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List of symbols a

Parameter of the Peng-Robinson equation of state (attractive parameter) [Pa.m 6 .mol -2 ] b Parameter of the Peng-Robinson equation of state (co volume parameter) [m [START_REF] Blanco-Martín | Use of salt cavern in the energy transition context: application to the Power-to-Gas-Oxyfuel process[END_REF] .mol -1 ]

C ij NRTL model binary interaction parameter (Eq. 6) [J.mol -1 ] g molar Gibbs free energy [J.mol -1 ] 

Fobj

Introduction

In the context of energy transition from fossil to low-carbon energy, the Power-to-Gas concept seems to be a very promising solution [START_REF] Götz | Renewable Power-to-Gas: A technological and economic review[END_REF] . It consists of a transformation of CO 2 with H 2 , produced by water electrolysis using renewable electricity, into methane, CH 4

(methanation: Sabatier reaction). Methane can be used as a fuel or can be transformed into electricity (oxyfuel combustion for example [START_REF] Kezibri | Conceptual design and modelling of an industrial scale power to gas-oxy-combustion power plant[END_REF] ). Due to the intermittent nature of renewable sources of energy like solar or wind, it is important to develop solutions for massive energy storage. Massive energy storage is necessary to succeed in the energy transition and a solution consists of storage in salt caverns. The design of salt caverns requires thermodynamic properties such as gas solubility in brine and also volumetric properties of the stored products.

In Power-to-Gas-Oxyfuel, storage of CO 2 , O 2 and CH 4 is required. In general, products are stored in single-phase conditions in salt caverns, but in the case of CO 2 , phase changes are possible as its critical pressure and temperature are in the range of typical storage conditions.

In order to overcome the problem, one solution would be to mix CO 2 and O 2 in the same salt cavern [START_REF] Blanco-Martín | Use of salt cavern in the energy transition context: application to the Power-to-Gas-Oxyfuel process[END_REF] . As O 2 is a cryogenic fluid, a mixture of CO 2 with O 2 will lead to a lower value of critical temperature. This way the mixture will stay in single-phase conditions.

It exists several sets of data in the open literature concerning the density of mixtures of CO 2 and O 2 . Li et al. [START_REF] Li | Thermo-physical properties of CO 2 mixtures and their impacts on CO2 capture, transport and storage: progress since 2011[END_REF] have published in 2019 a very complete review concerning the available thermo-physical properties of CO 2 mixtures.in the context of CO 2 capture and storage (CCS). They have mentioned in their paper all the available references concerning the VLE and density properties of the CO 2 +O 2 binary system. We can also cite the works of Lozano-Martín et al. [START_REF] Lozano-Martin | Accurate experipmental (p, , T) data of the (CO2+O2) binary system for the development of models for CCs processes[END_REF] , Commodore et al. [START_REF] Commodore | Volumetric properties and phase behavior of sulfur dioxide, carbon disulfide and oxygen in high-pressure carbon dioxide fluid[END_REF] and Mantovani et al. [START_REF] Mantovani | Supercritical pressuredensity-temperature measurements on CO2-N2, CO2-O2 and CO2-Ar binary mixtures[END_REF] . In these investigations, the composition in O 2 is lower than 0.2.

In this work, the densities of three CO 2 -O 2 mixtures were measured using Vibrating Tube Densitometer (VTD) in the gas, liquid and supercritical regions. A wide range of O 2 molar fractions was investigated. The measurements were carried out at eight isotherms between 276 and 416 K at pressures up to 20 MPa. The measured densities were also employed to evaluate the capability of a cubic Equation of State (EoS) to predict the density of the binary mixtures. The cubic EoS is composed of the Peng-Robinson (PR-EoS) associated with a g E mixing rule. Additionally, a recent EoS based on GERG-2008, EOS-CG [START_REF] Gernert | A Helmholtz energy mixture model for humid gases and CCS mixtures[END_REF] , was evaluated using the measured density data and derived thermodynamic properties (compressibility factor). The experimental data obtained successfully compares to available density data in the literature.

Experimental part

Materials

CO 2 and O 2 were purchased from Air Liquide with a purity higher than 99.995 vol.% and 99.999 vol.% (Table 1). Table 2 presents the exact composition of the three mixtures. The mixtures were prepared in a gas reservoir considering the difference of total pressure. CO 2 was first introduced into the gas reservoir under vacuum. Pressure was recorded (P1).

