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Abstract 
A new mixture model for thermodynamic properties of CO2-rich mixtures common for Carbon 
Capture and Storage applications was developed and presented by Gernert (2013). The model 
allows calculations of mixtures containing carbon dioxide, water, nitrogen, oxygen, argon, and 
carbon monoxide. The structure of the model is compatible to other accurate mixture models in 
terms of the reduced Helmholtz energy, and in particular to the GERG-2008 equation of state for 
natural gas mixtures developed by Kunz and Wagner (2012), which uses a very similar 
mathematical structure. This way a description of multicomponent mixtures containing further 
components becomes possible.  
Within WP 1.2 a thorough validation of the new model was carried out. This validation was 
based on detailed comparisons with selected experimental data and other established models. For 
the components that were identified as most relevant for applications covered by IMPACTS, 
particular attention was paid to the comparison of the new mixture model with the GERG-2008 
equation of state. 
In comparisons to existing experimental data the model by Gernert (2013) proves to be the (so 
far) best fit to all reliable data points. The representation of the data and the extrapolation 
behavior are comparable or better for all binary mixtures than for GERG-2008. Significant 
improvements were achieved in the description of thermodynamic properties for binary mixtures 
with water. 
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1 INTRODUCTION 

The aim of the IMPACTS project is to investigate the impact of impurities in CO2-rich mixtures 

on Carbon Capture and Storage (CCS) applications. This requires extensive knowledge of the 

thermodynamic properties of these mixtures. Calculating thermodynamic properties requires 

accurate equations of state that provide a mathematical description of the physical behavior of 

the mixtures. 

 

As a member of Work Package 1.2 (“Thermophysical behavior of CO2 mixtures”) the 

thermodynamics group of Ruhr-University Bochum (RUB) is developing a reference equation of 

state for a specified list of mixture-components found to be relevant in CCS applications. This 

list of components was defined in WP 1.1 and at the WP 1.2 workshop held at RUB in January 

2013. The current version of the reference model was developed by Johannes Gernert and is 

presented in his PhD thesis, which has already been distributed via the IMPACTS eRoom (see 

Gernert, 2013). The model is referred to as “equation of state for combustion gases and 

combustion gas like mixtures” (EOS-CG) and allows for calculations of mixtures containing 

carbon dioxide, water, nitrogen, oxygen, argon, and carbon monoxide. 

 

The purpose of this report is a detailed validation of the EOS-CG mixture model. This validation 

is based on comparisons with the available experimental data and other selected models, in 

particular with the GERG-2008 equation of state for natural gas mixtures developed by Kunz 

and Wagner (2012), which is based on a very similar mathematical structure. 

 

For the comprehension of the present report some basic information on the validity and 

mathematical structure of the model are essential. This information is given in chapter 2. 

Comparisons of the new mixture model with experimental data and other models are discussed 

in the third chapter. The report concludes with a summary of the validation results and an 

outlook to future work. 
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2 THE EQUATION OF STATE FOR COMBUSTION GASES AND 
COMBUSTION GAS LIKE MIXTURES 

The reference model for thermodynamic properties of CCS mixtures validated in this work is 

referred to as “equation of state for combustion gases and combustion gas like mixtures” (EOS-

CG). The model is presented in detail in the PhD thesis of Gernert (2013), which has already 

been distributed via the IMPACTS eRoom. For the comprehension of the present report some 

basic information on the validity and mathematical structure of the model is essential. The 

components and mixtures considered in the EOS-CG mixture model are given in section 2.1. 

The general structure of the model is described in section 2.2. 

 

2.1 Components and Mixtures considered in the Model 

The EOS-CG mixture model is proposed for mixtures of carbon dioxide, water, nitrogen, 

oxygen, argon, and carbon monoxide. Thus, it covers 15 of the binary mixtures found to be 

relevant within the IMPACTS project. The list of binary mixtures contains the ten systems 

considered as “mixtures of major components” plus five mixtures including carbon monoxide 

(one of the three secondary components) and major components. The complete matrix of binary 

mixtures considered relevant for IMPACTS is shown in Figure 2.1. 
 

