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Abstract 

The thermodynamic study of the CO2-H2O-NaCl system is of great importance whether in an 

environmental context as part of Carbon Capture and Storage (CCS) or in an economic context 

such as enhanced oil recovery by CO2 injection, or massive and reversible underground storage 

for industrial use (methanation, fermentation, water treatment, carbonation of drinks, etc.). In this 

work, using a new set-up based on the “static-analytic” method, measurements of CO2 solubility 

in aqueous sodium chloride solution were performed at molalities between 1 and 3 m, at 

temperatures between 50 and 100 °C and pressures up to 230 bar. For the modeling part, an 

electrolyte version of the PR-CPA (Peng-Robinson Cubic Plus Association) equation of state was 

developed under the name “e-PR-CPA”, as well as modified Soreide and Whitson (m-SW) model 

was used and improved. These two models using the phi-phi approach are compared with two 

geochemical models (Corvisier 2013 and Duan el al. 2006) using the gamma-phi approach, and 

against the literature and measured data. The measured data are in good agreement with the 

literature data and model predictions. Under geological storage conditions, the e-PR-CPA and 

Duan models estimate solubility slightly better (Average Absolute Deviation less than 6.6%) than 

the m-SW model and the geochemical model (AAD less than 7.6%). 
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1. Introduction 

Carbon dioxide emissions, which is the main greenhouse gas (in terms of quantity) produced by 

human activity, are constantly increasing, mainly due to the exploitation and use of fossil fuels. 

One of the possible solutions, that is of great interest to industrial actors in the gas sector, is to 

capture, transport and store carbon dioxide in deep geological formations (salt caverns, saline 

aquifers, oil and gas fields, etc.). The latter solution can be combined with enhanced oil recovery 

by CO2 injection. In an economic context, the reversible storage of carbon dioxide (especially in 

salt caverns) is also a very good solution to meet the high demand for this gas in many 

applications (methanation, fermentation, water treatment, carbonation of drinks, etc.). 

As part of the ANR FLUIDSTORY
1
 project, the feeding of an Electrolysis-Methanation-

Oxycombustion (EMO) unit requires massive quantities of CO2. Therefore, the storage of CO2 in 

salt caverns is necessary. Compared to above-ground storage facilities (gas tanks), geological 

storage facilities are less costly [1]  and are protected by a cover rock several hundred meters 

thick that can withstand high storage pressures [2], which increases the amount of gas stored 

while maintaining higher safety standards. The design and optimization of the storage facility, as 

well as the monitoring of the temperature, pressure and quantity of gas in the geological 

reservoir, require very accurate models under the thermodynamic conditions of the storage. 

The presence of brine in salt caverns and deep aquifers completely changes the thermodynamic 

behavior of the stored gas (salting-out effect) due to the existence of electrolytes (NaCl, KCl, 

MgCl2, etc.) [3] dissolved in the residual water of the cavern or deep aquifer, so studying these 

systems becomes very complicated. Na+ and Cl- are the main species found in the salts of most 

geological formations. The sodium chloride solution is therefore considered to be a representative 

model of brine [4]. Therefore, the thermodynamic study of the CO2-H2O-NaCl ternary system is 

of great industrial interest. 

In the literature, the CO2-H2O system is widely studied (experimental measurements and 

modeling) over a wide temperature and pressure range up to the critical points of the mixture 

(Todheide and Franck [5] and Takenouchi and Kennedy [6]). At high pressure, the phase 

equilibria of the CO2-H2O-NaCl system is less studied. As a result, recently many studies [7-12] 

                                                           
1
 FluidSTORY project: Massive and reversible underground storage of fluid energy carriers (O2, CO2, CH4). 



have been conducted to address the lack of data on this system. In the same way, an experimental 

apparatus has been developed in this work for the measurement of the solubility of CO2 in an 

aqueous solution of sodium chloride, as well as a modeling study for this system was carried out. 

This paper is organized as follows: In Section 2 the experimental set-up is described and the 

measured data are reported. In Section 3, three models are presented, based on two different 

approaches. The first approach is a symmetric approach (phi-phi) using the same equation of state 

(EoS) for the two existing phases (liquid-liquid equilibrium and/or vapor-liquid equilibrium); the 

first equation of state used and improved is the Soreide and Whitson EoS [3]; the second equation 

of state is an electrolyte version of the PR-CPA EoS which has been developed in this work 

under the name e-PR-CPA. The second approach tested is an asymmetric approach (gamma-phi) 

using a geochemical model implemented in the CHESS/HYTEC software (Corvisier, 2013 [13]; 

Corvisier et al., 2013 [14]). Finally, in Section 4, the results of the three models are presented and 

compared against literature, measured data, and the well-known DUAN model (Duan et al. [15]). 

 

 

 

  



2. Experimental 

 

 

Figure 1 : Schematic representation of the apparatus for measuring the solubility of CO2 in NaCl brine. DAS: data 

acquisition system, EC: equilibrium cell, GC: gas chromatography, HPT: high pressure transducer, LPT: low 

pressure transducer, LS: liquid ROLSI
®

 Sampler-Injector, MPT: medium pressure transducer, O: oven, PP: 

platinum resistance thermometer probe, PT: pressure transducer, IV: homemade shut off valve, SM: samplers 

monitoring, SW: sapphire window, TP: thermal press, TR: temperature regulator, Vi: valve i, VP: vacuum pump, 

VS: vapor ROLSI
®

 Sampler-Injector, VSS: variable speed stirrer and VVC: Variable Volume Cell. 

2.1. Materials 

In Table 1, we list the suppliers of the two chemicals and the purities (given by the suppliers). 

Carbon dioxide (CO2, CAS Number: 124-38-9) was purchased from Messer with a certified 

volume purity greater than 99.995%. Sodium chloride (NaCl, CAS Number: 7647-14-5) was 

purchased from Fisher Chemical with a certified purity of 99.6%.Water was deionized and 

degassed before the preparation of the brine (water + NaCl). 



Table 1 : Purities and suppliers of the chemicals used in this work 

Chemicals Purity Analytical Method Supplier 

CO2 99.995 vol% Gas Chromatography MESSER 

NaCl 99.6% None Fisher Chemical 

2.2. Apparatus description 

Figure 1 illustrates the experimental set-up for the measurement of CO2 solubility in brine. The 

principle of this apparatus is similar to that described by El Ahmar et al. [16], and is based on the 

"static-analytic" method. It consists of an Equilibrium Cell (EC) with a volume of 235 cm
3
, with 

two Sapphire Windows (SW), and positioned in an Oven (O) to maintain a constant temperature. 

