (CEOS) models to model the phase
behavior of gas/brine mixtures. However, these models still suffer from one limitation, i.e., they
cannot be applied to CO>+mixed-salt+H>O systems. Therefore, it is highly necessary to further
improve the current CEOS modeling framework such that the CEOS models can be applicable to

COx+mixed-salt+H>O systems.

1.2 Literature Review of Predicting VLE/LLE in CO2/Brine Mixture

1.2.1 Methods for Predicting VLE/LLE of Gas/Water Binaries

The existing methods for gas solubility predictions can be divided into two categories:
thermodynamic models based on EOS models and empirical correlations. The former method
consists of well-known equations that relate pressure, volume, temperature, and composition of a
fluid system, e.g., PR EOS (Peng & Robinson, 1976) and SRK EOS (Soave, 1972). The latter

method establishes empirical correlations that are regressed on measured phase behavior data.

1.2.2 Thermodynamic Models for Predicting VLE/LLE of CO2/Brine Binaries

Aquifer water is seldom pure and usually contains varying amounts of different dissolved salts,
among which NaCl, KCIl, CaCl,, and MgCl; are the four most seen salts. The presence of salts can
significantly alter the CO> solubility in the formation water. Since Na" and Cl" are the main species
found in the salts of most geological formations, ranging from 10,000-300,000 ppm (Haas, 1976),
the NaCl solution is hence the most used system to represent the formation brines (Koschel et al.,
2006). The concentration of NaCl in formation brines can range from 10,000 to 300,000 ppm (Haas,

1976).

CEOSs are widely used to predict the volumetric and phase behavior of pure compounds and

mixtures by satisfying the condition of chemical equilibrium. Since van der Waals first attempted



to develop a simple empirical EOS for real gas, it has been modified to different expressions. Two
of the most popular CEOSs in petroleum engineering applications are the Soave-Redlich-Kwong
(SRK) EOS (Soave, 1972) and the Peng-Robinson (PR) EOS (Peng & Robinson, 1976). However,
the conventional EOSs have certain deficiencies in modeling the phase equilibria of CO»/brine
mixtures. These deficiencies include they tend to less accurate in predicting water content in the
gas phase, and they don’t take the impact of different salt types into account. Many efforts have
been made to improve the accuracy of thermodynamic models in predicting the phase equilibria
of COy/brine mixtures by modifying EOSs and its binary interaction parameters (BIPs) in different

mixing rules. These efforts are reviewed below.

The thermodynamic modeling methods that can be applied to predict the phase behavior of CO»
/brine mixtures can be categorized as either symmetric approach (f-f) (Trusler, 2017) or
asymmetric approach (g-f) (Zhao & Lvov, 2016). The symmetric approach uses the same EOS for
the liquid-liquid phase equilibria (LLE) and/or vapor-liquid phase equilibria (VLE). Since the
disadvantage of the asymmetric approach is that it may result in a thermodynamic inconsistency
near the critical region (Zhao & Lvov, 2016), this work is based on the f-f method where the
thermodynamic model is based on the equality of fugacity of each component throughout all the

phases.

Since the traditional CEOSs are intended primarily for hydrocarbon mixtures, several attempts
have been made to extend the application area of CEOSs to gas-water and gas-brine mixtures, such
as modifying alpha-function, BIP or mixing rules for specific gas-liquid pairs. Sereide & Whitson
(1992) modified the traditional PR EOS to predict the solubility of gases and hydrocarbons in pure
H>0 system and aqueous NaCl system by developing a specific alpha-term which is a function of

NaCl molality and the reduced temperature of pure water. Besides, two different sets of BIPs were



used for the aqueous and non-aqueous phases, with the aqueous phase BIP related to NaCl molality.
Unfortunately, as discussed above, using two sets of BIPs can lead to thermodynamic
inconsistency issues near the critical region (Zhao & Lvov, 2015). Also, the Sereide & Whitson
(1992) model is only dedicated to the CO>+NaCIl+H,O systems, it may not be accurate in

predicting the solubility of CO» in brines with other salt species (such as KCl, CaCl,, and MgCl).

Kiepe et al. (2002) extended the GE-EOS hybrid model to model CO; solubility in NaCl and KCI
solutions. Their predicted results are in good agreement with the experimental data, but further
measurements need to be carried out in order to fill existing gaps in the PSRK parameter matrix.
Bermejo et al. (2005) proposed a thermodynamic model for CO>+Na;SO4+H>0 systems with
Anderko-Pitzer EOS (Anderko & Pitzer, 1993), which takes a fully ion-paired molecular basis for
the salt into consideration. Their model is specially developed for water-salt systems at high
temperatures and pressures, yielding average deviations of 3.73% and 4.64% in reproducing the
total pressures of the CO2+H>O system and CO,+H>O+NaxSO4 system, respectively. However,
the extrapolated results from the Anderko-Pitzer EOS are not accurate. They pointed out that it is
probably because Anderko-Pitzer EOS is very sensitive to the value of the EOS parameters,

making it necessary to adjust the EOS parameters at different temperatures and salt concentrations.