 

Figure 2.1: Matrix of relevant binary mixtures. 
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2.2 General Structure 

The general structure of the EOS-CG mixture model is equivalent to the structure of the GERG-

2004 equation of state for natural gas mixtures developed by Kunz et al. (2007). It is a so called 

“fundamental equation of state”. Equations of this type allow for a calculation of all 

thermodynamic properties simply by combining their derivatives. The most commonly used 

form is explicit in the Helmholtz free energy a. The functional form depends on the independent 

variables density , temperature T, and molar composition x . In practical applications it is 

common to work with dimensionless equations. Written in a dimensionless reduced form the 

general structure of the EOS-CG mixture model reads:  

 

       o r, ,
, , , , , ,

a T x
x T x x

RT


           (2.1)

with  as the reduced Helmholtz free energy,  as the reduced mixture density and  as the 

inverse reduced mixture temperature according to 

  
 r

r

and .
T x

x T

 


   (2.2)

The functional form as formulated in equation (2.1) is split in two parts. The first part  o 

describes the behavior of the hypothetical mixture of ideal gases whereas  r represents the 

residual Helmholtz energy that results from molecular interactions in the real mixture. The ideal-

gas part of the equation is given as: 
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where N is the number of components in the mixture and o
o,i  and xi are the dimensionless ideal-

gas part of the Helmholtz free energy and the mole fraction of component i in the mixture, 

respectively. The ideal-gas Helmholtz free energy of each component is calculated at the 

reduced density o,i and temperature o,i. For pure fluids, density and temperature are usually 

reduced by their values at the critical point. Therefore, the reduced parameters are defined as: 
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The residual part of the Helmholtz free energy of the mixture reads: 

 
     r r r
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1
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    (2.5)

In this equation r
o,i  is the residual, reduced Helmholtz free energy of the component i, whereas 

 and  are the reduced density and temperature (of the pure component) according to equation 

(2.4) and  r is the so-called departure function, which is defined as: 
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The departure function includes the binary specific departure function 
r
ij  for the components i 

and j and the weighing factor Fij, which enables the use of generalized departure functions for a 

group of binary systems (see Lemmon and Jacobsen, 1999). 

The binary specific departure function is an empirical model that is only loosely tied to physical 

information. Its mathematical structure contains polynomials, exponential terms and so-called 

special exponential terms. These special terms were first introduced by Klimeck (2000) to reach 

a more accurate description of phase boundaries than by means of simple exponential terms, 

especially in the critical region. The complete functional form can be written as: 
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The number of terms is chosen by the correlator while fitting the equation to experimental 

thermodynamic properties of the binary mixture of the components i and j. The coefficients nij 

and the exponents dij, tij, lij, ij, ij, ij, and ij are adjustable parameters and varied by a fitting 

algorithm to obtain the best agreement between the experimental data and the properties 

calculated from the equation of state. The parameters ij, ij, ij, and ij are mathematically 

connected and cannot be treated as independent parameters in the fitting process. In the 

development of the EOS-CG model ij and ij were fixed and only ij and ij were fitted (see 

Gernert, 2013). 

The reduced mixture temperature  and density  were defined in equation (2.2). From this 

equation it becomes obvious that the temperature  and density  are not reduced by their values 

at the critical point for mixture calculations. This is evident because each component in the 

mixture has different critical parameters and the overall critical point of the mixture is quite 

difficult to determine. For this reason Kunz et al. (2007) formulated the reducing functions 

 rT x  and  r x  that span a composition-dependent surface between the critical parameters for 

density and temperature of the pure components in the mixture. These functions are defined as: 
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The reducing functions contain the binary parameters  and  which are fitted to experimental 

data and obey the symmetry rules as given by: 
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The general structure of the mixture model includes two functional forms that represent the 

contribution of the pure fluids ( o
o,i  and r

o,i ) and three functional forms which represent the 

contribution of the mixture (  r x ,  rT x , and r
ij ). For the description of the pure fluid 

contributions Kunz et al. (2007), the originators of the GERG-2004 equation of state, which was 

an almost identical precursor of the GERG-2008 model discussed in this report, developed new 

Helmholtz equations of state. These equations of state are slightly less accurate than the 

corresponding reference equations of state, but have a significantly smaller number of terms. 