The equilibrium cell is equipped with three pressure transducers for Low (LPT), Medium (MPT) 

and High (HPT) pressure, two Platinum resistance thermometer Probes (PP) and two ROLSI
® 

(Rapid On-Line Sampler-Injector, French patent number 0304073)
 
capillary samplers, one for the 

vapor phase and the other for the liquid phase. The LPT and MPT pressure transducers are 

isolated at 30 and 100 bar respectively using the home made shut off Valve (IV). The signals 

received by the Data Acquisition System (DAS) from pressure transducers and temperature 

probes are processed by the PC via the LTC10 interface. The feeding of the equilibrium cell by 

the saline solution (water + NaCl) is done by a Variable Volume Cell (VVC). Depending on the 

desired pressure, CO2 is introduced either directly from the cylinder or from the Thermal Press 

(TP) for higher pressures. The system is agitated by a Variable Speed Stirrer (VSS). Samples are 

analyzed by a gas chromatograph (Shimadzu GC-2014) equipped with a Thermal Conductivity 

Detector (TCD) to capture CO2 and water signals. The transfer line between the ROLSI
® 

and the 

GC is overheated in order to avoid salt deposition on the ROLSI
® 

mobile part, as well as a pre-

column has been added to protect the separation column. The packed column used for the 

separation of CO2 and water is Porapak Q, 80/100 mesh, 2m×1/8 in. Silcosteel (Restek, France). 

2.3. Calibrations 

Due to the large volume of the equilibrium cell, the temperature is measured at two locations (top 

and bottom of the cell) in order to know the precise temperature of the equilibrium cell and to 

check the thermal gradients. These temperature measurements are carried out by two platinum 



resistance thermometers (100 Ω), which are calibrated against a 25-Ohm platinum resistance 

thermometer (model 5628, Fluke (Hart Scientific)) combined with an Agilent 34420A precision 

Ohmmeter, and calibrated by LNE (Laboratoire National de Métrologie et d'Essais). The 

calibration accuracies of the temperature probes at the top and bottom of the equilibrium cell are 

not higher than ±0.008 K and ±0.007 K respectively, and are composed of two contributions: the 

uncertainty related to the standard probe and the uncertainty related to the polynomial equation 

established between the values transmitted by the probes and the values of the standard probe. 

The LPT, MPT and HPT pressure transducers were calibrated against pressure automated 

calibration equipment (PACE 5000, GE Sensing and Inspection Technologies). Above 100 bar, 

the HPT pressure transducer was calibrated against a dead weight pressure balance (Desgranges 

& Huot 5202S, CP 0.3–40MPa, Aubervilliers, France). The calibration accuracies of the LPT, 

MPT and HPT transducers are calculated in the same way as those of the temperature probes and 

are equal to ±0.2 kPa, ±0.2 kPa and ±0.3 kPa, respectively. The saline solution (water + NaCl) 

was prepared gravimetrically using a mass comparator (CC1200, Mettler-Toledo) with an 

uncertainty of 1 mg. Calibration of the thermal conductivity detector (TCD) was done by 

introducing and analyzing known quantities of compounds (water and CO2) using suitable 

syringes. The calibration accuracy of the TCD is less than ±1.3% on the mole number of CO2 and 

less than ±1.6% on the mole number of water, and it consists of the uncertainty associated with 

injection by syringe and the accuracy related to the polynomial equation established between the 

specific area of the peak obtained (S1) and the number of moles (n1). The uncertainty related to 

the repeatability of measurements is the most important, especially for solubility (xCO2). The 

total uncertainties on temperature, pressure and composition, including all sources of error 

(calibration and repeatability) are reported in Table 2. 

2.4. Experimental procedure and results 

For each measured point, the following procedure was followed: setting the target temperature, 

evacuating the loading lines and the equilibrium cell and introducing the saline solution through 

the variable volume cell until approximately one third of the cell was filled. Then, the CO2 is 

introduced from the top of the cell until the desired pressure is reached. Stirring is started and 

thermodynamic equilibrium is reached in a few minutes. Once, the pressure and temperature are 

stabilized, several samples are taken from the liquid phase by the ROLSI
®
 capillary sampler and 



sent via the transfer line to the GC for analysis. The data are processed by deducting the mole 

number     of each component i (water or CO2) from the surface of the corresponding peak. 

Then, the salt-free molar fraction     

  
 of CO2 is determined as follows: 

    

  
 

    

    
     

 (1) 

The true mole number can be obtained from the following expressions: 

    
 

    

    
                  

 (2) 

Because                    

where    is the NaCl molality and      is the molar mass of water. 

Consequently 

    
 

    

  

    

  
        

  
            

 (3) 

The very small quantities withdrawn during sampling do not modify the thermodynamic 

equilibrium. Since some water is evaporated, there is no significant increase of the salt molality 

of the solution, therefore the molality of the solution has been considered constant. Another 

equilibrium point is measured by adding more CO2 and so on until the desired maximum pressure 

is reached. Before starting a new isotherm or introducing a solution with a different molality than 

the one before, the equilibrium cell is cleaned and evacuated. 

The experimental measurements were performed at molalities between 1 and 3 m, temperatures 

between 50 and 100°C and pressures up to 230 bar, and are listed in Table 2. The number of 

points measured for each isotherm is different because of some difficulties encountered such as 

the clogging of the ROLSI
®

 capillary sampler by salt deposit or leaks in the circuit, which 

requires the shutdown and maintenance of the apparatus. 

 



Table 2 : Experimental and calculated solubilities of carbon dioxide in the CO2 + H2O + NaCl system, expressed as "salt-free" mole fractions. 