Some other models can be categorized as the g-f models. More recently, Duan & Sun (2003)
proposed a model for calculating CO; solubility in H>O and aqueous NaCl solutions, which applies
to a wide temperature-pressure-molality range (0-2000 bar, 273-533 K, 0-4.3 mol/kg). However,
the model developed by Duan & Sun (2003) relies on a fifth-order virial EOS (Duan et al., 1992),
which cannot be efficiently implemented in numerical flow simulations. Another drawback of
Duan’s model is that it is not intended to calculate water content in the gas phase. Diamond &
Akinfiev (2003) proposed a model that was suitable for CO>+NaCIl+H2O system below 100°C and

4



100 MPa. However, the model can only roughly estimate the composition of the gas phase. Later,
Springer et al. (2012) developed a model for predicting CO» solubility in chloride salt systems

based on the mixed solvent electrolyte model and SRK EOS.

1.3 Problem Statement

The aforementioned models, developed for CO,+H>O systems and COx+salt+H>O systems, have
their own strengths and weaknesses. Most of the models developed so far are dedicated to
CO,+NaCl+H;0 systems. The literature review indicates that the main drawback of these models
is they cannot be extended to CO>+mixed-salt+H20 systems. Furthermore, some of them appear

to be less accurate because they are developed based on limited experimental data.

1.4 Research Objectives

The objective of this work is to develop a model that can accurately predict the CO; solubility in
brine mixtures and overcome the above limitations. The model consists of a modified version of
PR EOS with the Huron-Vidal mixing rule. More specifically, we aim to develop an empirical
equation to estimate the BIPs in the Huron-Vidal mixing rule as functions of temperature and
molality. This empirical equation will be established by matching the measured CO; solubility in
four brine systems (NaCl, KCI, CaCl,, and MgCl), as well as measured CO> solubility in pure
water system. The experimental data are retrieved from the literature. We lastly want to examine
the performance of the developed thermodynamic model by applying it to CO>+mixed-salt+H,O
systems. The accuracy provided by the established model is to be compared against the most used

literature models (Sereide & Whitson, 1992; Sun et al., 2021).



1.5 Thesis Structure

This thesis is comprised of four chapters as follows:

(1) Chapter 1 introduces the research background, literature review, problem statement,
research objectives, and thesis structure.

(2) Chapter 2 introduces the methodology employed in this study, including all the
fundamental equations and models, data collection, objective functions and error indices,
Huron-Vidal mixing rule and its BIP strategies. This chapter also presents the principal
mechanisms of the non-linear regression algorithm as well as the two-phase flash
calculations.

(3) Chapter 3 demonstrates the performance of the optimal BIP strategy in reproducing
VLE/LLE data for the specific CO2+single-salt+H>O systems, and CO>+mixed-salt+H>O
systems. Comprehensive comparisons of experimental VLE/LLE data for the above
mixtures against calculated ones from different models are also presented in this chapter.

(4) Chapter 4 summarizes the conclusions achieved in this study as well as the

recommendations for future work.
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CHAPTER 2 METHODOLOGY

2.1 PR EOS Model

The PR EOS has the following form (Peng and Robinson, 1976):

RT a(T)

P=3"b w(w+b)+b(v—b) )

0.45724a(T)R?T2
a(T) = Rl @
P?
0.07780RT,
== ® 2
c
T
a(T) = (1+m(1 = G)°)? @)
m = 0.37464 + 1.54226w — 0.2699w? (5)

where p is the pressure, 7 is the absolute temperature, R is the universal gas constant, v is the
molar volume, a and b are the EOS parameters, T, is the critical temperature, P. is the critical
pressure, a (T, w) is the alpha function, which is the function of the reduced temperature and

acentric factor, and w is the acentric factor.

2.2 Huron-Vidal Mixing Rule and its BIPs

The choice of mixing rule and its BIPs is crucial for extending the PR EOS to mixtures. The
classical quadratic mixing rule (Wong & Sandler, 1992) combined with special BIPs for the EOS
is applicable to mixtures composed of non-polar contents. This is assuming that any phase of the
system is homogeneous. However, due to the difference in the polarity of gas and water molecules,

this assumption is not valid for mixtures containing polar and non-polar components, making the
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classical mixing rule insufficient in representing the phase equilibria when water exists in addition

to gas phases.

A few non-classical mixing rules have been proposed by modifying the a-term in the conventional
EOS constant a (Wong & Sandler, 1992). The non-classical mixing rules normally adopt the GZ
model derived from a modified non-random two-liquid (NRTL) model (Henri, 1968). Most of
those methods have the drawback that the mixing rule cannot be reduced to the classical mixing

rule in the absence of non-polar components.

Huron & Vidal (1979) proposed a new polynomial mixing rule in EOS for representing vapour-
liquid equilibria of strongly non-ideal mixtures by considering the excess Gibbs energy for
predicting the VLE of a highly polar system. This improved the accuracy of mutual solubility
predictions for mixtures containing non-polar components. Niels & Michelsen (2007) pointed out
that a very useful feature of the Huron-Vidal mixing rule is that it is capable of handling mixtures
of hydrocarbons and polar compounds alike, allowing for a proper description of the behavior of
the polar compounds while maintaining the classical model for the hydrocarbon compounds. That
means, for the mixtures with no polar compounds, the HV mixing rule can be reduced to the
classical mixing rule. Note that this is a great advantage of the Huron-Vidal mixing rule. Serensen
et al. (2002) pointed out that the HV mixing rule is recommended for CO,+NaCl+HO,
CO+KCI+H0, COx+CaCl+H20 systems. That is because the CO> solubility in the aqueous
phase obtained with the Huron-Vidal mixing rule is more accurate than that obtained with the

classical mixing rule.