Frequently, equations with a smaller number of terms show a more reasonable extrapolation 

behavior and are more practical for calculations in the two-phase region – two important 

advantages for the calculation of mixture properties. In the EOS-CG model the pure fluid 

contributions are described by means of the reference equations of state. Thus, the transition 

from mixture to pure fluid calculations is consistent on the level of the best available equations 

of state. Another important reason for this decision is that the pure fluid equation of state for 

water used in the GERG-2004 / -2008 model shows considerable deviations from the IAPWS-95 

reference equation by Wagner and Pruß (2002), particularly in the liquid region. As mentioned 

earlier GERG-2004 and -2008 were originally developed for the description of natural gas 

mixtures, which contain only small amounts of water. Consequently, the inaccuracy in the 

calculation of properties of water is acceptable for this application. When calculating properties 

for mixtures with higher water content (like in CCS mixtures) this aspect becomes more 

relevant. The reference equations of state included in the EOS-CG mixture model are given in 

Table 2.1. 

 
Table 2.1: Equations of state used for the pure fluid components in the EOS-CG mixture model. 

Component Formula Pure fluid equation used in EOS-CG mixture model 

Carbon dioxide CO2 Reference equation of state by Span und Wagner (1996) 
Water H2O Reference equation of state by Wagner and Pruß (2002) 
Nitrogen N2 Reference equation of state by Span et al. (2000) 
Oxygen O2 Reference equation of state by Schmidt and Wagner (1985) 
Argon Ar Reference equation of state by Tegeler et al. (1999) 
Carbon monoxide CO Short industrial equation of state by Lemmon and Span (2006) 

 

The calculation of properties from the Helmholtz free energy mixture model will not be 

described in this work; it was discussed in detail in the PhD thesis of Gernert (2013). His work 

also presents all parameters of the reducing functions and the binary departure functions of the 

15 binary systems included in the EOS-CG model. 
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3 COMPARISON OF THE EOS-CG MIXTURE MODEL WITH 
EXPERIMENTAL DATA AND OTHER MODELS 

The EOS-CG mixture model as introduced in section 2 will be validated based on comparisons 

with available experimental data and other selected models. Of particular interest are the 

comparisons with the GERG-2008 model developed by Kunz and Wagner (2012) – an extended 

version of the GERG-2004 model (see Kunz et al., 2007) covering mixtures of 21 instead of 18 

components. The GERG-2008 model uses essentially the same mathematical structure as EOS-

CG. For binary mixtures with water some additional comparisons are made with the cubic 

equation of state of Holderbaum and Gmehling (1991) (the so called Predictive Soave-Redlich-

Kwong (PSRK) EOS) and with the virial equation of Plöcker et al. (1978) (the so called Lee-

Kesler-Ploecker (LKP) EOS). 

The representation of experimental data is mainly discussed by means of deviation plots or 

absolute plots showing the shape of specific properties depending on e.g. temperature, pressure 

or molar composition. The relative deviations illustrated in the plots are defined as: 

 

exp calc
rel

calc

100
z z

z
z

 
   

 
 (3.1)

with zexp as the experimental value of the state property z and zcalc as the respective value 

calculated from the mixture model. Absolute deviations are given by: 

tot exp calc .z z z    (3.2)

Comparisons of the model with a complete data set are mainly based on the average absolute 

deviation (AAD), which is defined as the arithmetic average of the absolute value of all 

deviations of the M data points of a data set. The AAD value is calculated according to: 

 
rel,

1

1
AAD .

M

m
m

z
M 

   (3.3)

Due to the large amount of available experimental information not all data can be discussed in 

this report. Thus, the validation of the EOS-CG mixture model is mainly based on a discussion 

of selected pT and pTxy data. Additional plots, comments and special characteristics of some 

binary mixtures can be found in the PhD thesis of Gernert (2013), in which the new mixture 

model is introduced. 

 

3.1 Binary Mixtures with Carbon Dioxide 

Due to the comparable shape and range of their two-phase regions it is reasonable to validate the 

representation of binary mixtures of CO2 with nitrogen, oxygen, argon and CO in one section. 

The two-phase region of each mixture is limited by the critical temperature of CO2 

(Tc,CO2 ≈ 304 K) as the upper boundary. The lower boundary is the freezing point of CO2, which 

depends on the pressure and can be obtained from the sublimation or melting line. The pressure 

range of this region extends from the triple point pressure of CO2 (ptp,CO2 ≈ 0.52 MPa) to about 

20 MPa depending on the binary system and the composition. If the CO2 content in the mixture 
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is lower than about 5 mole-% the mixture will not split into two fluid phases but CO2 will 

dissolve completely in the other component. If such a CO2-poor mixture is cooled down below 

the sublimation or freezing temperature of pure CO2 it will form a solid phase in equilibrium 

with a vapor phase. 
 