 
Experimental data 

calculation 

m-SW model e-PR-CPA model Geoch. model DUAN model 

m a l 

(mol  g
w
) 

T (K) P (bar)     

  
       

  
  

a
     

  
 AD % 

b
     

  
 AD % 

b
     

  
 AD % 

b
     

  
 AD % 

b
 

1.13 

372.33 31.148 0.00390 2.0E-04 0.00414 6.08 0.00418 7.14 0.00435 11.67 0.00445 14.19 

372.31 60.500 0.00750 2.0E-04 0.00755 0.73 0.00755 0.70 0.00776 3.46 0.00784 4.48 

372.29 108.840 0.01130 2.5E-04 0.01190 5.34 0.01174 3.91 0.01190 5.31 0.01183 4.70 

372.29 151.920 0.01360 3.5E-04 0.01461 7.45 0.01428 5.00 0.01442 6.06 0.01411 3.75 

372.25 191.980 0.01570 6.0E-04 0.01644 4.73 0.01595 1.61 0.01614 2.79 0.01550 1.29 

    
         

1.13 

323.02 53.450 0.01030 3.0E-04 0.01088 5.59 0.01122 8.95 0.01130 9.72 0.01145 11.18 

322.97 75.550 0.01290 3.0E-04 0.01384 7.32 0.01414 9.61 0.01402 8.67 0.01418 9.95 

323.03 100.350 0.01510 7.5E-04 0.01591 5.36 0.01611 6.70 0.01586 5.04 0.01618 7.16 

323.04 145.080 0.01700 4.5E-04 0.01756 3.28 0.01761 3.60 0.01740 2.33 0.01709 0.54 

    
         

1.00 

373.38 16.983 0.00237 1.0E-04 0.00230 3.07 0.00233 1.72 0.00247 4.05 0.00254 6.96 

373.37 32.527 0.00426 2.0E-04 0.00436 2.56 0.00440 3.30 0.00461 8.25 0.00470 10.49 

373.41 68.182 0.00833 2.0E-04 0.00847 1.70 0.00843 1.26 0.00869 4.30 0.00874 4.97 

    
         

3.01 

342.82 30.391 0.00441 1.0E-04 0.00405 8.18 0.00421 4.62 0.00398 9.83 0.00419 4.99 

342.81 72.559 0.00880 2.0E-04 0.00829 5.83 0.00840 4.53 0.00793 9.91 0.00811 7.88 

342.82 100.910 0.01057 3.0E-04 0.01021 3.44 0.01023 3.24 0.00968 8.38 0.00978 7.43 

    
         

3.01 

372.39 25.556 0.00292 8.0E-05 0.00264 9.44 0.00276 5.46 0.00261 10.58 0.00277 5.10 

372.42 71.417 0.00707 1.5E-04 0.00661 6.46 0.00676 4.41 0.00643 9.06 0.00654 7.49 

372.41 100.517 0.00878 3.0E-04 0.00854 2.71 0.00864 1.58 0.00825 5.99 0.00826 5.93 



372.43 152.433 0.01141 2.5E-04 0.01102 3.42 0.01100 3.55 0.01063 6.86 0.01034 9.35 

372.45 199.597 0.01258 3.0E-04 0.01254 0.32 0.01242 1.23 0.01214 3.51 0.01152 8.42 

372.45 229.817 0.01337 3.0E-04 0.01330 0.52 0.01312 1.81 0.01292 3.34 0.01215 9.09 

AAD %  4.45  4.00  6.62  6.92 

a
  : standard uncertainties,             and            . 

b
 AD %: absolute deviation,           

    
        

   

    

    , AAD %: 

average absolute deviation,       
   

    
   

    
   

 
     

   

 

    

   

 

  
    

   
.



3. Thermodynamic modeling 

3.1. Soreide and Whitson EoS 

The first thermodynamic model used in this work is the cubic Equation of State (EoS) 

proposed by Soreide and Whitson [3], which is a revised form of the well-known Peng-

Robinson EoS (PR-EoS) [17]. The Soreide-Whitson model is widely used in the oil and gas 

field especially for systems in the presence of water or brine, and is implemented in several 

modeling software like reservoir simulators such as Eclipse 300 (by Schlumberger), IHRRS 

(by Total) and IPM (by Petex), and thermophysical properties calculators like Simulis 

Thermodynamics (by Prosim), etc. 

To describe the phase equilibria of gas-water and gas-brine systems, Soreide and Whitson 

(SW) proposed two modifications to the PR-EoS. The expression of the equation of state (PR 

EoS) remains the same, while the alpha function and the mixing rules were modified (see 

Appendix A). This last modification concerns the use of two different binary interaction 

coefficients (   ), one for the aqueous phase    
  

 and the other for the non-aqueous (gas-rich) 

phase    
  . These two parameters are respectively adjusted on gas solubility data and water 

content data of gas-water-NaCl systems. The    
   is generally constant or slightly dependant 

on temperature, however, the    
   depends on temperature and molality. 

It should be noted that the use of two different     makes the model inconsistent (which 

makes it equivalent to a gamma-phi approach), this limitation is effective especially near to 

the critical points region of the system (which is above 265 °C according to Todheide and 

Franck [5]), and does not really represent a problem for reservoir simulation since the 

maximum temperature in geological formations is about 150 °C. The problem of 

inconsistency that may occur is on the implementation of the model in the simulators knowing 

that in the original model, salinity is considered static, therefore it is not taken into account in 

the derivative of the attractive term a, whereas it must be considered dynamic. 

   

     
 

       

    

     
 

      

    

   
 
    

    

     
 
      

 (4) 

Petitfrere et al. [18] considered a dynamic salinity (Eq. (4), for more details see the original 

paper [18]) and proposed some modifications to the implementation of the SW model to make 

it consistent and compared it to the original implementation by the simulation of CO2 

injection process in a saline aquifer with their simulation software (IHRRS). They showed 



that the simulation results are not sensitive to this inconsistency problem; the most important 

thing is the correct prediction of mutual solubilities. But it is preferable to implement this 

model according to the approach they proposed in order to be able to do the stability analysis 

(to know if there is a phase split in each cell and also to initialize the flash calculations). 

Yan et al. [7] showed that the Soreide and Whitson model underestimates the solubility of 

carbon dioxide at high molalities, and they proposed a better correlation for       
  

 by refitting 

it to solubility data of CO2 in water and NaCl brine. Soreide and Whitson [3] and Yan et al. 

[7] included only the experimental data of water content of the CO2-H2O system to adjust the 

binary interaction parameters, and they did not include the experimental data of water content 

for the CO2-H2O-NaCl system since they did not exist until 2013. The phase equilibria (liquid 

and vapor phase) for this system were recently measured by Hou et al. [8].  In this work these 

data were added to our database and used to adjust the binary interaction parameters       
   

and       
  

. The new expressions for these parameters are given by 

       
   

   
                                         (5) 

       
   

   
  

 

      

      
 

      

    
 

      

       
      

 

      

     (6) 

where T is the temperature in K, and       
          is the CO2 critical temperature. 