For the above reasons, in this study, the Huron-Vidal mixing rule is used as the primary mixing

rule. The Huron-Vidal mixing rule can be expressed as (Huron & Vidal, 1979):
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- a; GOEO
am = by ZZiF_F (6)
. L

bmzizzizj(bizﬂ )

where 7 is the number of components in the system, z; is the mole fraction of the i component, i

and j are component indicates, C*is 0.62323 for PR-EOS, and GZ is the excess Gibbs energy at

infinite pressure. In this case, GZ can be calculated using a modified NRTL mixing rule (Renon

and Praunitz, 1968):

n

Gj;Cjiz
GOEO = Ziu (8)

= Y=1GkiZk

where
Gji g . .
Gj; = b; exp( C”RT) (Gij = Owheni = j; ¢;; = 0 wheni = j) 9)
Cii = 9ji — Gui (10)
LA
g =—C b; (11)
V b b . .

9ij b y ~—" [9ug;;(1—ki;)  (kij = 0wheni = j) (12)
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where @;; is the non-randomness parameter, g;; and g;; are the interaction energy parameters, k;;
is the interaction parameter associated with a. The term “c;;” in equation 9 and the term “k;;” in

equation 12 are the adjustable parameters in this study.

When the Huron-Vidal mixing rule is applied to PR EOS, the fugacity coefficient of each

component for each phase can be calculated by (Zhao & Lvov, 2015):

Ing, = :—;(z —1)—In(Z—-B) - 2\1/5 (b:;T + ”;1”) In @ J_r S : gii) (13)
where Z is the compressibility factor and can be solved by equation 14:
73— (1-B)Z*+ (A-3B?>-2B)Z—(AB—B*-B3) =0 (14)
where
T 1)
B = ‘Zn_f (16)

In equation 13, Iny; is the activity coefficient of the component i in the NRTL model, which can

be found from Wong & Sandler (1992):

Cy;

n

;llRT J +Z Gy I= 1ZlRTGl] (17)
Zkal Zka; RT Yii=12kGy;j

Iny; =

j=1
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2.3 Data Collection
Table 1 summarizes the experimental data related to the phase equilibria of CO>+salt(s)+H>O
systems that are available in the literature. The collected data cover a wide range of temperature,

pressure, and molality, which can well represent the typical geological conditions (172-523.15 K,

0-596 bar, and 0-6 mol/kg).

Table 1. Experimental VLE data of COz+salt(s)+H20O systems in the literature.

T/K P/bar xco?" yco® | NDP Salts Authors
322-373 17-230 | 0.237-1.700 | - 21 NaCl Chabab et al.
323-413 50-400 | 0.342-2.569 | - 36 NaCl Koschel et al.
323-423 50-202 | 2.302-11.02 | - 36 NaCl | Messabeb et al.
308-413 99-358 | 0.662-2.116 | - 16 NaCl Gilbert et al.
273-473 100-400 | 0.561-3.065 - 180 NaCl Guo et al.
323-423 150 | 0.698-1.797 | - 36 NaCl Zhao et al.
323-353 1-213 | 0.007-2.159 - 49 NaCl MOhftn:l‘adian
323-423 26-182 | 0.195-1.335 8919'49' 36 NaCl Hou et al.

423 125-341 | 0.911.578- - 7 NaCl Savary et al.
323 -373 51-200 | 0.43-1.81 - 14 NaCl Koschel et al.
333-333 100-200 | 1.65-2.46 - 36 NaCl Bando et al.
313-353 0.1-101 | 0-0.0038 - 66 NaCl Kiepe et al.
313-433 1.5-90 0-0.981 - 69 NaCl Rumpf et al.
353-473 21.1-100 | 0.28-1.54 - 34 NaCl Nighsv;fnder t
445-598 27-93 | 0.318-1.84 - 39 NaCl Ellis & Golding
323-523 82-548 1.2-2.52 - 26 KCl Teymouri

297 21-172.3 | 0.822-2.374 | - 21 KCl Jacob & Saylor
323-423 150 | 1.008-1.779 - 16 KCl Zhao’e ?aillm"re’
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81.1-

323423 | 292181 | 0.552:1.282 | oo | 36 KCl Hou et al.
318.15 21-158 | 0.607-1.736 | - 8 KCl Liu et al.
313-433 394 | 0-1572 ] 102 KCl Kamps et al.
313353 | 0.07-95 | 0-2.174 ] 9% KCl Kiepe et al.
273-363 03-1 |0.005-0.128 | - 26 KCl He & Morse
323-423 80-596 | 0.66-1.78 ] 39 CaCly Teymouri
323-423 150 | 0.79-1.933 - 18 CaCl, Zhao’e ?ﬁmore’
328-375 69207 | 03-1.03 ; 2 CaCly Bastami et al.
309-424 | 15.3-424 | 0.14-1.61 ; 36 CaCly Tong et al,
318.15 21159 | 0.519-1.505 | - 8 CaCly Liu et al.
348-394 15-874 | 0.17-2.12 ] 130 CaCl Prs‘:f;ge&
323-423 150 | 0596-3.478 | - 18 MgCl, Zha"’e ?ﬁmore’
310-425 13-349 | 0.13-1.75 ; 39 MeCl, Tong et al,
273-363 00390616 0.004-0.126 | - 27 MgCl, He & Morse
309-425 10-171 | 0.3-1.58 ; 14 | NaCHKCl | Tongetal.
318.15 25-160 | 0.636-1.603 | - 8 | NaCHKCI Liu et al.
323-423 10-199 | 0.067-1.780 | - 24 NaCljcaCI Poulain et al.
318.15 25-160 | 0.594-1.496 | - 8 NaCljcaCI Liu et al.
318.15 21159 | 0.561-1.646 | - 8 | KCI+CaCl, |  Liuetal.
308-328 21-159 | 0.378-2.012 7y | NaCLHKCE | b fain et al.
CaCl,
323-423 10-200 | 0.067-1.744 24 | NaCHRCE | d etal
CaCl,
NaCIHKCI+
323-423 | 100-571 | 0.82-1.48 ; 18 | CaClMg |  Teymouri
Cl,

