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Abstract 

Knowledge of the dissociation conditions of mixed-gas hydrate systems is of great importance 

for scientific understanding (e.g. Clathrate hydrates in the outer solar system) and engineering 

applications (e.g. flow assurance, refrigeration and separation processes). In this work, 

CO2+O2 hydrate dissociation points were measured at different O2 mole fractions (11%, 32% 

and 50%) using isochoric pressure search method. The consistency of these new data was 

verified using the Clausius-Clapeyron relationship. The measurements performed for 

pressures up to 19 MPa overcome the lack of data for this system, and also allows to evaluate 

the model predictions from pure CO2 hydrate to pure O2 hydrate. To predict gas hydrate 

stability curves, in this work, the well-established hydrate theory of van der Waals and 

Platteeuw (vdWP) is combined with an electrolyte CPA-type Equation of State (e-PR-CPA 

EoS) which has been successfully used to represent with high accuracy the fluid phase 

equilibria (including gas solubility and water content) of complex systems containing gas, 

water and salt. The resulting model (e-PR-CPA + vdWP) was applied to the O2+H2O and 

CO2+H2O+(NaCl) systems by comparing with literature data.  In the studied temperature 

range (>270K), the model predicts as expected a hydrate structure of type I for O2, CO2 and 

their mixtures. An excellent reproduction of the measured data by this complete model was 

obtained without any additional adjustable parameters. 

 

 

 

 

 

 

 

  



1. Introduction 

The growing integration of renewable energies, mainly intermittent (with issues of 

overcapacity and redundancy) in the short term (energy transition) and the total replacement 

of fossil hydrocarbons use in the long term, requires a flexible solution for large-scale energy 

storage. In the framework of the ANR (Agence Nationale de la Recherche) FLUIDSTORY 

project, a combination of Power-to-Gas (PtG) and Gas-to-Power (GtP) technologies with 

temporary underground gas storage is proposed as a solution for storing intermittent surplus 

renewable electricity while recovering and keeping CO2 in a closed loop. To manage the 

temporal differences between the gas production from PtG and the gas consumption (GtP), 

this concept called EMO (Electrolysis-Methanation-Oxycombustion) involves the 

underground storage of these different energy carriers (O2, H2, CH4, CO2) in salt caverns built 

in very tight salt layers, with very large volumes, and which can withstand very high pressures 

(that can exceed 200 bars depending on the depth of the reservoir). Under certain temperature 

and pressure conditions (especially at temperatures below the critical temperature of CO2 and 

at high pressure), CO2 can be stable in the liquid state, which is not desired in underground 

storage because of the thermal effects on the rock (the salt layer) due to the phase transitions 

that the gas undergoes. The proposed solution is the storage of CO2 and O2 in the same 

cavern. The mixing of the two gases reduces the critical temperature of the mixture (CO2+O2) 

and keeps the gas in a supercritical state under the operating conditions of the storage. 

However, for the design and simulation of storage facilities and also for the evaluation of 

possible risks, it is necessary to study the thermophysical properties of this mixture.  

In some cases, the temperature in the storage reservoir may be low enough to form hydrates in 

the wellhead or in surface facilities (pipes, compressors, etc.) 
1, 2

. The large temperature 

difference between the bottom of the reservoir and the wellhead is due to the thermal gradient 

that depends on the depth and nature of the geological formation and also due to the Joule-

Thomson effect resulting from the rapid expansion (high flow rate) of the extracted gas. 

Kleinitz and Boehling 
3
 presented temperatures of some underground storage facilities 

showing the necessity of injecting hydrate inhibitors in the reservoir to avoid blockage of the 

flow path and possibly the stoppage of production for maintenance purposes. To limit these 

flow assurance issues, it is crucial to know the temperature and pressure conditions under 

which gas hydrates are stable. In addition, important properties to be studied for such storage 

applications include the gas density and viscosity, its solubility in brine, as well as gas hydrate 

stability curves. In our recent work, we have studied the density of the CO2+O2 mixture 
4
 and 



the solubility of CO2 
5, 6

, O2 
6
 and H2 

7
 in brine under underground storage conditions. Herein, 

in the continuity of the previous work, we are interested in the study of the dissociation points 

of the hydrates of CO2, O2 and their mixtures under the transport and storage conditions. 

Generally thermodynamic models are parameterized only on binary systems by optimizing 

binary interaction parameters, and therefore thanks to mixing rules, phase equilibria (fluid-

fluid and hydrate-fluid) of multi-component (more than two compounds) systems can be 

predicted. This reduces the number of experiments required. However, a minimum of 

measurements must be performed to validate model predictions. 

Several studies have reported dissociation point data for CO2 and O2 hydrates. However, to 

date there are no published data on the hydrates of the mixture of these two gases (CO2+O2). 