Coefficients a, b, c, d, e and f are listed in Table 3. For       
  , temperature dependence has 

been added since it has been observed that       
   varies slightly with a linear trend with 

respect to temperature and this modification improves the representation of the water content 

(decrease of AAD(yw) by 1.5%). In this work, the Soreide and Whitson model with the new 

parameters is called m-SW. 

Table 3 : Coefficients of the        
  

 
   

 correlation (Eq. (6)) 

a            

b                   

c                 

d                 

e                 

f             



3.2. e-PR-CPA EoS 

The second thermodynamic model developed in this work is the e-PR-CPA (electrolyte Peng-

Robinson Cubic Plus Association EoS). The idea of CPA (Cubic Plus Association) EoS [19] 

is to present the contribution of intermolecular interactions between molecules with a cubic 

equation of state (Peng-Robinson (PR) or Soave-Redlich-Kwong (SRK) [20]) and to add the 

Wertheim associative term [21] in order to take into account the association phenomenon 

(hydrogen bonding in solutions). For the cubic term, the PR (1978) EoS [22] was chosen in 

the continuity of previous work (Hajiw el al. 2015 [23] and Wang et al. 2018 [24, 25]) and 

because it better represents liquid density [17] by comparing it with the SRK EoS. 

The representation of electrostatic forces (long range interactions) can be done by one of the 

two theories: the complete Debye-Huckel theory (DH) used by the Sadowski [26], 

Kontogeorgis [27] groups, etc. and which treats ions as point charges; the Mean Spherical 

Approximation (MSA) theory which is used by various research groups (Jackson [28], De 

Hemptinne [29], Fürst [30], etc.) and which considers ions as charged hard spheres. A very 

good comparison of the two theories was made by Maribo-Mogensen et al. [31] shows that 

numerically the two theories behave in a very similar way. They also showed that only MSA 

correctly predicts the increase in screening length by increasing the ion diameter, since in DH 

the screening length is independent of the diameter. In this work we have chosen the MSA 

theory. 

The electrolyte contribution in the e-PR-CPA model is represented by two terms: the first 

term comes from the MSA theory [32] for the representation of ion-ion long range 

interactions and the second term is the Born term [33] for the representation of short range 

interactions between solvent and ions (solvation). 

The expression for the residual Helmholtz free energy of the e-PR-CPA model is as follows: 

         
   

  
 

   

  
 

            

  
 

    

  
 

     

  
 (7) 

The non-electrolyte part of this model consists of two terms. Repulsive and attractive 

interactions are taken into account with the term 
   

  
 of the PR EoS. The association 

phenomenon (self-association and cross-association) are represented by the term 
            

  
 

from Wertheim's theory. The different terms of equation 6 are detailed in Appendix B. 



The diameters    of ions i used in the Born term and in the MSA term (see Appendix B) are 

the same as the ones used to calculate the co-volume of the ions     . In this work, we neglect 

the formation of ion pairs, that occur at very high temperatures (above 300°C) [34]. The 

temperature in geological reservoirs, salt caverns and saline aquifers are generally not higher 

than 200°C [35], so we can assume that NaCl is fully dissociated in the solution. 

Parameterization of the e-PR-CPA model 

The parameterization of the e-PR-CPA model consists of determining the five parameters 

(  ,     ,   ,   ,   ) of pure water and three parameters (    ,       ,     ) for each ion. The 

adjustment of the parameters was carried out by a hybrid optimization program (simulated 

annealing combined with BFGS [36]) by minimizing the following objective function: 

     
   

 
   

    
        

   

    
     

 

   

 
(8) 

where   represents the number of data,     corresponds to the thermodynamic property 

calculated by the model (cal) or measured experimentally (exp). 

 Pure water 

According to the terminology of Huang and Radosz [37], the 4C  association scheme with two 

electron donor sites and two electron acceptor sites has been applied in this work to describe 

water molecule. The parameters (  ,     ,   ,   ,   ) for pure water are obtained by adjusting to 

vapor pressure and saturated liquid density data correlated by NIST [38].  The water 

parameters obtained in this work and those obtained previously by Hajiw et al. [23] and Wang 

et al. [24, 25] are reported in Table 4. As shown in Figure 2, the e-PR-CPA model can 

accurately describe the pure water VLE data, apart in the near critical region. 

Table 4 : Pure water parameters (e-PR-CPA model), comparison with parameters from Hajiw et al. [23] 

and parameters from Wang et al. [24]. 

Water (4C)  

 
m a0 

(Pa.m
2
/mol

2
) 

b 
(m

3
/mol) 

ԑ 
(Pa.m

3
/mol) β Range of 

Tr 
AAD % 

a 
          

Hajiw et al. 2015  0.6387  0.2174  1.52E-05  14639  6.83E-02  0.43-0.99  1.04  2.46  
Wang et al. 2018  0.6740  0.1230  1.44E-05  17048  6.98E-02  0.43-0.99  1.11  1.74  
This work  0.6755  0.1323  1.45E-05  16823  6.91E-02  0.43-0.99  1.12  1.51  
a      

   

 
   

    
        

   

   
 
      

   ,     :      or      



 

a 

 

b 

Figure 2 : Comparison of the e-PR-CPA model (with the three parameter sets in Table 4) with the NIST model. 

a) Water vapor pressure, b) Water density at saturation. 

Over the entire temperature range, the parameters obtained in this work and those obtained by 

Wang et al. give the best results in terms of vapor pressure and density. It appears that the 

parameters of Hajiw et al. have been adjusted to the temperature range of the application of 

interest; however they better estimate the vapor pressure and density at temperatures below 

500K. The third set of parameters (obtained in this work, Table 4) was chosen for the rest of 

the work. 

 H2O + NaCl system 

There are three parameters (    ,       ,     ) specific to each ion (    and    ). To 

represent both the equilibrium properties and the excess properties, we have decided to adjust 

these parameters on saturation vapor pressure data and on osmotic coefficient data of the 

water + NaCl system. No binary interaction parameters were used for this system 

(                                ). The optimized ion parameters and the results 

obtained by the e-PR-CPA model are shown in Table 5 and Figure 3-5 respectively. 