a: Molar concentration of CO; in the aqueous phase.

b: Molar concentration of CO; in the gas phase.
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2.4 Objective Functions and Errors

All the collected experimental data can be categorized into three forms: (1) 7-P-x; (2) T-P-y; and
(3) T-P-x-y. All the data mentioned above were used for BIP optimization. The parameterization
of the model in this work consists of two parameters (¢, k). The optimization of these two
parameters is carried out by minimizing the objective functions given below. The form of the
objective function depends on the category of the data employed in the optimization. When only
the aqueous phase data are available, the BIP determination is carried out by minimizing the

following objective function:

NDP n_| P _ <
_ i i

F=3> "= (18)

=l =t Xy
When only the gas phase data are available, the following objective function is applied:

NDP n ex _y

F=) Y|~ Yir i (19)
i=l j=1 Joi

When both aqueous and gas phase data are available, the following objective function is applied:

X X

Jol
J>

where n represents the number of components in the mixture, NDP corresponds to the number of

data points, x;;° and x“‘l represents the experimental and calculated mole fraction of CO; or H.O

b ] i

in the aqueous phase, respectively; yﬁl and ycal are the measured and calculated mole fraction of

CO2 or H>0O in the gas phase, respectively. Once we obtain the discrete & values that are optimized
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based on the experimental data, we adopt the linear regression method to obtain the correlations
of k vs. temperature and k& vs. molality. Once the ¢ and k are evaluated, the CO> solubility in the
aqueous phase and H>O content in the gas phase can be calculated with the aforementioned
thermodynamic framework. The modeling results of CO> contents in the aqueous and H>O
contents in the gas phase are compared to the experimental data in terms of average absolute

percentage deviation (%64A4D), average absolute deviation (44D):

100 N |Xeq — X
%AAD = cal exp 21
o NDP ¢ Xexp @D
i=1
1 NDP
AAD = m Zl |xexp — Xcal i (22)
L=

where xc.; denotes the calculated CO> solubility values in this study, and x.., represents the

experimental CO; solubility taken from the literature.

2.5 Model Evaluation

2.5.1 CO2+Single-Salt+H20 Systems
The two BIPs (i.e., ¢ and k) in the Huron-Vidal mixing rule can be constant values or temperature-
dependent functions for the pure CO>+H>0O system. However, for CO>+mixed-salt+H>O systems,

the BIPs can be significantly affected by the type and molality of different salts.

In this research, four BIP strategies are tried to find out the optimal BIP strategy for CO>+single-
salt+H>O systems. In the following discussion, we use the CO>+NaCl+H>O system as an example
to demonstrate how to determine the optimal BIP strategies for the CO2+single-salt+H>O systems.

The next step is to develop a mixing rule for predicting the BIP such that the model can be extended
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to COx+mixed-salt+H>O systems. Table 2 lists the four different strategies adopted to optimize

the BIPs in the Huron-Vidal mixing rule for CO»+single-salt+H,O systems.

Table 2. Different strategies used for optimizing the BIPs in the Huron-Vidal mixing rule in PR
EOS for CO+single-salt+H>O systems.?

Case .
4 BIP Strategy Description
c and k are determined as constant values over the
1 c=constant; k=constant . a
entire database®.
) c=varying constant; k=varying | c¢ and k are optimized at each data point (each

constant temperature, pressure, and molality combination)®.

c is optimized as a constant value over the entire
3 c=constant; k=varying constant | database ; k is optimized at each data point (each
temperature, pressure, and molality combination)°.

¢ is optimized as a constant over the entire database?;
4 c=constant, k=k (T, M) k is first optimized at each data point and then
regressed as a function of temperature and molality®.

a: The BIP strategies in this work are similar to the strategies used by (Abudour et al., 2012) and (Yin et al., 2020).
b: The BIP values are determined by a global optimization approach: ¢ and k are only two constant values that are
optimized for all temperatures and molality levels.

¢: The BIP values are determined by using the following optimization method: ¢ and k& are specific values that are
optimized at each data point; ¢ and k are independent of temperature and molality.

d: ¢ is the same constant value for all temperatures and molality levels; &k varies with temperature and molality.