Chapoy et al. 
8
 measured and modelled a representative CO2-rich flue gas system in the 

presence of impurities (O2, Ar and N2). This study and other ones 
9, 10

 showed that even in 

small concentrations, the presence of these impurities changes the phase diagram of the 

system. In a Joint Industry Project (JIP) report on the impact of impurities on the CCS chain, 

Chapoy et al. 
11

 also reported four measurement points of hydrate dissociation of the CO2+O2 

mixture (5mol% of O2). The present work aims to complete this study by measuring and 

modelling the CO2+O2 system at different compositions (especially for compositions above 

5% of O2). The new data measured in the context of the transport and storage of CO2 and O2 

containing streams can also be used for other applications, for instance: 1) hydrate separation 

processes, in particular CO2 capture from oxy-combustion flue gas 
12

 which mainly contain 

CO2, O2 and H2O by gas hydrates formation since CO2 hydrates are more stable than other gas 

hydrates (flue gas impurities) 
13

; 2) the study of mixed gas hydrates in the outer solar system 

14
; 3) and finally allowing the evaluation of predictive models. 

In this work, CO2+O2 hydrate dissociation points were measured at different O2 mole 

fractions (11%, 32% and 50%) using isochoric pressure search method. In the second section 

of this paper, the experimental apparatus is described and the measured data are presented and 

checked. To predict the stability conditions of single-gas and mixed-gas hydrate systems, in 

the third section, a complete model for calculating hydrate-fluid and fluid-fluid phase 

equilibria is presented. It consists of a combination of the well-established hydrate theory of 

van der Waals and Platteeuw (vdWP) 
15

 with the e-PR-CPA Equation of State (EoS) 
5
.  



2. Experimental 

2.1. Materials 

In Table 1, the suppliers of Carbon dioxide (CO2, CAS Number: 124-38-9) and Oxygen (O2, 

CAS Number: 7782-44-7) and the given purities are listed. Water (H2O, CAS Number: 7732-

18-5) was deionized and degassed. 

Table 1: Chemical samples used for experimental work (CAS Registry Number, mole 

fraction purity and suppliers of chemicals). 

Chemicals 
CAS Reg. 

No. 
Supplier Purity (mol %) Analysis method

a
 

Carbon dioxide 124-38-9 Air Liquide 99.995 GC 

Oxygen 7782-44-7 Air Liquide 99.999 GC 

Water (ultrapure) 7732-18-5 
MilliporeTM ( 

direct-Q5) 
18.2 MΩ·cm  

a
 GC: Gas Chromatography 

Three mixtures of CO2+O2 were considered in this study, their compositions are listed in 

Table 2. The mixtures were prepared in a gas reservoir considering the difference of total 

pressure. First, the gas reservoir is put under vacuum. CO2 was first introduced into the gas 

reservoir and the pressure was recorded (P1). Afterwards, O2 is introduced and pressure is 

recorded (P2). The temperature of the gas reservoir is selected in order to have a monophasic 

phase inside. Approximate composition is estimated using xO2=(P2-P1)/P2. In order to have 

the accurate value of the gas mixture composition, a Gas Chromatograph (Varian, model CP 

3800), equipped with a thermal conductivity detector (TCD) is used. WINILAB III software 

(Perichrom, France) is used for peaks integration and their analysis. The calibration of the GC 

detector is obtained after introduction of several known pure component volumes. 

Appropriate syringes are considered. A PORAPAK R (80/100 mesh, 1.2 m X 1/8” Silcosteel) 

packed column is used. A calibration curve between moles number introduced and GC peak 

surface is determined and accuracies are determined. The resulting relative accuracies 

concerning the mole numbers are 0.7 % for CO2 and 0.8 % for O2. The uncertainty of molar 

fractions (x1) is determined by Equation 1: 



                
     

  
 

 

  
     

  
 

 

 (1) 

with u(x1) the uncertainty on mole fraction for component 1 and 
     

  
 the relative uncertainty 

on mole number    of the component   calculated from GC calibration. 

Table 2: Compositions of the studied CO2+O2 mixtures: Expected composition and real 

composition mole fractions 

Mixture 

Expected composition 

mole fractions 

Real composition 

mole fractions (x) 
Standard 

uncertainties 

u(xCO2) O2 CO2 O2 CO2 

MIX1 0.3 0.7 0.3238 0.6762 0.0016 

MIX2 0.1 0.9 0.1104 0.8896 0.0006 

MIX3 0.5 0.5 0.4984 0.5016 0.0015 

2.2. Apparatus and method 

 

Figure 1: Schematic representation of the used apparatus. DW: degassed water; DAU: 

data acquisition unit; EC: equilibrium cell; GC: Gas cylinder; LPT: low pressure 

transducer; HPT: high pressure transducer; LB: liquid bath; PP: platinum probe; SD: 
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stirring de-vice; TR: temperature regulator; VP: vacuum pump; VVC: variable volume 

cell; PF: pressurizing fluid; DT: displacement transducer. 