3.1.1 Carbon Dioxide + Nitrogen 

After a careful evaluation of the available experimental data, Gernert (2013) adopted the 

parameters of the functional form for the system carbon dioxide + nitrogen from the GERG-

2008 without any new fitting. The existing parameters were considered as the optimal fit to the 

data and the physical behavior of the equation was found to be reasonable. 

The number of publications presenting experimental pT data is plentiful, including 

measurements over a wide density range, the major part of the composition range, and for 

temperatures from 200 K to 700 K. In the vapor phase, the best agreement between the model 

and the experimental data was reached for the highly accurate measurements of Jaeschke and 

Humphreys (1991). The data is reproduced with an AAD of 0.025 % and a maximum deviation 

of about 0.1 % . In the supercritical region, there are less accurate data points of e.g. Brugge et 

al. (1997), Bailey et al. (1989) and some recent measurements of Mondéjar et al. (2012). The 

model represents these data with maximum deviations less than 1 % . In the liquid-like phase 

the uncertainty of the model is estimated to be 0.5 % . A selection of deviation plots for the 

vapor and liquid-like phase is given in Figure 3.1. 

 

 

Figure 3.1: Deviations between selected pT data and the new mixture model for the system 
carbon dioxide + nitrogen. 
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The phase boundaries of the system carbon dioxide + nitrogen are presented in more than 20 

publications including measurements over the whole fluid range except for pressures close to the 

critical pressure. Thus, the model shows good representation of the existing data up to about 

0.8 pc (see Figure 3.2). 

 

 

Figure 3.2: Experimental and calculated phase boundaries of the system carbon 
dioxide + nitrogen at 220 K. 

The figure illustrates that at higher pressures the few available data points suggest that the model 

overestimates the bubble pressure line by up to 1 MPa. At given composition and pressure (up to 

10 MPa) the experimental dew and bubble point temperatures are mainly reproduced within 

1 K . For a given temperature and pressure the experimental phase composition are recalculated 

within 0.5  mole-% in the saturated liquid phase and 0.8  mole-% in the gas phase. 

Experimental speed of sound data for binary mixtures is generally spare. However, for the 

mixture of carbon dioxide and nitrogen three data sets are available. The accurate data of 

Younglove et al. (1993) include measurements up to 10 MPa and are reproduced within 1 % . 

The remaining two data sets are significantly less accurate and will therefore not be discussed in 

this report. 

 

Recently, the binary mixture model for carbon dioxide + nitrogen included in EOS-CG was 

employed in some pipeline simulations at SINTEF Energi AS, Norway. During these 

calculations it became apparent, that some isotherms are difficult to evaluate for metastable 

conditions, because common density solver algorithms like the ones implemented in the TREND 

or REFPROP software packages (see Span et al., 2012 and NIST, 2013) do not find a meaningful 
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density value and are therefore not able to predict the two phases. This problem is described in 

more detail in the memo of Aursand and Aashammer Gjennestad (2013).  

Due to some adjustments by RUB, the density solver employed in the new Version 1.1 of 

TREND (see Span et al., 2013) now accepts density solutions in the problematic region and 

computes the correct phase split. However, essentially the observed problems have to be 

considered a shortcoming of the model, which needs to be addressed in future work. This might 

also include modifications of the employed pure fluid equations of state, since first studies 

suggest that the problem is caused by an unreasonable (in the sense of problematic for 

application in mixture models) behavior of the pure fluid equations in their two-phase regions. 

 
3.1.2 Carbon Dioxide + Argon 

The amount and accuracy of the experimental data for the binary system carbon dioxide + argon 

was considered sufficient to fit not only the reducing functions  rT x  and  r1 x  but also the 

specific binary departure function. Due to the quite similar behavior of this system and the 

binary mixtures of carbon dioxide + nitrogen, the parameters of the departure function for 

carbon dioxide + nitrogen were used as starting values in the fitting process. The functional form 

was fitted to experimental vapor-liquid equilibrium (VLE), pT and Joule-Thomson coefficient 

data. 