As shown in Table 2, four cases are investigated to determine the optimal BIP strategy for the

COz+single-salt+H>0 systems:

In Case 1, both ¢ and k are globally optimized as constant values over the entire database by
employing the objective functions in equations 18-20. In Case 1, ¢ and k are independent of

temperature, pressure, and molality.
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In Case 2, the strategy used in Case 1 is improved: ¢ and k are optimized as a constant value for
each data point, independent of temperature and molality. Figure 1 shows the optimized results
for the CO>+NaCl+H>0O system in Case 2. Specifically, Figure 1a and Figure 1b show the
distribution of the optimal ¢ values versus temperature and molality, respectively; Figure 1¢ and
Figure 1d show the distribution of the optimal k& values versus temperature and molality,
respectively. As seen, both optimal ¢ and k values are scattered values. Since there is no clear trend
of ¢ and k versus temperature and molality, the BIPs in Case 2 cannot be generalized. Hence, there

is no point to discuss the errors yielded by Case 2.

In Case 3, the globally optimized ¢ value is found to be 0.04, then the k values are optimized once
c is set as a constant. Note that ¢ is independent of temperature and molality. Since c is a single,
constant value, this allows the variation of optimal £ with temperature and molality. Figure 3
shows the trend of optimal k& values versus temperature and molality in Case 3. As seen in Figure
2a, the COxt+single-salt+H>O system shows a clear molality-dependence of £. Similar to Figure
2b, there is a linear relationship between k and temperature. Note that in Figure 2b, there are 5
outliers because the & values of those outliers are much lower than the others. Therefore, later in
the regression process, these outliers are discarded. Again, since the BIP expression in Case 3

cannot be generalized, here we don’t discuss the errors yielded by Case 3.

In Case 4, we use the same optimal ¢ value as used in Case 3. We try to use quadratic relationships
of k vs. temperature (7) and k vs. molality (M). The three-dimensional k-7-M plots for the specific
COztsingle-salt+H>O systems are illustrated in Figure 3. As seen from Figure 3, a quadratic

equation, as expressed by equation 25 seems to work well in describing the relationship k=k (7,

M).
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Note that to find the optimal BIP strategy for the other three CO»+single-salt+H>O systems (KCI,
CaCl,, MgCly) below, we use the same constant ¢ value as used in Case 4. Using the objective
functions defined by equations 18-20, all the values and expressions of BIPs in each CO»+single-

salt+H>O system are obtained by the same optimization methodology as mentioned above.
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Figure 1. Plots of optimal ¢ and k values versus temperature and molality for CO+NaCl+H>O
system in Case 2: (a) optimal ¢ values versus temperature; (b) optimal ¢ values versus molality; (c)
optimal & values versus temperature; (d) optimal k values versus molality.
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Figure 2. Influence of temperature and NaCl molality on optimal % in Case 3: (a) optimal & values
versus molality; (b) optimal & values versus temperature.
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Figure 3. Plots of optimal k£ values versus temperature and molality for COx+single-salt+H>O

systems in Case 4: (a) CO2+NaCl+H>O system; (b) CO+KCI+H20 system; (c) CO2+CaCl+H>O
system; (d) CO,+MgCl>+H>0 system.
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2.5.2 Extension of the Model to CO2+Mixed-Salt+H20 Systems

We can perform a similar analysis for brine mixtures composed of mixed salts. The following
model is established to predict the & value for brine mixtures (k,,;, ). Considering N salts in a brine
mixture, a prediction model for calculating the £ value is proposed by considering the contributions

of different types of salts:

i Z s MHL +C @3)
where
N M. — M.
e ci=17) 1 (24)
M;
ki =aT? + bM? + dTM; + eT + fM; + g (25)

where k,y;, represents the k value of a brine mixture; i indicates the i, salt species in the mixed-
salt solution; M; is the molality of the iy, salt species, mol/kg; a-g represents the regression
coefficients obtained for a given COx+single-salt+H2O system; (a;, i = 1, ... N) are the regressed
coefficients representing the contributions of different salts; C is a regressed constant; € is a very

small number and set to be 10710 in this study.

For example, if there are only 2 salts in the brine mixture, equation 23 reduces to:

M, M,

w M
MZTZkZ +C (26)
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2.6 Two-Phase Flash Calculation

For a given pressure, temperature and feed composition, two-phase flash calculation is used to
determine the number of phases and the composition of each of these phases (Whitson & Brulé,
2000). This calculation consists of using material-balance and equal-fugacity constraints and
numerical methods such as successive-substitution iteration or Newton Raphson algorithm. These
constraints imply thermodynamic equilibrium, i.e., the chemical potential of a particular

component in each phase must be the same. Mathematically, this can be expressed as:

fi=frui=1..,N (27)
where f;; and fy,; are the fugacity coefficients of the i;;, component in liquid phase and gas phase,
respectively. To satisfy these constraints, the Rachford-Rice equation (Rachford & Rice, 1952) is

solved, i.e.,

h(F,) = 'zt~ 1) —0 (28)
Y LTHRE -1

1=
where F, is the vapor phase mole fraction; K; is the so-called K-value (i.e., gas-liquid equilibrium

ratio) and can be written as:

_u

K;
X

(29)

In this work, a stability test is used to tell whether a given feed is stable or not. The details of the
stability test analysis can be found in the studies by Whitson & Brulé (2000) and Michelsen (1982).