The principle of the experimental apparatus used to measure dissociation points of gas 

hydrates of the CO2+O2 mixture is based on the isochoric pressure search method. The 

experimental device is illustrated in Figure 1 and is the same one used in the previous work at 

Armines - Mines ParisTech 
16-18

. It consists of a cylindrical constant volume (128 cm
3
) 

equilibrium cell equipped with a Stirring Device (SD), two pressure transducers (LPT and 

HPT) to be more precise in each specific pressure range, a platinum resistance thermometer 

(PP) at the bottom of the cell (in aqueous phase) and introduced in a thermostatically 

controlled bath (LB) to maintain a constant temperature (TR). The evolution of temperature 

and pressure is monitored by means of a Data Acquisition Unit (DAU) connected to a DAU 

software to manage the stepwise variation of temperature and record the acquired data. The 

temperature probe (100 Ω) is calibrated against a 25-Ohm platinum resistance thermometer 

(model 5628, Fluke Hart Scientific) which is calibrated by LNE (Laboratoire National de 

Métrologie et d'Essais). The LPT and HPT pressure transducers were calibrated against 

pressure automated calibration equipment (PACE 5000, GE Sensing and Inspection 

Technologies) and a dead weight pressure balance (Desgranges & Huot 5202S, CP 0.3–

40MPa, Aubervilliers, France), respectively. 

 

Figure 2: Measurement principle of gas hydrate dissociation points by isochoric 

pressure search method. 

The measurement procedure summarized in Figure 2 consists of looking for the pressure at 

which the hydrates are completely dissociated. A gas mixture of a certain quantity and 

composition is introduced in the equilibrium cell which is previously evacuated and filled 



with a known quantity of water. The mixture is then strongly agitated (800 RPM). The 

temperature is decreased until the hydrate phase is formed (sudden pressure drop). The 

temperature is then increased stepwise by 1K until the dissociation pressure of the hydrate 

phase is reached. For each step of temperature increase, equilibrium conditions are reached by 

allowing enough time at each step (8h/step). The hydrate dissociation point is determined by 

the intersection of the thermal expansion curve of the fluid and the equilibrium heating cycle 

curve. Once the hydrate dissociation point (P, T) is determined, more gas is added to the 

equilibrium cell to measure another point, and so on until enough experimental points are 

obtained. Finally, the equilibrium cell is emptied, cleaned and evacuated. 

2.3. Experimental results 

The expanded uncertainties       (with a coverage factor    ) are between 0.1 and 

0.6 K for temperature (    ) and between 0.04 and 0.25 MPa for pressure (    ). The 

measured data are listed in Table 3 and presented in Figure 3a. The aqueous fraction (AqFr, 

see Equation 2), which is the ratio between the number of moles of water      and the total 

number of moles in the system (water and gas           ), was determined for each 

measured point.  

          
    

             
 (2) 

 

Table 3: Measured data of hydrate dissociation conditions of the CO2+O2 gas mixture 

and expanded uncertainties (k=2): 0.10≤U(T)≤0.60 K and 0.040≤U(p)≤0.251 MPa. 

Mixture 
Loaded water 

AqFr (mole fraction) Temperature [K] Pressure [MPa] 
     (mole)      (cm

3
) 

MIX1 

1.16050 20.97 0.902 ± 0.017 274.17 2.178 

1.16050 20.97 0.886 ± 0.018 277.00 3.017 

1.16050 20.97 0.836 ± 0.015 279.75 4.233 

1.16050 20.97 0.761 ± 0.013 282.17 6.054 

1.16050 20.97 0.671 ± 0.010 283.88 8.353 

1.16050 20.97 0.550 ± 0.007 284.96 11.194 

2.04400 36.94 0.838 ± 0.009 283.26 7.227 

2.04400 36.94 0.681 ± 0.006 285.38 13.245 

2.80600 50.71 0.583 ± 0.006 286.07 18.741 



MIX2 

1.09190 19.73 0.965 ± 0.017 274.85 1.955 

1.09190 19.73 0.910 ± 0.015 277.84 2.810 

1.09190 19.73 0.843 ± 0.014 279.92 3.632 

1.09190 19.73 0.676 ± 0.010 282.37 5.590 

1.09190 19.73 0.523 ± 0.007 282.53 6.370 

1.09190 19.73 0.452 ± 0.005 282.69 6.799 

MIX3 

1.15004 20.78 0.912 ± 0.019 283.25 11.261 

1.15004 20.78 0.865 ± 0.018 284.32 13.895 

1.15004 20.78 0.848 ± 0.018 285.01 15.985 

1.15004 20.78 0.956 ± 0.021 275.79 4.460 

1.15004 20.78 0.945 ± 0.020 278.98 6.299 

1.15004 20.78 0.916 ± 0.020 282.39 9.713 

 

A consistency test was applied to the measured data. Using the Clausius-Clapeyron relation 

(Equation 3) 
19

, the evolution of the enthalpy of dissociation of the hydrate as a function of 

temperature is examined. Given the small temperature range, we can consider that the 

compressibility factor does not vary significantly, and since the enthalpy of dissociation does 

not vary rapidly 
19

, this equation can be used in a small dissociation temperature range to 

check the linearity of the measured data in terms of       as a function of 1/T. 