The pT data base contains seven references that cover the vapor, liquid-like and supercritical 

regions for temperatures between 288 K and 573 K and pressures up to 100 MPa. In general, 

these data are not as accurate as the best measurements for the system carbon dioxide + nitrogen. 

The model represents the data of Altunin and Koposhilov (1976), Altunin and Koposhilov 

(1977), and Schönmann (1971) with acceptable deviations, namely 0.5 %  in the gas phase at 

elevated temperatures or low pressures, and 1 %  near the phase boundary. The measurements 

of Kosov and Brovanov (1975) and Mantovani et al. (2012) already show considerable 

deviations at low pressures. Therefore, Gernert (2013) considered these data as not accurate 

enough to be included in the fitting process. This evaluation seems to be reasonable with regard 

to the inconsistency of these measurements in the liquid phase. Deviation plots for the 

experimental data in the liquid and vapor phase are shown in Figure 3.3. 
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Figure 3.3: Deviations between selected pT data in the gas and liquid phase and the new 
mixture model for the system carbon dioxide + argon. 

 

More detailed comparisons of the EOS-CG mixture model with experimental pT data for 

carbon dioxide + argon are included in the work of Gernert (2013). 

Experimental data for phase boundaries of the system carbon dioxide + argon are given in three 

references. The most recent one by Coquelet et al. (2008) presents pTxy measurements that were 

found to be the most accurate ones available. The right plot in Figure 3.4 illustrates that fitting 

the functional form of the mixture model to these data significantly improved the representation 

of phase boundaries (particularly at higher temperatures and pressures) compared to the GERG-

2008 model. 
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Figure 3.4: Description of the phase boundaries of the system carbon dioxide + argon by the 
GERG-2008 and the EOS-CG model. 

The left diagram in Figure 3.4 depicts phase envelopes for three different compositions of the 

system carbon dioxide + argon as calculated with the EOS-CG mixture model and the GERG-

2008 model. Along the dew line and at moderate pressures the models show close agreement. In 

contrast, the location of the maximum and critical pressure and the shape of the bubble line 

diverge strongly. With regard to the improved reproduction of the experimental data especially 

at higher temperatures and pressures this aspect is not surprising. However, a comparison of 

phase envelopes below temperatures around 216 K (depending on the composition) has only 

limited significance, because the system will probably form a solid phase that cannot be 

described by Helmholtz mixtures models alone. 

The functional form of the model was also fitted to Joule-Thomson coefficient data. The only 

data available was measured by Strakey et al. (1976). The authors claim an experimental 

uncertainty of 2.5 % in the gas phase and 1 % in the liquid phase. The reproduction of these data 

with the EOS-CG model is illustrated in Figure 3.5. 
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Figure 3.5: Absolute and relative deviations between experimental Joule-Thomson coefficient 
data and the EOS-CG mixture model. 

The deviation plots (right side of figure 3.5) show that all data points are represented with 

maximum deviations of 0.2 K/MPa, corresponding to less than 2.5 %. The given uncertainty 

of 1 % in the liquid phase is not met by the model but was believed to be unrealistic by Gernert 

(2013) because the values of Joule-Thomson coefficients become very close to zero at high 

pressures. Thus, giving relative deviations is not meaningful in this region.  

 
3.1.3 Carbon Dioxide + Oxygen and Carbon Dioxide + Carbon Monoxide 

The very limited amount of experimental data for the binary systems carbon dioxide + oxygen 

and carbon dioxide + carbon monoxide did not enable the development of departure functions 

for these mixtures. Therefore, only the parameters of the reducing functions were adjusted. 

For the mixture with oxygen the only available pT data were measured by Mantovani et al. 

(2012). Like the measurements for carbon dioxide + argon presented in the same publication 

these data were not considered reliable and were therefore only partly included in the fit. In 

addition, Muirbrook (1964) measured some saturation densities for the 273 K isotherm. At lower 

pressures these values agree well with values calculated from the mixture model, but they show 

larger deviations closer to the critical pressure. However, due to the lack of comparative data 

these measurements will not be further discussed in this report. 

Figure 3.6 illustrates phase boundaries calculated with the new EOS-CG model and the GERG-

2008. 
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Figure 3.6: Description of the phase boundaries of the system carbon dioxide + oxygen by the 
GERG-2008 model and by the EOS-CG model. 