Table 5 : The parameters of the Na
+
 and Cl

-
 ions (e-PR-CPA model). 

 

m  a0 (Pa.m
2
/mol

2
)  σ (Å)  

Na
+
  -1.5684 1.15236 1.0945 

Cl
-
  0.2489 0.93705 3.6391 

0

5

10

15

20

25

250 300 350 400 450 500 550 600 650

P
re

ss
u

re
 /

 M
P

a

Temperature / K

NIST (REFPROP)

e-PR-CPA (This work)

PR-CPA (Hajiw et al. 2015)

PR-CPA (Wang et al. 2018)

250

300

350

400

450

500

550

600

650

0 10000 20000 30000 40000 50000 60000

Te
m

p
e

ra
tu

re
 /

 K

Density/ mol/m3

NIST (REFPROP)

e-PR-CPA (This work)

PR-CPA (Hajiw et al. 2015)

PR-CPA (Wang et al. 2018)



 

Figure 3 : Saturation vapor pressure of water + NaCl at low temperature and at different NaCl molalities. 

Comparison of the e-PR-CPA model with the experimental data of Hubert et al. [39]. 

 

Figure 4 : Saturation vapor pressure of water + NaCl at high temperature and at 0.5 and 6 moles/kgw of NaCl. 

Comparison of the e-PR-CPA model with the data correlated by Hass [40]. 
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Figure 5 : Osmotic coefficient of water + NaCl versus NaCl molality at 298.15 K (a) and 323.15 K (b). 

Comparison of the results of the e-PR-CPA model with the experimental data from [41-46]. 

The AAD of the vapor pressures and osmotic coefficients of the H2O-NaCl system calculated 

for temperatures up to 300°C and molalities up to 6m NaCl are shown in Table 6 and are 

reproduced within an AAD of 1.87% and 2.02% respectively. 
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Table 6 : AAD (%) of the vapor pressure and osmotic coefficient calculated with the e-PR-CPA model. 

 

Number of 

data 

Range of T 

(K) 

Maximal 

Molality 
AAD (%) References 

Vapor 

pressure 
448 294 - 573 6 1.87 [39, 40] 

Osmotic 

coefficient 
196 298 - 573 6.24 2.02 [41-46] 

 

3.3. Geochemical model 

The third model tested in this work is a geochemical model implemented in CHESS/HYTEC 

software (Corvisier, 2013 [13]; Corvisier et al., 2013 [14]). It implies a dissymmetrical 

approach    : 

  
    

    
               

 
      

  
    

 
  

 
  (9) 

where   
  

 is the molality (mol/kg of water) of the dissolved gaseous component i,   
  

 its 

activity coefficient,   
 

 the Henry’s law constant at water saturation pressure,   
  the molar 

volume of the dissolved gaseous component at infinite dilution,   
 

 the component mole 

fraction in the gas phase and   
 

 its fugacity coefficient.  

Let us recall that this model uses an important database and could solve a large set of mass 

balances and mass action laws to calculate the whole system speciation (i.e. pH, 

concentrations of species such as     
 ,    

  ,      
 ..., potential minerals 

dissolution/precipitation). It is also important that equations remain generic, in order that the 

model remains multi-component either for the gas phase and the electrolyte. 

For the gas phase, the PR-SW EoS is then used with the classical mixing rule.  

Aqueous activity coefficients can be calculated using various models, but as far as saline 

solutions with high ionic strength are concerned, specific models should be used, as for 

example the well-known Pitzer model (Pitzer 1973 [47], Pitzer 1991 [48]). The Specific Ion 

Theory model (SIT) already implemented in CHESS/HYTEC software is simpler and allows 

obtaining satisfactory results on such systems. SIT theory first mentioned by Bronsted 

(Bronsted 1922) [49] and later by Scatchard (Scatchard 1936 [50]) and Guggenheim 

(Guggenheim & Turgeon 1955 [51]) takes short-distance forces into account by adding terms 



to the Debye-Hückel law (Debye & Hückel 1923 [52]). The theoretical details of this 

approach are explained in Grenthe’s wor  (Grenthe & Puigdomenech 1997 [53]). The 

fundamental equation of the SIT model is given by: 

     
    

    
   

       
    

  

 

    (10) 

where   the first Debye-Hückel parameter (function of the temperature),   the ionic strength 

of the solution,    the charge of the aqueous species i, and     binary interaction parameters 

between aqueous species i and j. 

Best Henry’s law constant, molar volume for its pressure correction and gas binary interaction 

parameters for CO2 have been selected from the literature or fitted in a previous work (Hajiw 

et al. 2018 [54]). Aqueous binary interaction parameters for the SIT model have been fitted on 

experimental data. 

        and         are equal to -0.062 and -0.021 respectively, using HCl and NaCl 

solutions activity measurements (Schneider et al. 2004 [55], Sakaida & Kakiuchi 2011 

[56], Khoshkbarchi & J.H. Vera 1996 [57]) 

         varying with temperature (from 0.261 at 25°C to -0.624 at 200°C), using 

numerous CO2 solubility measurements in NaCl solutions. 

 

  



4. Results and discussions 

4.1. H2O + CO2 binary system 

The molecular representations of carbon dioxide and water with the association sites assigned 

to each of these molecules are shown in Figure 6. For the H2O-CO2 binary system, solvation 

was considered by assuming that CO2 has only one electron acceptor (ea) site (type 0ed-1ea) 

and that H2O has 4 association sites (type 4C) with two electron donor (ed) sites and two 

electron acceptor sites. However, the modified combining rules m-CR1 (Eq. (35-36)) are 

used. 

 

Figure 6 : Molecular representations of water and carbon dioxide 

in terms of electron donor/acceptor sites. ed: electron donor site, 

ea: electron acceptor site 

In order to investigate the influence of the temperature, the binary interaction parameter 

        
 and the cross association volume         

 of the H2O-CO2 binary system were 

optimized on solubility data (Wiebe and Gaddy 1939 [58], Yan et al. 2011 [7] and Hou et al. 

2013 [59]) simultaneously for each temperature (in the range of 323 - 423 K). Figure 7 shows 

the trend of these two parameters with respect to temperature. To reproduce this trend, a 1st 

degree (Eq. (11)) and 2nd degree (Eq. (12)) polynomial equations have been proposed for 

        
 and         

 respectively. 