      

  
 
  

 
      

   
 (3) 

where P and T are respectively the hydrate dissociation pressure and temperature (in 

equilibrium with the vapor (or liquid) and aqueous phases), R the ideal gas constant, Z the 

compressibility factor and       the apparent enthalpy of dissociation of the hydrate phase. 

The results of the consistency tests on the measured data are shown in Figure 3 (b, c and d). 

Overall the measured data are consistent. . When a breakpoint is present, it means that we 

have gas hydrate when there is a phase split in the gas-rich phase (CO2+O2) including a vapor 

phase and a CO2-rich liquid phase (other than the aqueous phase). In the modeling part (next 

section), the phase behavior (single-phase and two-phase) of the gas mixture in equilibrium 

with the aqueous phase and the hydrate phase is highlighted for the different CO2+O2 mixture 

compositions.  

 



 



 

Figure 3:  Hydrate dissociation points of the CO2+O2 gas mixture:  measured data  (a) and consistency tests (b, c and d). The red symbols 

(graph c) represent measurements where the gas mixture was in liquid-vapor equilibrium (see Figure 9b).
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3. Thermodynamic modeling 

 

Figure 4: Schematic diagram of the approach used to calculate gas hydrate equilibria 

with the e-PR-CPA model combined with the Van der Waals and Platteeuw model. 

3.1. Model presentation: procedure description and parameter estimation 

Hydrate dissociation thermodynamic modeling is generally done by combining the solid van 

der Waals and Platteeuw theory 
15

 for hydrate phase calculation with an Equation of State 

(EoS) for fluid phases (liquid and vapor) calculation and possibly with a G-excess model for 

water activity coefficient estimation. The hydrate dissociation curve represents the 

equilibrium of the hydrate phase with the aqueous phase and the gas-rich phase (which can be 

liquid and/or vapor), and this more or less limits the hydrate stability domain at 

thermodynamic equilibrium. The e-PR-CPA (electrolyte Peng-Robinson Cubic Plus 

Association) EoS recently developed and presented in our previous work 
5-7

 has performed 

successfully in the prediction of liquid (gas solubility) and vapor (water content) phases of 

systems including water, gas (CO2, O2, H2, CH4, etc.) and salt (NaCl). Hence, this EoS has 

been chosen to calculate gas fugacities, fluid phase (aqueous and gaseous) equilibria, and the 

activity coefficient of water which is different from one if there are electrolytes (salts) or 

solvents (alcohols, glycols, etc.) in the aqueous solution. 

For the calculation of fluid phase equilibria with an equation of state, it is necessary to know 

the overall composition (or feed composition) of the system. However, generally, mixed-gas 

hydrate data are provided in terms of "water-free" gas composition       (           ) and 

aqueous fraction AqFr (     ) (see Equation 2) in order to study hydrates with a fixed 

global gas mixture composition. In order to be able to model mixed-gas hydrate systems, we 

e-PR-CPA EoS

Osmotic coefficient

Gas fugacities

vdWP theory

Multiphase flash
(Gas solubilities and 

water content)



provide below the equations used to convert these "apparent" quantity (     ) into "real" mole 

fractions    (      ,          -                   ).  

Using Equation 2, the mole number of water is: 

     
            

      
 

(4) 

Considering a total mole number of 1 for the gas mixture (           and           ), 

the Equation 4 becomes: 

     
    

      
 

(5) 

Finally, the real mole fractions are calculated by: 

   
  

             
 

  
      

 
  

    
        

 (6) 

Applying Equation 6 to water and a gas i, we obtain: 

     
    

    
        

 

    
      
    

        
      (7) 

       
      

    
        

 
       

    
        

 (8) 

The aqueous fraction has no effect on single-gas hydrate systems, since in two-phase 

thermodynamic equilibrium (which is always the case for gas-water systems), the calculation 

of the compositions in each phase of a binary system is independent of the global composition 

(using Gibbs' phase rules, the degree of freedom is two in this case, for example, in a liquid-

vapor PT-flash calculation, the same results of liquid x and vapor y compositions are obtained 

for any global composition z stable in the liquid-vapor state). However, for mixed-gas hydrate 

systems, the degree of freedom is higher than two, hence calculations of the hydrate 

dissociation conditions are sensitive to the aqueous fraction, and the composition of the gas-



rich phase can vary significantly from the overall composition if one of the gases is more 

absorbed than the other in the hydrate. 