The initial K-values to initialize the stability test are calculated by (Wilson, 1969):

= exp[5.37(1 + w)) (1 — T7Y)]

i (30)
DPri
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where T,; and p,; are the reduced temperature and reduced pressure of the i;; component,
respectively. Furthermore, to solve for E, the well-known Newton-Raphson algorithm is used. For
more details on the calculation procedure of two-phase flash calculations, the reader is referred to

the monograph written by Whitson & Brulé (2000).
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Determination of the Optimal BIP Strategy

3.1.1 Optimal BIP Strategy for CO2+Single-Salt+H20 Systems

In the following discussion, since the concentration of CO; in brine is very small, 644D (equation
21) and AAD (equation 22) are considered as indices to evaluate the performance of the different
BIP strategies (cases). The values of these indices are shown in Table 3 for the CO;+NaCl+H>0O
system. Notice that Case 1, where optimal ¢ and k have values of 0.15 and 0.62, respectively,
exhibits the largest error in reproducing CO> concentration in the aqueous phase (x2); it yields
40.31%AAD in x> calculations and 45.32%AAD in y; calculations.

Table 3. Summary of the errors yielded by the different BIP strategies for CO2+NaCl+H>O system
by different BIP strategies.?

Molar fraction of Molar fraction of
CO2z in the liquid H2O in the vapor
Case # BIP Strategy phase (x2) phase (y1)

%AAD AAD*10° |  %AAD | AAD*10°

1 ¢=0.15; k=0.62 40.31 12.10 45.32 6.11

c=varying constant;

2 k= varying constant i i i i
3 ¢=0.04; k= varying constant - - - -
4 ¢=0.04; k=k (T, M) 9.27 0.94 20.4 11.5

a: In this work, the BIP strategies applied in this study are similar to the BIP strategies used by Abudour et al. (2012)
and Yin et al. (2020).

As for Case 2, both ¢ and k values are individually optimized for each isotherm and molality
combination. As a consequence, this will offer a much better performance than Case 1 but there is
no specific form of the generalized expression of c. As explained in Chapter 2, Section 2.5, the

distribution of optimal ¢ values versus temperature or molality is quite scattered, but there is a
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clear trend between the optimal £ and temperature, as well as a clear trend between the optimal &
and molality. This finding reveals that & is dependent on temperature and molality, and it increases
with temperature and molality. However, as explained before, since the expression of BIPs in
Cases 2 and Case 3 cannot be generalized, here we do not discuss their performance. But the

findings given by Case 2 and Case 3 serve as inspirations for Case 4.

As for Case 4, the optimal ¢ value is a constant value of 0.04, while the optimal £ value is regressed
as a function of temperature and molality. In this case, it yields 9.27%A4AD and 0.000944A4D in
reproducing x,. Moreover, compared to Case 1, Case 4 yields a higher accuracy in reproducing x2,
i.e., 9.27%AAD vs 40.31%AAD. Therefore, the BIP strategy obtained in Case 4 can be considered
to be the optimal BIP strategy for the CO2+NaCl+H2O system. Optimal ¢ values in Case 4

considering the other three salt systems (KCl, CaCl,, and MgCl;) can be found in Table 4.

Table 4. Optimal ¢ values for different CO>+salt(s)+H>O systems.

Systems c
COy+mixed-salts+H,O -0.0011
CO2+NaCl+H,0 0.0400
CO+KCI+H:0 0.0200
CO2+CaCl>+H20 -0.0500
CO,+MgCl+H0 -0.0500

When ¢ is kept at a constant value, the expression for estimating k for each considered

COy+single-salt+H>0 system is as follows:

k=aT?+bM?* +dTM +eT+ fM+g (31)
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where T is temperature in K, M is molality in mol/kg, and the coefficients a-f are found using
regressions. The values of these coefficients for each salt system are shown in Table 5. Notice that

in all the four cases, the coefficients corresponding to the linear terms of 7" and M are zero.

Table 5. The values of the coefficients appearing in equation 31.

Systems k=aT?+bM?* +dTM +eT+ fM + g
a b d e f g
COz+NaCl+H,0 -0.324 0.001 -0.009 0 0 -0.002
CO2+KCI+H>0 -0.224 0 -0.008 0 0 -0.001
CO»+CaCl,+H20 -0.341 0 -0.012 0 0 -0.002
CO+MgCL+H0 -0.237 0 -0.024 0 0 -0.001

3.1.2 Extension of the BIP Correlations to CO2+Mixed-Salts+H20 Systems

The results presented above are extended to CO2+mixed-salts+H>O systems. This is done by using
a mixing rule model to calculate kuix by considering the contributions of individual salts as shown
in equation 23. This equation is only applicable to the mixed-salt systems, of which its coefficients
are found using the data shown in Table 1 and applying non-linear regression strategies; the

regression results are shown in Table 6.

Table 6. Optimized parameters in the kiuix expression for the COz+mixed-salts+H2O systems.

Coefficients
a, a, as ay C
1 1 1 1 -0.1045

The performance of equation 23 is summarized in Table 7 which shows the values of %44D and

AAD yielded by using the kuix correlation for different systems. As shown in Table 7, the proposed
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model can well predict VLE of the four CO>+single-salt+H,O systems. Note that the proposed

model gives the highest accuracy for the CO,+MgCl>+H>0 system among the above four systems.

Table 7. %AAD and AAD exhibited by using the kuix correlation in reproducing x> and y; for

different systems.