        
                               (11) 

        
                                                  (12) 
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Figure 7 : Influence of temperature on         
 (×) and on         

 (o) for the H2O-CO2 system. Symbols 

represent optimized parameter values; solid lines represent correlations (Eq. (38-39)). 

The CO2 solubility in water and water content of the H2O-CO2 system are shown in Figure 8. 

The symbols represent the experimental data and the lines (solid, dotted and dashed) represent 

the calculations done by the e-PR-CPA, Geochemical and m-SW models, respectively. The 

predictions (calculations outside the adjustment range) of CO2 solubility and water content at 

298.15 K with the e-PR-CPA model are shown in Figure 8-c and 8-d and are compared with 

the calculations obtained by the m-SW and the geochemical models. The three models can 

accurately describe the CO2 solubility in water and the water content. The CO2 solubility in 

water is better represented with the e-PR-CPA model. However, the geochemical model and 

the m-SW model give slightly better results for the calculation of the water content since for 

the later two different binary interaction coefficients are used for each phase. 
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Figure 8 : CO2-H2O binary system: Calculation of CO2 solubility in water (a and c) and water content (b and d) at 298, 323, 373 and 423 K by e-PR-CPA (solid line), m-SW 

(dashed line) and geochemical (dotted line) models. The symbols are literature data: (a): [6, 7, 58-62], (b): [59, 61, 63-66], (c): [59, 67-71], and (d): [59, 67-70, 72].
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4.2. Prediction of the phase equilibria of the CO2-H2O system at very high pressure 

and temperature. 

The ability to extrapolate the e-PR-CPA model outside the adjustment range was investigated 

by predicting the liquid-vapor equilibria of the CO2-H2O system at very high pressures (up to 

3000 bar) and temperatures (up to 573 K). This binary system is classified as type III 

according to Scott and van Konynenburg [73] classification. The Predictions of the e-PR-CPA 

model compared with experimental data from the literature are shown in Figure 9. There is a 

mixture critical point at 548 K and 573 K. In all pressure/temperature ranges, the solubilities 

of carbon dioxide in water and water content are well estimated. Note that the experimental 

data for the vapor phase at 473 K are not consistent, and the model predictions are between 

two independent  sets of experimental data (Todheide and Franck [5] and Takenouchi and 

Kennedy [6]). 

 

Figure 9 : CO2-H2O system: Prediction of liquid-vapor equilibria at very high temperature and pressure by the 

e-PR-CPA model. The symbols are literature data: [5, 6]. 

4.3. H2O + CO2 + NaCl system 

In Figure 10, the calculation results of the solubility of CO2 in high molality NaCl brine (4m 

and 6m) by the Soreide and Whitson (SW) model were presented using two sets of binary 

interaction parameters (BIPs): the original BIPs and the BIPs proposed in this work (m-SW).  
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Figure 10 : CO2-H2O-NaCl system: Calculation of CO2 solubility in high molality NaCl brine at 313 K and at 433 

K by the Soreide and Whitson (SW) model using the original kij (dashed line) and the kij proposed in this 

work (solid line). Literature data from Rumpf et al. [74]. 

Comparing these results with literature data, a significant improvement was made with the 

new BIPs (m-SW), especially at high molality. 

The description of phase equilibria in the presence of electrolytes with the e-PR-CPA model 

requires the introduction of binary interaction parameters           between CO2 and the ions 

(    and    ). These parameters  (                     ) are obtained by adjusting the 

model parameters to solubility data (Rumpf et al. 1994 [74], Koschel et al. 2003 [4] and Yan 

et al. 2011 [7]) of carbon dioxide in brine (H2O + NaCl). To be in good agreement with the 

experimental data, we noticed that the           are slightly dependent on molality (Figure 

11). Since, the effect of temperature is already taken into account in         
 and         

, a 

simple linear dependence of           on molality was sufficient to have good results. 
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Figure 11 : Influence of molality on           for the H2O-CO2-NaCl system. 

In Figure 12, the calculations done by e-PR-CPA, m-SW and geochemical models were 

compared with the experimental data (from literature and from this work) for the H2O-CO2-

NaCl system. The experimental data measured in this work are in good agreement with the 

literature data (Figure 12-a) and also with model predictions (Figure 12-b). It should be noted 

that none of the measured data was included in the model parameterizations. The three models 

are in good agreement with the experimental data, and are able to estimate solubilities at high 

pressures and temperatures and for molalities up to saturation (~6m). 

To compare the predictions of the three models over a wide range of temperature, pressure 

and molality, existing data in the open literature were collected [4, 7-12, 74-108]. The 

calculation was made for all the collected points (1150) and also at reduced temperature and 

pressure conditions in order to evaluate the predictions under the geological conditions of the 

storage. Calculations by the well-known DUAN model (Duan et al. [15]) were also done and 

compared with the other models. The Absolute Average Deviations (AAD) from the literature 

data in the different temperature and pressure ranges obtained with the models are 

summarized in Table 7. For all data, the geochemical model and the Duan model estimate 

solubility better than the m-SW and e-PR-CPA models, however, under storage conditions the 

e-PR-CPA model and the Duan model estimate solubility with an AAD less than 6.6%, while 

the m-SW model and the geochemical model estimate solubility with an AAD less than 7.6%. 

These results can be explained by the fact that the e-PR-CPA model and the m-SW model 

were adjusted only on data at temperatures between 313 and 433 K and therefore no liquid-

liquid equilibrium data were included in the adjustment of these two models.
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Figure 12 : CO2-H2O-NaCl system: Calculation of CO2 solubility by e-PR-CPA (solid line), m-SW (dashed line) and geochemical (dotted line) models. The black symbols (a, b, c 

and d) are the literature data [4, 7, 11, 12], and the red symbols (a and b) are the measured data (Table 2). 
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Table 7 : Solubility of CO2 in the CO2-H2O-NaCl system. AAD between experimental literature data and model predictions at different temperature and pressure ranges. 