At thermodynamic equilibrium, one can write the equality of the chemical potential of water 

in the liquid phase and in the hydrate phase. As illustrated in the schematic of Figure 4, the e-

PR-CPA model calculates gas fugacities and the osmotic coefficient of water which is then 

transformed into water activity (Equation 10), in order to calculate the chemical potential of 

water in the liquid and hydrate phases. A multiphase flash 
20, 21

 is calculated at each step until 

the Hydrate-Liquid-Vapor (HLV) or Hydrate-Liquid-Liquid (HLL) equilibrium is reached. 

Newton's method was applied to find the dissociation pressure at fixed temperature and the 

dissociation temperature at fixed pressure. The different terms of the vdWP model (Figure 4) 

were calculated by the Munck et al. 
22

 method. 

The vdWP model derived from statistical thermodynamics is an established theory for the 

study of phase equilibria involving hydrates following the implementation proposed by 

Parrish and Prausnitz 
23

. Since then, several studies have been published using this approach, 

therefore the vdWP model is very well described in the literature. The equations proposed by 

Munck et al. 
22

 have been used in this work for the calculation of the chemical potential of 

water in the liquid and hydrate phase. However, since we use a different equation of state, a 

reparameterization of the parameters used in the calculation of the Langmuir constant is 

necessary. 

A. e-PR-CPA EoS 

A detailed description of the e-PR-CPA EoS equations and parameterization is given in our 

previous work 
5
. However, we recall here the main terms and definitions of the parameters. 

For the modeling of complex systems including gas, water and ions, the e-PR-CPA EoS 

(expressed in terms of reduced residual Helmholtz free energy 
         
   

  
 in Equation 9) 

combines several terms to represent the different types of interactions in these systems. For 

molecular interactions, the selection concerns the well-known cubic term of Peng-Robinson 

(PR) 
24

 to describe attractive and repulsive forces between species, and the Wertheim’s 

association theory 
25

 used in SAFT and CPA –type EoS to describe association phenomena 

(self-association between identical molecules and cross-association between different 

molecules). For electrolyte interactions, the MSA theory (Mean Spherical Approximation) 
26

 



and the Born term 
27

 were chosen to represent ion/ion and ion/solvent (solvation) interactions,  

respectively. 

         
   

  
 
   

  
 
            

  
 
    

  
 
     

  
 

(9) 

Like most thermodynamic models, the parameterization of the e-PR-CPA EoS on pure and 

binary systems will allow to predict multicomponent (ternary, quaternary, etc.) systems. 

However, comparison with some experimental data is necessary to verify if the model is well 

adapted to the studied systems. Concerning fluid phase equilibria modeling, the e-PR-CPA 

EoS counts for pure compounds: 

 Five parameters for the solvent (water): three parameters (  ,     ,   ) to determine the 

energy parameter    and the co-volume    in the PR cubic term, and two parameters 

(association energy    and bonding volume    ) to calculate the Wertheim association term. 

 Three parameters for each ion: three parameters (    ,        and ion diameter     ) for the 

calculation of the energy parameter      and the co-volume      in the PR cubic term. 

 No parameters for the gas (only the critical temperature    and pressure    and the acentric 

factor   must be known, which is the case for all gases). 

Halite is the main and almost “the only pure” mineral in salt layers where storage caverns are 

built, hence the water+NaCl mixture was chosen as a representative brine mixture. Before 

modeling phase equilibria involving fluid and hydrate phases, the osmotic coefficient   of the 

aqueous electrolyte water+NaCl and the two-phase equilibria calculated by the e-PR-CPA 

must be verified. In Figure 5, the calculations at different salinities (in terms of NaCl molality: 

m=[mol/kgw]) of the vapor pressure and the osmotic coefficient of the water+NaCl system by 

the e-PR-CPA EoS were compared with experimental literature data. As shown in the figure, 

the model accurately correlates these two properties and estimates their variation as a function 

of temperature and NaCl molality. The water activity    used to calculate the chemical 

potential of water in the liquid phase (see Figure 4) is easily obtained from the osmotic 

coefficient   by the following relationship (Equation 10): 

         
    

    
      

   

    (10) 



where      is the molar mass of water and      is the molality of each ion (Na+ and Cl- in 

our case). 

Concerning binary systems, generally a Binary Interaction Parameter (BIP or     in the cubic 

term) is to be determined in particular for binaries whose species are not associative. 