Although the experimental VLE data scatter considerably, the description of the phase boundary 

was significantly improved compared to the GERG-2008 model. This improvement becomes 

particularly evident at the bubble line for higher oxygen contents and lower temperatures. 

 

For the system carbon dioxide + carbon monoxide there are three pT and two VLE data sets 

available. Again, the available pT data cover such a limited area of the fluid phase that the 

uncertainty of the models can only be estimated. In the gas phase Gernert (2013) claims an 

uncertainty of 1 %  for EOS-CG, while liquid densities should be calculated within  2-3 %.  

In comparison to the GERG-2008 the representation of VLE data achieved with the EOS-CG 

model is significantly better again. Nevertheless, it should be noted that the two data sets by 

Christiansen et al. (1974) and Kaminishi et al. (1968) diverge considerably (see Figure 3.7). 
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Figure 3.7: Description of the phase boundaries of the system carbon dioxide + carbon 
monoxide by the GERG-2008 and the EOS-CG model. 

 

3.2 Binary Mixtures with Water 

The EOS-CG mixture model includes binary mixtures of water with carbon dioxide, nitrogen, 

oxygen, argon and carbon monoxide. For all these systems the low solubility of the gases in 

water and the small water contents in saturated gases is characteristic. The difference between 

the critical values of water and the other components is large. In combination with the two 

characteristic features mentioned above, this leads to a wide pTx region where the system splits 

into two phases. This two-phase region is not limited by an upper pressure limit, but increases to 

“infinite” pressure. By contrast, the upper temperature limit corresponds approximately to the 

critical temperature of water and the lower limit to the formation temperature of ice or hydrates.  

 
3.2.1 Water + Carbon Dioxide 

Among all other binary mixtures included in the EOS-CG mixture model, the binary system 

water + carbon dioxide is probably the most complex one to describe. The unique characteristics 

of the system are discussed in several publications such as Jäger et al. (2013) or Gernert (2013) 

and will therefore not be repeated in this report. However, the complexity of the system required 

some compromises about fitting the experimental data. In the two-phase region it was not 

possible to fit the data over the whole temperature and pressure range. In the work of Gernert 

(2013) this problem is described as follows: “If the model was forced to follow the high-

temperature, high-pressure data […] the phase compositions at lower temperatures were not 

represented well, and vice versa.” 
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In general, pT data for the system water + carbon dioxide are plentiful. There are almost 3000 

available data points covering temperatures up to 1023 K and pressures up to 600 MPa. In the 

gas phase the most accurate densities are provided by Patel and Eubank (1988). These 

measurements include CO2 contents > 50 % and cover a temperature range between 323 K and 

500 K at pressures up to 10 MPa. The new mixture model reproduces these data within 0.2 %  

and with an AAD of 0.02 %. In addition, there are gas phase measurements by Fenghour and 

Wakeham (1996) and unpublished data by McLinden (2011) covering higher temperatures up to 

700 K and pressures up to 35 MPa. The data are less accurate than the measurements of Patel 

and Eubank (1988) and are probably affected by some systematic errors. The EOS-CG model 

represents these data points with deviations up to 2 % . The data situation in the liquid phase is 

questionable, too. The existing measurements diverge strongly (up to 1.5 %). For the 

development of the new mixture model the data set of Hebach et al. (2004) was considered the 

most reliable one. The data go well together with the measurements of King et al. (1992). Both 

data sets are described within 0.5 %  over the whole pressure and temperature range and within 

0.2%  up to 10 MPa. In the supercritical high-density region (T > 650 K and 

30 MPa < p < 600 MPa) the discrepancies between the different data sets are so significant that 

an accurate fit was impossible. The pT data situation is illustrated in the following two figures. 
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Figure 3.8: Deviations between selected experimental pT data and the new mixture model in 
the saturated liquid and vapor region for the system water + carbon dioxide. 

Figure 3.8 shows some exemplary deviation plots for the saturated liquid and vapor region, 

whereas Figure 3.9 depicts deviations in the supercritical region as well as an absolute pressure 

over density plot along supercritical isotherms. 