Selected data 

Temperature 

(K) 

Pressure 

(bars) 

NaCl molality 

(mol/kgw) 

Number of 

experimental points 

AAD (%) 

e-PR-CPA m-SW 
CHESS 

(Geoch.) 
DUAN 

All data 273.15 - 523.15 0.1 - 600 0 - 7.14 1150 10.2 10.2 6.7 6.4 

Data at reduced 

temperature 
297.00 - 433.08 1.9 - 600 0 - 7.14 725 7.0 7.3 7.5 6.6 

Storage conditions 297.00 - 433.08 50 - 600 0 - 6.00 506 6.6 7.5 7.6 6.5 

 

Figure 13 : CO2-H2O-NaCl system: Calculation of CO2 solubility at different temperatures and pressures by e-PR-CPA (solid line), m-SW (dashed line) and geochemical (dotted 

line) models. The symbols are the literature data from Guo et al. [11].
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The purpose of this comparison is to facilitate the choice of the appropriate model for an 

engineering application. The Duan model is widely used for the CO2-brine system, but it is 

limited to a molality of 4.3 m (mol/kgw), therefore for storage applications in salt caverns 

(saturated brine), it is necessary to take the risk of extrapolation beyond the 4.3 m, which is 

not recommended with this type of empirical model. In this case, it is preferable to use the e-

PR-CPA model (very accurate at high temperature and pressure, see Figures 12 and 13) or the 

geochemical model or Soreide and Whitson with the parameters proposed in this work (m-

SW). To evaluate the models according to thermodynamic conditions (T and P), in Figure 13, 

calculations over a wide temperature and pressure range (at 1 m NaCl, more or less the 

salinity condition of aquifers) are presented and compared with literature data that have not 

been included in the model parameterization. At low temperature (below       
), where CO2 

is liquid (at high pressure), it is preferable to use the gamma-phi approach using the 

geochemical model, since in this approach each phase is represented by a specific model (SIT 

for the liquid phase, PR for the vapor phase). For reservoir simulation, it is necessary to carry 

out the stability test before the equilibrium calculation in each cell, this can only be done with 

an equation of state (phi-phi approach), it is known that for reservoir simulation, the number 

of points to be calculated is enormous (it can exceed one million points), which is why SAFT 

and CPA models are not used for this type of application given the high calculation time when 

comparing with cubic EoS. The m-SW model is best suited for reservoir simulation, and it is 

suggested to implement it according to the approach proposed by Petitfrere et al. [18] to solve 

the inconsistency problem and therefore use second order methods for the calculation of phase 

equilibria (Michelsen [109]). Finally, the common advantage of the models studied in this 

work is that they can generate reliable data without the need for more experimental 

measurements, which are generally complicated due to the presence of salts (corrosion, 

clogging, etc.) and require a lot of time and investment. 

 

 

 

 

 

 



Conclusions 

In this work, measurements of the solubility of carbon dioxide in NaCl brine were carried out 

by a new set-up based on the “static-analytic” method. A modification of the sampling 

procedure to avoid salt deposition in the sampler was made. The validation of this set-up was 

done by comparing some obtained results with the literature data. All measurements are 

intended to complement the existing data for this system, to evaluate and validate the 

developed models, and also to check the feasibility of sampling in saline solution. Our goal is 

to do measurement of solubility of mixture of gas. 

The modeling of phase equilibria was carried out by four models using different approaches.  

1- An improvement of the Soreide and Whitson model (m-SW) was made by proposing new 

correlations for binary interaction parameters. This model is implemented in many simulation 

software, so the old parameters can easily be replaced by those proposed in this work. 

2- An electrolyte version of the PR-CPA model has been developed (e-PR-CPA) and 

parameterized on vapor pressure and osmotic coefficient data, to represent both equilibrium 

data and excess properties. For gas-water and gas-brine mixtures, the binary interaction 

parameters were adjusted on CO2 solubility data. 

3- A geochemical model implemented in CHESS/HYTEC software using an asymmetric 

"gamma-phi" approach was tested. 

The liquid-vapor equilibria of the CO2-H2O system at very high pressure and temperature (up 

to the critical points of the mixture) were calculated by the e-PR-CPA model. CO2 solubility 

and water content are well predicted, which proves the extrapolation quality with this model 

far from the adjustment range. The measurements performed in this work are in good 

agreement with the literature data and also with the model predictions. The e-PR-CPA, m-

SW, geochemical and DUAN models reproduce the measured data with AAD of 4%, 4.5%, 

6.6% and 6.9% respectively. A comparison of these models with all the existing literature data 

covering the geological storage conditions was carried out. In the storage condition the e-PR-

CPA model and the Duan model reproduce solubilities with an AAD less than 6.6%, while the 

geochemical model and the m-SW model reproduce solubilities with an AAD less than 7.6%.  

Finally, model predictions over a wide temperature and pressure range were compared with 

literature data to allow the evaluation of each model in a specific region (low and high 

pressure and temperature). 



Nomenclature 

a energy parameter (Pa m
6
 mol

-2
) 

A Helmholtz free energy, or Debye-Hückel parameter 

  ,     site   or   in molecule   

b molar co-volume (m
3
/mol)  

  dielectric constant 

   vacuum permittivity (F/m) 

e elementary charge (C) 

ea electron acceptor site 

ed electron donor site 

  radial distribution function 

I ionic strength (mol/kgw) 

k binary interaction parameter 

K Henry's law constant 

m molality (mol/kgw), or e-PR-CPA parameter 

M Molar mass (kg/mol) 

n number of mole 

    Avogadro number 

P pressure (Pa) 

R ideal gas constant (J mol
−1

 K
−1

) 

T temperature (K) 

  molar volume (m
3
/mol) 

V volume (m
3
) 

x liquid molar fraction 

  site fraction 

y vapor molar fraction 

  electric charge 

Greek letters 

  CPA association energy (Pa m
3
 mol

-1
), or SIT binary interaction parameter 

  bonding volume 

  association strength 

  molar density (mol/m
3
) 

  ion diameter 

  activity coefficient 

  fugacity coefficient 

  acentric factor 

  screening length 

 



 

Subscripts 

c critical 

g gas 

i, j compound 

liq liquid 

r reduced 

s salt 

sat saturation 

w water 

Superscripts 

AQ aqueous phase 

cal calculated value 

exp experimental value 

g gas 

NA non-aqueous phase 

sf salt-free 

  infinite dilution 

Abbreviations 

BIP Binary Interaction Parameter 

CPA Cubic Plus Association 

DH Debye-Hückel 

EoS Equation of State 

MSA Mean Spherical Approximation 

NIST National Institute of Standards and Technology 

PR Peng-Robinson 

SIT Specific Ion Theory 

SW Soreide and Whitson 
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Appendix A: Soreide and Whitson EoS 

The PR EoS is expressed as 

       
  

   
 

    

             
 (15) 

where P is the pressure, T the temperature, R the ideal gas constant,   the molar volume. The 

energy parameter   and the molar co-volume   for a pure compound i are given by 
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In Eqs. (16) and (17),      and      are respectively the critical pressure and the critical 

temperature of compound i. 