However, for mixtures of associative compounds, when solvation is possible, the cross-

association volume     can be considered as a second adjustable parameter in order to 

improve the calculations 
28

. Since the e-PR-CPA EoS is reduced to the PR EoS in the case of 

systems that do not contain associative compounds and electrolytes (e.g. gas mixtures), it is 

possible to use parameters already available in the literature to represent this type of system. 

In Table 4, the different parameters of the e-PR-CPA model as well as the thermophysical 

properties used for their determination (by optimization) are presented. 

The parameters of the pure compounds as well as the interaction parameters of the 

CO2+H2O+NaCl and O2+H2O+NaCl systems used in this work are from our previous work 
5, 

6
. The binary interaction parameter (             ) used to represent Vapor Liquid 

Equilibria (VLE) of the CO2-O2 binary system was taken from the work of Lasala et al. 
29

. 

In Figures 6 and 7, the predictions of the VLE of the CO2+H2O+NaCl, O2+H2O+NaCl and 

CO2+O2 systems by the e-PR-CPA EoS are compared to the experimental data. As shown in 

the figures, the e-PR-CPA EoS accurately estimates gas solubility in water and brine (Figures 

6a and 6b) and water content in gas-rich phases (Figure 7a) and captures very well the salting-

out effect of gas due to the presence of NaCl under different thermodynamic conditions. The 

complete study of these systems as well as precise solubility data tables are provided in our 

previous work 
6
. The VLE of the CO2+O2 gas mixture calculated by the same model which is 

reduced to the PR EoS (since there are no electrolytes or associative compounds) are quite 

good, however this representation can be improved especially in the region of the critical 

points of the mixture by using other mixing rules (see Lasala et al. 
29

 and Ahamada et al. 
4
), 

multiparametric EoS (e.g. EoS-CG), or adding a crossover treatment (see Dicko and Coquelet 

30
 and Janecek et al. 

31
). All these options add additional parameters, which is not necessary 

for our study, as demonstrated by the prediction results obtained for multicomponent systems 

(see section 3.3). 

The water activity and fluid phase equilibria are known, to model gas hydrate systems 

following the approach described earlier, it remains to determine the Langmuir constants     



of each gas   in a cavity of type   (two types of cavities exist for hydrates: small and large 

cavities). 

 

 

B. Langmuir constant 

The Langmuir constants quantify the interactions between guest (gas) and host (water) 

molecules in hydrate cavities. Generally, the formula (Equation 11) proposed by van der 

Waals and Platteeuw 
15

 developed using the Lennard-Jones-Devonshire cell theory 

(considering a spherically symmetrical cell) is used to determine the Langmuir constants. For 

this, the Kihara potential 
32

 (McKoy and Sinanoğlu 
33

) whose parameters are adjusted on 

experimental hydrate stability data is used to calculate the spherically symmetrical cell 

potential     .  

       
  

  
                   
 

 

 (11) 

where   is Boltzmann's constant,   is the temperature and   is the cell radius. 

In order to avoid the numerical calculation of the integral in Equation 11, Parrish and 

Prausnitz 
23

 proposed a simplified empirical expression (Equation 12) of the Langmuir 

constant which was then used and refined in subsequent studies (e.g. the notable work by 

Munck et al. 
22

). 

       
   

 
    

   

 
  

(12) 

In Equation 12, the     and     coefficients are specific to gas and cavity types (small or 

large) and are optimized on experimental gas hydrate data. In this work we have used similar 

empirical relationships inferred from the shape of the Langmuir constants (for each gas and 

cavity type) variation with respect to temperature. The coefficients of these formulations are 

determined by minimizing the absolute deviation between the calculated gas hydrate 

dissociation pressure or temperature data and the experimental data. The expressions of the 

Langmuir constants obtained for CO2 and O2 in Small and Large cavities are as follows: 



                                              (13) 

           
         

 
     

    

 
  

(14) 
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                                         (16) 

 



 

Figure 5: Saturation vapor pressure (a) and osmotic coefficient (b) of H2O + NaCl system. Comparison of literature data (symbols) 
34-40

 

with predictions (solid lines) by e-PR-CPA EoS.  

 

Table 4: e-PR-CPA EoS configuration: model parameters and properties used in the fitting. 
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Figure 6: Comparison of experimental data (symbols) 
6, 41-49

 with predicted CO2 (a) and O2 (b) solubilities in NaCl-brine at 323 K for 

different salt molalities using the e-PR-CPA EoS (solid lines). 