Afterwards, O 2 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 x O2 =(P2-P1)/P2.

For more accuracy, the compositions were determined by means of a Gas Chromatograph analysis (Varian, model CP 3800), using a thermal conductivity detector (TCD). WINILAB III software (Perichrom, France) is used for peaks integration and their analysis. The calibration of the GC detector is made by introducing known pure component volumes with appropriate syringes. The packed column used in the gas chromatograph is a PORAPAK R (80/100 mesh, 

Apparatus

The Vibrating Tube Densitometer (VTD), Anton Paar DMA 512P was used to measure the densities. This equipment is similar to that described in previous work by Rivollet et al. [START_REF] Rivollet | PρT and VLE for Ethane+ Hydrogen[END_REF] , Coquelet et al. [START_REF] Coquelet | Experimental measurement of vapor pressures and densities of pure hexafluoropropylene[END_REF] or Nazeri et al. [START_REF] Nazeri | Densities and derived thermophysical properties of the 0.9505 CO2+ 0.0495 H2S mixture from 273 K to 353 K and pressures up to 41 MPa[END_REF] . Figure 1 The pressure and the temperature were recorded using Agilent HP34970A data acquisition unit and the vibration period, τ, also was recorded using a HP53131A data acquisition unit.

VTD Calibration and Experimental procedure

The calibration is performed using a reference fluid, CO 2 . The forced path mechanical calibration (FPMC) model [START_REF] Bouchot | An enhanced method to calibrate vibrating tube densimeters[END_REF][START_REF] Khalil | High-pressure Vapor-Liquid equilibria, liquid densities, and excess molar volumes for the carbon dioxide+ 2-propanol system from[END_REF] The experimental procedure is the following. Briefly, vacuum is made in the tube. The fluid mixture is introduced as its gas phase and densities of vapor phase are measured. More fluid mixture is added in order to increase the pressure until the dew pressure. For the liquid density, fluid mixture is added until the maximum pressure (20 MPa). Density measurements are obtained by removing mixture from the VTD (decreasing pressure) until the bubble pressure. In case there is no dew or bubble pressures, starting from vacuum, the fluid mixture is added until the maximum pressure.

It is important to remind that before the appearance of dew point, the temperature of liquid bath is fixed at a value slightly higher than that of the jacket (around the vibrating tube) (difference about 0.2-0.3 °C). It is to be sure that the first drop of fluid mixture appears exactly in the densitometer. In the same manner, before the appearance of bubble point, the temperature of liquid bath is fixed at a value slightly lower than that of the jacket. It is to be sure that the first bubble of fluid mixture appears exactly in the densitometer.

The uncertainties of densities are calculated using Eq. ( 2) taking into account the calibration with the reference fluid (type B) and repeatability of the measurements (acquisition of the period of vibration). Measurements are made at constant temperature and constant pressure.

(

) 2 
where α represents the maximum of , the difference between the experimental reference fluid (CO 2 ) density and that calculated by the calibration curve (FPMC method) at the conditions of T and p and using the reference equation of state from Span and Wagner [START_REF] Span | A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 1100 K at pressures up to 800 MPa[END_REF] .

u rep is the repeatability of density measurements. Temperature and pressure contributions to density uncertainty are calculated using density derivatives with respect to temperature and pressure of calibration fluid (CO 2 ) with the Span and Wagner 15 equation of state.

Experimental Results

The experimental data are presented in Tables 3 to 5. 

U(T)= 0.06K U(T)= 0.06K U(T)= 0.03K U(T)= 0.04K U(T)= 0.04K U(T)= 0.01K U(T)= 0.02K U(T)= 0.03K U min ()= 0.2 kg.m -3 U max ()= 8 kg.m -3 U min ()= 0.5 kg.m -3 U max ()= 15 kg.m -3 U min ()= 0.4 kg.m -3 U max ()= 13 kg.m -3 U min ()= 0.1 kg.m -3 U max ()= 3 kg.m -3 U min ()= 0.1 kg.m -3 U max ()= 3 kg.m -3 U min ()= 0.1 kg.m - 3 U max ()= 2 kg.m -3 U min ()= 0.2 kg.m -3 U max ()= 5 kg.m -3 U min ()= 0.1kg.m -3 U max ()= 2.