Molar fraction of CO:2 in the | Molar fraction of H20 in the
System liquid phase (x2) vapor phase (y1)
%AAD AAD*10° %AAD AAD*10°
COztmixed-salts-H,O 7.63 1.46 - -
COx+NaCl+H>0 9.27 0.94 20.4 11.5
CO+KCI+H>0 6.10 0.48 6.78 0.58
COx+CaCl,+H>0 11.99 0.97 - -
CO+MgClx+H,0 4.21 0.37 - -

3.2 Performance of the Optimal BIP Strategy in Reproducing VLE Data

3.2.1 Model Performance for Single-Salt Brine Systems

In this section, first, the comparison of the reproduced x2 and y; using the optimal BIP strategy
(Case 4) against the calculated ones is discussed. Secondly, the reproduced x: for the NaCl brine
system is compared with that predicted by Sereide & Whitson (1992) and Sun et al. (2021). The
former represents one of the first efforts for the estimation of CO; solubility in NaCl brine system,
while the latter represents a newly proposed method that has shown a good accuracy. As for the
other three single-salt systems (KCl, CaCl,, and MgCl,), we only compare the proposed models to
the model developed by Sun et al. (2021), since the Sereide & Whitson (1992) model is only

applicable to NaCl brines.

CO: Fraction in the Aqueous Phase

Figure 4-7 shows the performance of the optimal BIP strategy in reproducing x> for each

COstsingle-salt+H,O system, i.e., CO>*+NaCl+H2O (Figure 4), CO+KCI+H>O (Figure 5),
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COx+CaCl,+H20 (Figure 6), and CO>+MgCl,+H>0 (Figure 7). In general, the developed model
exhibits a good performance at pressures up to 300 bar over a temperature range of 323-423 K
(Figure 4a). However, at pressures over 300 bar, the performance of the developed model tends
to deteriorate (Figure 6a). Figure 7, in particular, confirms the results shown in Table 7 that the
optimal BIP strategy exhibits the highest accuracy for the CO,+MgCl>+H>0 system. For CO»-
single-salt systems, the calculated results demonstrates that the salt species and salinity will

significantly influence the COz solubility in the aqueous phase.

400 f '
323 K

373 K
423 K
323 K
v 313K
300 - A 423K

350 |

Molality = 1 mol/kg

250 |

200 +

Pressure bar]

0 0.005 0.01 0.015 0.02 0.025 0.03
Zep, mol/mol]

(2)

37



Pressure bar|

Pressure bar|

400

T
323 K
. 373 K
350 | 493 K |
323 K
an | v BTIK |
300 A 4BEK
Tolality = 3
950 | Molality = 3 mol/kg |
200 + 1
150 + 1
100 + 1
50 F i
0 L 1 1
0 0.005 0.01 0.015 0.02
Zep, [mol/mol]
200 , , , , .
333 K
180 + 353 K B
413 K
160 | 333K i
v 353K
A 413K
140 + 1
Molality = 4 mol/kg
120 + ]
100 + 1
80 - ]
60 - i
40 + ]
20 - i
0 L 1 1 L L
0 0.002 0.004 0.006 0.008 0.01 0.012

oo, [mol/mol]

(©)

38



400 T T T T A

s
413 K
. 353 K
350 | 3 10 i
413 K
2l v 383K |
300 T ok A
— 250 | Molality = 5 mol/kg |
<
=
g 200 - i
z
o
=
o150 b J
100 | i
50 F i
0 1 ! L L L !
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Zep, [mol/mol]

(d)

Figure 4. p-x diagram calculated for the CO+NaCl+H,O system: (a) m=1 mol/kg; (b) m=3 mol/kg;
(c) m=4 mol/kg; (d) m=5 mol/kg.
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H:0 Fraction in the Gas Phase

The H>O solubility in the gas phase can also be calculated by the model proposed in this work.
Figure 8 shows the comparison between the calculated and experimental H>O contents in the non-
aqueous phase for the CO+NaCIl+H>O system. The experimental data points are taken from Hou
et al. (2013). As seen from Figure 8a and Figure 8b, over the temperature range of 323-423 K,
the H>O concentration calculated by Case 4 changes abruptly at pressures over 30 bar, which is
caused by the transition from VLE to LLE. Similarly, the comparison between the calculated and
measured H>O concentration in the non-aqueous phase for the CO>+KCIl+H>O system is shown in
Figure 9, and the experimental data are also taken from Hou et al. (2013). In general, it can be
seen that the developed thermodynamic model can well predict the concentration of H>O in the

non-aqueous phase with a satisfactory accuracy.
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Figure 10 compares the performance of the model proposed in this work against that of the Sereide
& Whitson (1992) model for the CO2+NaCl+H2O systems. It also compares the performance of
the model proposed in this work against that of the Sun et al. (2021) model for the four specific
COztsingle-salt+H>O systems. As seen from Figure 10, the model proposed in this work gives
better results than the two models in the literature in predicting the CO:> solubility in the

COz+single-salt+H>0 systems.
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Figure 10. Calculated CO: solubility in the aqueous phase by different models versus the measured
ones for the COx+single-salt+H>O systems: (a) CO2+NaCl+H20, T=323 K; (b) CO,+KCI+H:O0,
T=373 K; (c) CO+CaCl>+H:0, T=348 K; (d) CO>*+MgCL+H20, T=374 K.

Table 8 lists the detailed %4A4D and AAD yielded by different models for the CO,+single-

salt+H>O systems. As for the CO+NaCIl+H>O system, the model proposed in this work gives a
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much higher accuracy in reproducing x: (i.e., 9.27%A4A4D) than the Sereide & Whitson (1992)
model and the Sun et al. (2021) model. As for the other three systems (KCl, CaCl,, and MgCl),
the model proposed in this work also leads to a much higher accuracy (i.e., 6.10%A4AD,

11.99%AAD, and 4.21%AAD).