 
Figure 7:  Water content in CO2+H2O and O2+H2O systems (a) and VLE of the CO2+O2 mixture (b) at different temperatures: 

Comparison of experimental data (symbols, (a): 
47, 48, 50-54

; (b): 
29

) with predictions (solid lines) using e-PR-CPA model (a) and PR EoS 

(b).
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3.2. Hydrate stability of the O2+H2O and CO2+H2O+(NaCl) mixtures 

Structures I and II are the most common forms of gas hydrates 
55

. From a modeling point of 

view, the most stable hydrate structure is the one with the lowest dissociation pressure. Pure 

CO2 is well known to form hydrate of structure I. The (e-PR-CPA + vdWP) model predicts a 

type I hydrate structure for CO2 hydrate and this is also the case for O2. The latter is a subject 

of discussion, basically it has been considered in the past that O2 forms type I hydrate (like 

any other small molecule) but later experimental studies 
56, 57

 have shown that it rather forms 

type II hydrates. However, according to different studies carried out at different temperature 

ranges, it is found that O2 at low temperatures (<270 K) forms type II hydrates and forms type 

I hydrates at higher temperatures 
58

 which is the case in our study. 

The modeling results of the stability conditions of O2 hydrate in pure water and CO2 hydrate 

in pure water and NaCl-brine are shown in Figure 8. By comparing with experimental 

literature data, the developed model (e-PR-CPA + vdWP) correlates accurately the gas 

hydrate data in pure water and also predicts well the inhibitory effect of NaCl on the stability 

of CO2 hydrate at different concentrations (in terms of salt molality) which tends to 

destabilize the hydrate proportionally to its concentration. Model calculations are reliable over 

a wide range of temperature and pressure (up to 100 MPa) for gas hydrates in pure water. The 

high quality predictions of the effect of salt (NaCl) on CO2 hydrates is due to the accurate 

representation of the salting-out effect by the e-PRCPA EoS and also to the excellent vdWP 

hydrate theory. In addition, it should be noted that the model has been successfully applied to 

other single-gas and mixed-gas hydrate systems (CH4+H2O, CH4+H2O+NaCl and 

CH4+CO2+H2O etc.).  

 



 

Figure 8: Hydrate dissociation conditions of the O2+H2O (a) and CO2+H2O+(NaCl) (b) mixtures:  Comparison of literature experimental 

data with predictions using the (e-PR-CPA + vdWP) model. 
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Figure 9: Hydrate dissociation conditions of the CO2+O2+H2O ternary system at different O2 “water-free” mole fractions 32% (a), 11% 

(b), 50% (c) and 5% (d): Comparison of measured (a, b and c, see Table 3) and literature 
11

 (d) experimental data with predictions using 

the (e-PR-CPA + vdWP) model (solid lines). The bubble and dew lines of the different gas mixtures are determined by the PR EoS.
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3.3. Hydrate stability of the CO2+O2+H2O mixture 

Concerning the mixed-gas hydrate system (CO2+O2), the (e-PR-CPA + vdWP) model also 

predicts a hydrate structure of type I. In Figure 9, the predictions of the hydrate stability 

conditions of this system are compared with the measured data (from this work, see Table 3) 

at different O2 compositions (11%, 32% and 50% water-free mole fraction) and also with 

those of Chapoy et al. 
11

 at 5% O2. Remarkable accuracy in the predictions of this system at 

different gas mixture compositions from 5 to 50% O2 is obtained. The calculations were 

performed at different fixed aqueous fractions AqFr in a very representative way of the 

experimental aqueous fractions listed in Table 3 which are not fixed (decreases with each 

increase in pressure by adding more gas mixture). It should be noted that no further 

adjustments were made, i.e. only the good representation of the single-gas hydrate systems 

and the VLE of the binary systems (gas-gas and gas-water) allowed the accurate prediction of 

the multi-component system (CO2+O2+H2O), and this is thanks to the good theoretical basis 

of the coupling of the e-PR-CPA EoS with the vdWP theory. As shown in Figure 9, by 

plotting the gas hydrate dissociation curve and the phase envelope of the gas mixture obtained 

by the e-PR-CPA model, we can accurately identify the different types of coexisting phases 

(liquid, aqueous, vapor and gaseous) at each temperature and pressure condition, which is 

very useful. As shown in plots a, b, c and d of Figure 9, the addition of O2 effectively 

decreases the critical point of the mixed-gas and shifts its phase envelope to lower 

temperatures, and it seems that the 50% O2 mixture or even less the 32% O2 mixture are 

preferred to ensure that there is no phase change (especially phase split to liquid-vapor 

equilibrium) in the gas stored in the cavern. 

For an overview, in Figure 10, the hydrate stability results of the ternary CO2+O2+H2O 

system are plotted from pure CO2 hydrate to pure O2 hydrate, showing the effect of oxygen on 

the stability of the CO2-rich mixed-gas hydrate. This Figure shows that at high pressure (>20 

MPa) the hydrate dissociation temperature of the mixed gas CO2+O2 becomes higher than that 

of pure CO2, therefore precautions must be taken to avoid hydrate formation at the wellhead 

or in the pipelines during the transport of this gas stream which is assumed to be saturated 

with water vapor after its withdrawal from the cavity. However, in reality the stored gas is in 

equilibrium with almost “pure” NaCl-brine and not pure water, which led us to study in the 

following section the effect of NaCl on this mixed-gas system. 