U(T)=

Correlation and discussions

Development of PR EoS

We have used a cubic equation of state to compare its density predictions with the experimental data. Cubic equations of state are often used for the design of underground gas reservoirs as they are very easy to solve. The critical temperatures (T c ) and pressures (P c ) and acentric factors ( ) for pure CO 2 and O 2 , which are collected from Simulis thermodynamic software (from Prosim, Toulouse, France), are provided in Table 6. 
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with C

ii =0. The value of the non-randomness parameters,

 ij , is equal to 0.1. Note that  ij is different from   T 
which is the alpha function of the PR EoS.

In order to adjust the binary interaction parameters (C ij and k ij ), we have considered a database of six references presented in Table 7. As all the systems present a mixture critical point, we have just considered an objective function of the bubble pressure (Eq. 7).

All the data were used to fit the binary interaction parameters. We did not consider any temperature dependency of each binary interaction parameter. The obtained values are 

where U is the pressure (p) or the vapor composition (y 1 ) and N is the number of experimental measurements. Results are presented in Table 8 and Figure 3. As can be seen, when the temperature approaches the critical temperature of CO 2 , the model has some difficulties to represent the equilibrium properties. In order to improve the prediction of the phase diagram, we can consider temperature dependent binary interaction parameters, but it is not judicious for density prediction at temperatures higher than the critical temperature of CO 2 . 

Reference

T/K BIAS p/% BIAS y/% AAD p/% AAD y/%

Fredenslund and Sather 1970 [START_REF] Fredenslund | Gas-liquid equilibrium of the oxygen-carbon dioxide system[END_REF] 263.15

Kaminishi and Toriumi 1966 [START_REF] Kaminishi | Gas-liquid equilibrium under high pressures. VI. Vaporliquid phase equilibrium in the CO2-H2, CO2-N2, and CO2-O2 systems[END_REF] 253.15 PT envelopes of the three mixtures (see Table 2) are predicted using our thermodynamic model and plotted in Figure 4. In this figure, we have also plotted the PT data of each system corresponding to the measured densities. According to Figure 4, we can observe that few density data were determined in the vapor-liquid region. Probably for these data, we are in a metastable state (mixture 3, T=279.05 and 293.31 K, mixture 1, T=276.59 K). These data are mentioned in Tables 3 and5. 

Comparison with experimental density data

The PR EoS previously developed is used to predict the experimental data. Table 9 summarizes the AAD (Eq. 10) and Maximum Absolute Deviation (MAD) in the gas, liquid and supercritical regions. The results (pressure vs. molar volume and compressibility factor) for the different mixtures are presented in Figures 5 to 7.

(

) 10 
As it can be seen, the cubic EoS represents the experimental data with satisfactory deviations.

As the compressibility factor tends to 1 when the pressure tends to 0 (ideal gas law), it is possible to evaluate the second virial coefficient of the CO 2 -O 2 binary mixture from the measured compressibility factor. Indeed, for low to moderate pressure. It is also a good test to evaluate the consistency of the data at low pressure. In addition, we can observe that the maximum of deviation occurs for the low-pressure measurements (p < 1.5 MPa due to VTD precision) and close to bubble or dew points (possible metastable states). As the compressibility depends on the temperature, the density and the pressure, the uncertainties of the compressibility are therefore expressed using Eq. ( 11). It can be observed that the compressibility factor "concentrates" all the uncertainties of the measurements. The average value of u(Z)/Z is around 5%. 11) and ( 12), where N is the number of components, T C,i is the critical temperature of component i and  C,i is the critical density of component i.

(11) (12) 
, , and are binary interaction parameters from GERG-2008 [START_REF] Li | Thermo-physical properties of CO 2 mixtures and their impacts on CO2 capture, transport and storage: progress since 2011[END_REF][START_REF] Span | A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 1100 K at pressures up to 800 MPa[END_REF] and presented in Table 10 for the system CO 2 -O 2 .

As shown in for PR EoS (see Figure 3). This is also influenced by the presence of a mixture critical point.

Finally, we have compared our experimental results with literature data for compositions similar to ours, i.e. mixture 3. We have plotted the literature data in Figures 7 and 10 (we have also included a zoom to better visualize the low-pressure region). Deviations between these data and PR EoS and EOS-CG are presented in Table 9. As can seen, the order of magnitude of the deviations between our models and experimental data (and our data and literature data) are very close. We can observe a good agreement between the different sets of data. 