Table 8. 244D and AAD yielded by different models for the CO>+NaCl+H>O system.

Systems Model %AAD AAD*103
Sereide & Whitson

(1992) 32.61 1.96

CO+NaCl+H2O
Sun et al. (2021) 57.99 6.59
This work (Case 4) 9.27 0.94
C02+KC1+H20 Sun et al. (2021) 93.21 2.53
This work (Case 4) 6.10 0.48
CO»+CaCl+H,0 Sun et al. (2021) 51.06 10.28
This work (Case 4) 11.99 0.97
Sun et al. (2021) 49.87 9.67

COx+MgCl+H>0
This work (Case 4) 4.21 0.37

3.2.2 Model Performance for Mixed-Salt Brine Systems

Figure 11 compares the performance of the developed model against that of the Sun et al. (2021)
model for mixed-salt brine systems over 7-P-M ranges of 308-423 K, 10-600 bar, and 2.68-6.59
mol/kg. As seen from Figure 11, compared with the Sun et al. (2021) model, the model proposed
in this work can more accurately predict the concentration of COz in mixed-salt brines. Our model
yields 12.63%A4A4D and 0.00146A4A4D, while the Sun et al. (2021) model yields 30.29%A4A4D and

0.00564A4D. The detailed comparison can be found in Table 9.
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Table 9. %AAD and AAD yielded by using different models for the CO>+mixed-salt+H>0O system.

System Model %AAD AAD*103

Sun et al. (2021) 30.29 5.56

CO+Mixed-Salt+H,O
This work 12.63 1.46

3.3 Impact of Salt Concentration on CO2’s Concentration in Water

Here we use the developed models to demonstrate the effect of salt concentration on COz solubility.
Figure 12 shows the two solubility curves calculated at T=318 K for such purpose: one
corresponds to CO; solubility in pure water, while the other corresponds to CO solubility in a
salty water. It can be clearly seen from Figure 12 that, at 250 bar, the solubility of CO; in pure
water is 2.75%, while it reduces to 1.66% when the total salt molality in the brine solution increases
to 2.68 mol/kg. This means that the solubility of CO> in water is reduced by 40%, which
significantly reduces the amount of CO; that can be stored in water. It can be concluded from the
above discussion that the solubility trapping mechanism can be negatively affected by a higher salt
concentration, and we would have to consider the impact of salt species and salt concentrations on
the solubility trapping mechanism when we consider storing CO»> in saline aquifers or depleted oil

reservoirs.
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CHAPTER 4 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

In this work, a thermodynamic model is developed to better describe the phase behavior of
COz+single-salt+H>0 systems and CO>+mixed-salt+H>O systems in the temperature range of 273-
598 K, pressure range of 0.3-874 bar, and molality range of 0.017-6.59 mol/kg. Four commonly
seen salts are considered: NaCl, KCI, CaCl,, and MgCl,. The major constituents of the
thermodynamic model are PR EOS and Huron-Vidal mixing rule. The database used for
optimizing the BIPs in the thermodynamic model includes experimental VLE and LLE data
dedicated to COx+single-salt+H>O systems and COz+mixed-salt+H>O systems. The following

conclusions can be made based on the research conducted in this study:

*  The BIP, k£ value, in the Huron-Vidal mixing rule is dependent on temperature and salt molality.
Moreover, the types of salt species also alter the optimal & values.

*  The developed model can well capture the phase behavior of the four examined COx+single-
salt+H>O systems (NaCl, KCl, CaCl,, and MgCl,), among which the model yields the lowest
error for MgCl, brines, while the model yields the highest error for CaCl, brines.

*  The developed model outperforms the Sereide & Whitson (1992) model and the Sun et al.
(2021) model for the CO+NaCl+H>O system.

*  The developed model outperforms the Sun et al. (2021) model for the CO»+single-salt+H,O
systems.

*  The thermodynamic model developed for the CO>+mixed-salt+H>O systems demonstrates a
good performance in predicting the concentration of CO; in the CO>+mixed-salt+H>O systems

and outperforms the Sun et al. (2021) model.
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*  The solubility trapping mechanism can be negatively affected by the presence of salt species
and a higher salt concentration. When considering storing CO> in saline aquifers or depleted
oil reservoirs, the impact of salt species and salt concentrations on the solubility trapping
mechanism has to be taken into account.

* Since the key parameters in the thermodynamic model are determined based on the
experimental data available in the literature, one should be cautious when using the developed
model to predict CO; solubility in brines at conditions that are different from the ones covered

by the literature data.

4.2 Recommendations

Reliable experimental phase equilibrium data of CO»/brine mixtures should be made available in
the future to examine the model performance at elevated pressures, temperatures, and low molality
(p>400 bar, 7> 523 K, and M<1 mol’kg). Among the systems discussed in this study, we are
currently in need of more experimental data of CO: solubility in CO2+KCIl+H>0, CO2+CaCL+H:O,
CO2+MgCl+H>0, and COz+mixed-salt+H>O systems. In addition, different alpha-functions in PR
EOS can influence the predictive capability of EOS to a large degree. It is desirable to further
explore the use of more appropriate alpha functions in PR EOS such that the enhanced PR EOS
model can become capable of more accurately predicting the VLE/LLE equilibria CO»/brine

mixtures at high temperatures (7>523 K) and high pressures (p>400 bar).
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