 
Figure 10: Hydrate dissociation conditions of the CO2+O2+H2O ternary system from 

pure O2 hydrate to pure CO2 hydrate. Comparison of literature and measured data with 

predictions using the (e-PR-CPA + vdWP) model (solid lines). 

3.4. Hydrate stability of the CO2+O2+H2O+NaCl mixture 

The developed model (e-PR-CPA + vdWP) has shown its predictive capabilities, in particular 

the transition from simple binary systems to multi-component systems (gas+water+salt and 

mixed-gas+water). Since all the necessary parameters are already available, in particular the 

interaction parameters CO2+O2, O2-Na+, O2-Cl-, O2-H2O, CO2-Na+, CO2-Cl- and CO2-H2O, 

we can model the quaternary system CO2+O2+H2O+NaCl with a high degree of confidence. 

The study of this system involves several variables including the composition of the mixed-

gas, the aqueous fraction and the salinity (NaCl molality). Taking the example of the 

FluidSTORY project on the combination of the Power-to-Gas (PtG) and Underground Gas 

Storage (UGS) technologies discussed earlier in the introduction, the quantity of O2 in the 

EMO unit is relatively less than CO2 
59

, that is why we choose to study the mixture with 32% 

O2. The aqueous fraction was kept the same (AqFr=0.7) as that of the mixed-gas system 

(without salt, see Figure 9a) with 32% O2, as well as two salinities were studied (1m and 4m), 

one was limited to 4m since the O2 solubility data in NaCl brine on which the e-PR-CPA EoS 

was adjusted are limited to this salinity (4m, see Chabab et al. 
6
). 
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The modeling results obtained are shown in Figure 11. As expected, NaCl significantly 

decreases the hydrate dissociation temperature of this gas mixture. The shape of the curve 

remains the same with a shift to the left by adding the salt. The model also detects when there 

are several phases in equilibrium especially at 4m when the hydrate dissociation curve crosses 

the phase envelope of the gas mixture. According to the trend of the dissociation points 

calculated by the model in this region, we notice from the slight change in the curve that there 

is a phase split and that at a pressure higher than the bubble line and at the left of the gas 

hydrate dissociation curve, the hydrate is rather in equilibrium with a gas-rich liquid phase 

and not with a vapor phase. 

 

 
Figure 11: Hydrate dissociation conditions of the CO2+O2+H2O+(NaCl) quaternary 

system: Prediction of the effect of NaCl concentration (from salt-free to 4m) on the 

mixed-gas hydrate system (32% O2 , at fixed aqueous fraction AqFr=0.7) using the (e-

PR-CPA + vdWP) model. The bubble and dew lines are determined by the PR EoS. 
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4. Conclusions 

In this work the phase behavior of systems containing CO2, O2, H2O and possibly NaCl, and 

in particular the gas hydrate stability conditions of CO2, O2 and their mixtures were studied. 

The isochoric pressure search method was used to overcome the lack of data for the 

CO2+O2+H2O system by measuring new hydrate dissociation points of the CO2+O2 gas 

mixture at different global compositions. The consistency of the measured data was verified 

using the Clausius-Clapeyron relationship. In addition to the fact that these data were 

measured for a promising massive energy storage application (combination of PtG with UGS 

using the EMO process), these data will serve for the evaluation of predictive models, and 

also to help to avoid problems related to flow assurance by taking the necessary precautions 

when transporting gas streams composed of CO2, O2 and water, for instance, oxycombustion 

flue gas. 

To predict the dissociation conditions of gas hydrates, in this work, the established hydrate 

theory of van der Waals and Platteeuw (vdWP) is combined with the e-PR-CPA EoS which 

has shown in this and previous work excellent capabilities to determine water activity in 

brine, gas solubility in water and brine and to predict the water content in gas-rich phase. The 

resulting model (e-PR-CPA + vdWP) was successfully applied to the O2+H2O and 

CO2+H2O+NaCl systems by comparing with literature data as well as to the CO2+O2+H2O 

mixed-gas hydrate system by comparing predictions with the new reported measurements. 

The model allowed a complete study of phase equilibria (hydrate-fluids and fluid-fluids) of 

gas/water systems and also to accurately predict the effect of the presence of salt on the 

stability of gas hydrates. The excellent results obtained using this model for single-gas and 

mixed-gas hydrate systems without adding additional parameters for the latter are the result of 

an advanced equation of state (e-PR-CPA) and a theoretically solid solution for gas hydrates 

(vdWP). 

 

 

Supporting Information (SI) 

Tables of CO2 and O2 hydrate dissociation data in water and NaCl brine in a wide range of 

pressure and temperature. 
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