Conclusion

The densities of three CO However, the GERG-2008-based EoS-CG was more accurate with AAD of only 1.1% and MAD of 5.1%. The main advantage of EOS based on a thermodynamic potential is that all thermodynamic properties of a mixture or pure substance can be consistently derived from the potential; these properties are needed in the assessment of cavern stability.



  Peng-Robinson equation of state alpha function

1. 2 m

 2 X 1/8" Silcosteel) column. A calibration curve between moles number introduced and GC peak surface is determined and considered to estimate the accuracies. The resulting relative accuracies concerning the mole numbers are 1.1% for CO 2 and 1.2 % for O 2 for mixture 2 and 0.7% for CO 2 and 1.6 % for O 2 for mixtures 1 and 3. The uncertainty of molar fractions (x 1 ) is determined by Eq. (1): (1) with u(x 1 ) the uncertainty on mole fraction for component 1 and the relative uncertainty on mole number calculated from GC calibration. It should be noticed that type B uncertainty should be considered to calculate relative uncertainties on mole numbers from calibration curves.

  , from Rivollet et al., presents a schematic diagram of the apparatus.

Figure 1 :

 1 Figure 1: Flow diagram of the equipment, from Rivollet et al. 9 : 1, loading cell; 2a and 2b, regulating and shut-off valves; 3, DMA 512 P densitometer (Anton Paar); 4, heat exchanger; 5, bursting disk; 6, inlet and outlet of the temperature regulating fluid; 7a and 7b, regulating and shut-off valves; 8, pressure sensors maintained at constant temperature (373 K); 9, to vacuum pump; 10, vent; 11, vibrating cell temperature sensor; 12, HP 53131A unit; 13, HP 34970A unit; 14, bath temperature sensor; 15, liquid bath.
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  of the model was assessed by means of the following relative deviations, AAD U and BIAS U, which are expressed as:

Figure 3 :

 3 Figure 3 : Vapor -Liquid equilibrium isotherms for O 2 (1) + CO 2 (2) binary system: (Δ): 273.09 K from Westman et al. 24 , (o), 263.15 K from Fredenslund and Sather 19 . Solid line: Peng Robinson EoS model, Dashed line: EoS-CG (Gernert and Span 8 ) EoS model.

Figure 4 :

 4 Figure 4: Pressure Temperature envelope of the CO 2 -O 2 binary system calculated using Peng Robinson EoS (compositions listed in Table 2) showing the experimental points measured (▲). (a): Mixture 1, (b): mixture 2, (c): Mixture 3. Grey solid line: Pure CO 2 vapor pressure. Bold dashed line: mixture critical points line.
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 563789 Figure 5: A: Pressure as a function of molar density for the O 2 + CO 2 (mixture 1: 0.274/0.726) binary system. B: Compressibility factor as a function of pressure (Δ): 276.59 K, (×): 353.78 K, (▲):416.38 K. Solid line: Peng Robinson EoS with Wong Sandler mixing rules and NRTL Activity coefficient model.

  2 -O 2 binary mixtures were measured using VTD densitometer, Anton Paar DMA 512, in the gas, liquid and supercritical regions. The densitometer was first calibrated using pure CO 2 and the FPMC calibration technique. The maximum expanded uncertainties on temperature, pressure and densities are U(p)= 0.0005 MPa, U(T)= 0.3 K and U()= 15 kg.m -3 , respectively. The highest uncertainties were observed at very low pressure conditions in the gas phase or in the vicinity of the bubble point curve in the liquid phase. The measured densities were employed to evaluate the classical Peng-Robinson cubic EoS with parameters adjusted on VLE data from the literature. The model gives satisfactory results in the prediction of the volumetric properties in the typical conditions of storage in salt caverns.

  

  

  

  

  

  

  

Table 1 : Chemical samples used for experimental work.

 1 

	Chemicals	CAS number	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

a GC: Gas Chromatography

Table 2 : Expected composition and real composition mole fractions.

 2 

	Mixture number	Expected composition mole fractions CO 2 O 2	Real composition mole fractions CO 2 O 2	Standard uncertainties u(x 1 )
	1	0.7	0.3	0.726	0.274	0.003
	2	0.5	0.5	0.517	0.483	0.004
	3	0.9	0.1	0.872	0.128	0.002

Table 3 : Experimental isothermal density data for CO 2 +O 2 binary system (Mixture 1: 0.726/0.274) and expanded uncertainties (k=2): U(p)=0.0003 MPa if P<5 MPa and U(p)=0.0005 MPa if P>5 MPa. Italic grey -shaded values correspond to possible metastable states.