The modifications applied by Soreide and Whitson (SW) are as follows: 

 The first modification concerns the alpha function     : 

The generalized alpha function proposed by Soave [110] has been selected for gases: 
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where    is the acentric factor. For CO2, the critical properties and acentric factor used in this 

work are: 
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            and     
         

To improve the vapor pressure of water + brine, a specific alpha function for    depending 

on the reduced temperature and NaCl molality    was proposed, and is given by: 
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The alpha function   in the Eq. (16) is equal to    for gases and to    for water or brine. 



 The second modification concerns the mixing rules: 

The classical mixing rules have been used with two different binary interaction parameters 

(   ). The first one is for the aqueous phase and the second one is for the gas phase (liquid-

vapor equilibrium) or the other liquid phase (liquid-liquid equilibrium): 
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   is the attractive parameter of the gas-rich phase (hydrocarbon, acid gas, H2, etc.),   

  
is 

the attractive parameter of the water-rich phase (aqueous phase). 

Appendix B: e-PR-CPA EoS 

The e-PR-CPA model (Eq. (7)) is composed of different contributions to the Helmholtz 

energy A. By deriving A with respect to T, V and n, all other thermodynamic properties can 

be calculated; the procedure is detailed in the book by Michelsen and Mollerup [111]. Below 

the different terms are presented. 

   

  
       

 

 
  

    

      
   

        
 
 

        
 
 

  (22) 

The energy parameter      for the pure (non-ionic) compound   is obtained by the following 

equation: 

                 
 

    
  

 

 

(23) 

For non-associative pure compounds (gases in our case),    is obtained by Eqs. (16) and (18). 

For associative compounds such as water, these three parameters are adjusted to pure 

component experimental data. 

Critical temperatures of ionic compounds are unknown. Courtial et al. [112] proposed to 

replace the critical temperature in Eq. (23) by the reference temperature 298.15 K for ions, 



since the majority of the available data are at this temperature. For ionic species the Eq. (23) 

becomes 

                       
 

      
  

 

 

(24) 

The co-volume   of an ion is related to its diameter      (adjustable parameter) with the 

relationship proposed by Fürst and Renon [113]: 

     
           

 
 (25) 

where     is the Avogadro number. The adjustable parameters for each ion are       ,      

and     . 

For mixtures   and   are determined by the van der Waals classical mixing rules: 

                    

  

 
(26) 

       

 

 
(27) 

where    is the molar fraction of species   and     the binary interaction parameter between 

species   and   (  and   can be either ions or molecules). 

            

  
            

  
     

 
 

   

 (28) 

In Eq.  (28),    stands for the number of mole of component i;    
 is the fraction of sites of 

type A in molecule i that  are non bonded, and  is obtained by solving the following equations: 

   
 

 

           
     

  

 (29) 

where   
 

 
  stands for the molar density.       is the association strength between sites    

and    of molecules i and j, and is determined by the following equation. 
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where: 

    
     

 
 (31) 

  is the radial distribution function [19] at contact, which is given by: 

     
 

       
  

with   
 

 
   

(32) 

The association energy       and the bonding volume       are two adjustable parameters for 

pure self-associating compounds. For mixtures, some combining rules are used to the cross 

association parameters. Generally, the CR1 [114] combining rules are used in the case of a 

mixture with two self-associating fluids: 

      
           

 
 (33) 

                  (34) 

In the case of solvation of a non self-associating fluid by a self-associating fluid (water, 

alcohol, etc.), the modified combining rules (m-CR1) proposed by Folas et al. [115] can be 

used: 

      
            

 
 (35) 

while the parameter 

      is adjusted to mixture experimental data. (36) 

Long-range electrostatic forces (Coulomb interaction) are described by the MSA 

term   
    

  
 . In this work we use the form proposed by Ball et al. [116] (Eq. (37)), which is a 

simplified version of the non restricted primitive MSA (nRP-MSA) developed by Blum [32]. 

The nRP-MSA model treats ions as charged hard spheres of different diameters and considers 

the solvent as a dielectric continuum through its dielectric constant D. 



    

  
  

    
 

  
 

    
  

     
 

 
   

     
 (37) 

where: 

    
  

    
 

     
 (38) 

where   is the elementary charge,    is the number of moles of the ion  ,    is the vacuum 

permittivity and    is the electric charge of species  . 

The screening length   is determined from the iterative resolution of the following equation. 

        
     

  

 
 

  

     
 

 

 

 (39) 

The Born’s term 
     

  
 (Eq. (40)) [117] describes the short-range interactions (ion solvation). 

This contribution quantifies the energy of solvation by calculating the energy required to 

transfer an ion from the vacuum to a solvent of dielectric constant D [114]. It is given by 

     

  
  

    
 

      
   

 

 
  

    
 

  
 

 (40) 

In both electrolyte terms (Born and MSA), the dielectric constant D must be determined. 

Inchekel et al. [30] showed that the Born term has an effect of the activity coefficients of the 

species as long as the dielectric constant depends on the concentration of salts.  In this word, 

we use Simonin’s model [118] to compute the dielectric constant D of the electrolyte solution: 

  
  

      
    
 

 (41) 

where   is salt dependent adjustable parameter. The value of 5.08 proposed by Inchekel et al. 

[30] for the H2O+NaCl system is used in this work.    is the dielectric constant of the pure 

solvent (water in our case). The correlation proposed by Uematsu and Franck [119] was used 

to determine   : 

      
       

  
     

       

  
                      

  
        

  
                         

  
        

    
       

  
            

 

(42) 



where    
 

  
 and    

  

  
 with             and              . T is the temperature 

(in  ),    is the density of pure water (in      ). 

As suggested by Myers et al. [117], the water density used in Eq. (42) is calculated from the 

number of moles of water in the solution    and the volume of the solution  , as 

   
      

 
 (43) 

where      is the molar mass of water in kg/mol. 

 