 3 

	T=276.59 K	T= 293.18 K	T=313.18 K	T=334.78 K	T= 353.78 K	T=373.46 K	T=395.18 K	T= 416.38 K

Table 4 : Experimental isothermal density data for CO 2 +O 2 binary system (mixture 2:0.517/0.483) and expanded uncertainties (k=2):.U(p)=0.0003 MPa if P<5 MPa and U(p)=0.0005 MPa if P>5 MPa

 4 

	T=280.63 K	T= 293.92 K	T=313.63 K	T=333.21 K	T= 353.46 K	T=373.60 K	T=395.72 K	T= 412.85 K

Table 5 : Experimental isothermal density data for CO 2 +O 2 binary system (mixture 3: 0.872/0.128) and expanded uncertainties (k=2): U(p)=0.0003 MPa if P<5 MPa and U(p)=0.0005 MPa if P>5 MPa. Italic grey -shaded values correspond to possible metastable states.

 5 

Table 6 . Critical properties and acentric factors for Carbone dioxide and Oxygen pure components (Source Simulis thermodynamic software)

 6 

	Component	T c /K	P c /bar	Acentric factor ω
	CO 2	304.21	73.83	0.223621
	O 2	154.58	50.43	0.0221798

In order to have the best representation of the phase diagrams, we have considered the Peng-Robinson Equation of State

[START_REF] Peng | A new two-constant equation of state[END_REF] 

(Eq. 3) with the Wong Sandler Mixing rules

[START_REF] Wong | A theoretically correct mixing rule for cubic equations of state[END_REF] 

(Eqs. 4 and 5) involving the NRTL activity coefficient model

[START_REF] Renon | Local compositions in thermodynamic excess functions for liquid mixtures[END_REF] 

(Eq. 6). Indeed, as O 2 is a cryogenic component, the phase diagram has the particularity to have a mixture critical point. Cubic EoS have some difficulties to represent accurately the equilibrium properties close to the mixture critical point.

Table 7 : Summary of vapor liquid equilibrium data of the binary system CO 2 + O 2 .

 7 

	Reference	Type of Data	Temperatures
	Fredenslund and Sather 1970 19	pTxy	263.15, 273.15 and 283.15
	Kaminishi and Toriumi 1966 20	pTxy	253.15, 273.15, 288.15 and 298.15
	Muirbrook and Prausnitz 1965 21	pTxy	273.15
	Zenner and Dana 1963 22	pTxy	273.15
	Lasala et al. 2016 23	pTxy	273.15, 288.15 and 298.15
	Westman et al. 2016 24	pTxy	273.09 and 293.08

Table 8 : Values of BIAS, and AAD of pressure and vapor compositions for the different sets of data.

 8 

Table 9

 9 

, EoS-CG predicts the densities more accurately than the PR EoS developed in this work. It should be noted that EOS-CG is based on multi-fluid approximations and that different types of data (PT, VLE, speed of sound, etc.) are used for the development of binary model parameters. Figures 8 -10 compare experimental and predicted densities and compressibility factors. Due to the use of different data types, rather than only VLE as PR EoS, the phase equilibrium prediction is less accurate for EOS-CG than

Table 9 : Deviations between experimental and calculated data using Peng Robinson EoS with the Wong Sandler mixing rules involving NRTL activity coefficient model, and using EoS-CG. Vap: vapor phase, Liq: liquid phase and SC: supercritical region.

 9 

	Peng Robinson EoS

Martín et al. 5 , x O2 =0.099856 -Maximum pressure: 9 MPa

  

	293.07	1.94	3.1	0.3	0.8
	349.92	1.78	2.5	0.2	0.3
	374.91	1.28	1.7	0.07	0.2
		Mantovani			

et al. 7 , x O2 =0.1291 -Maximum pressure: 20 MPa

  

	303.22	3.86	9.96	5.1	13.6
	323.18	3.57	6.29	4.0	6.5
	343.15	3.34	7.55	3.4	7.1
	363.15	3.02	8.20	3.0	7.8
	383.14	3.76	15.18	3.6	14.8

Table 10 : Values of EoS-CG 4 binary interaction parameters.

 10 

	System	β T	γ T	β v	γ v
	CO 2 + O 2	1.0	1.032	1.0	1.0845
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