 



IMPACTS Page 17 

 

 

  Copyright © IMPACTS Consortium 2012-2015 

 

Figure 3.9: Left: Deviations between selected experimental pT data and the evaluated mixture 
models in the supercritical region for the system water + carbon dioxide. Right: Pressure over 
density along isotherms in the supercritical region including experimental data and different 
mixture models. 

Although the amount of experimental values for the CO2 solubility and saturated water content 

is comparably large, a majority of the data were only of limited importance in the fitting process. 

The reason for this is the low accuracy of some data sets and the fact that a large number of 

publications contains only information on one of the phases in equilibrium. The data cover the 

whole fluid range but the high-temperature and high-pressure VLE region is included only in the 

data sets of Takenouchi and Kennedy (1964) and Tödheide and Franck (1963). These 

measurements show large differences in the phase compositions and critical pressures and were 

therefore found to be less accurate. In the low-temperature (VLE) region, accurate solubility data 

is given by Anderson (2002), Chapoy (2004) and Dalmolin et al. (2006). The new EOS-CG 

mixture model reproduces these data within maximum deviations of 0.2 mole-%. The agreement 

between experimental and calculated phase compositions is shown in Figure 3.10. The two 

absolute plots included in the figure also illustrate the representation of the data reached with the 

GERG-2008, with the cubic PSRK equation of state of Holderbaum and Gmehling (1991) and 

with the virial LKP equation of Plöcker et al. (1978). 
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Figure 3.10: Experimental and calculated phase compositions for the system water + carbon 
dioxide at two different isotherms. 

Based on the shown plots it becomes apparent that the EOS-CG mixture model represents the 

experimental data significantly better than all other models. However, there is still a tendency to 

overestimate the solubility at elevated temperatures. 
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In the liquid-liquid-equilibrium region the new mixture model shows close agreement with the 

data of King et al. (1992) and Teng et al. (1997). The deviations for these data are within 

0.3 mole-%. At temperatures above 500 K and pressures above 20 MPa the model starts to 

diverge significantly from the experimental VLE data. Gernert (2013) describes the situation in 

this region as follows: “While the data sets by Takenouchi and Kennedy (1964) and Tödheide 

and Franck (1963) suggest a ‘closed’ VLE region above 540 K with a critical pressure below 

140 MPa the model predicts an ‘open’ VLE region (no critical pressure) up to 600 K […].” This 

disagreement is illustrated in Figure 3.11. 

 

 

Figure 3.11: Experimental and calculated phase compositions at high temperatures for the 
system water + carbon dioxide at two different isotherms. 

While the new mixture model mainly shows a better agreement with the data than the GERG-

2008, the PSRK and LKP models describe the phase equilibrium better at high temperatures and 

pressures. 

 
3.2.2 Water + Nitrogen 

Beside of the system water + carbon dioxide the binary mixture of water with nitrogen is the best 

measured system within all water mixtures included in EOS-CG. Due to this good data situation 

it was not only possible to fit the reducing functions but also the specific binary departure 

function for the system. 

In the gas phase, the most reliable densities were measured by McLinden (2011) covering 

temperatures between 500 K and 620 K and pressures up to 25 MPa. The EOS-CG mixture 

model generally reproduces these data within 0.5 %  and with an AAD of 0.2 % . Deviation 
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plots for these data are shown in Figure 3.12. Additionally, the figure includes other less 

accurate pT data measured in the vapor, liquid-like and supercritical region. 

 

 

Figure 3.12: Deviations between experimental pT data and the new mixture model in the 
vapor, liquid-like, and supercritical region for the system water + nitrogen. 

Although the data situation for water + nitrogen was found to be quite good, the number of 

complete pTxy data sets is limited. In Figure 3.13 the available data points are compared to 

values calculated with other mixture models. It can be seen that a considerable improvement is 

reached by employing the new EOS-CG model. 

As typical for mixtures with water, the GERG-2008 and the LKP model significantly 

underestimate the solubility of nitrogen in water. The new mixture model gives a physically 

reasonable description of the temperature and pressure dependence of the solubility up to 573 K 

and 100 MPa and extrapolates well up to 500 MPa. The accurate solubility measurements of 

Chapoy et al. (2004), Smith et al. (1962), and Kennan and Pollack (1990) are reproduced with 

AAD values below 0.007 mole-%. The deviations increase for high-pressure values like the ones 

given by Krichevsky and Kasarnovsky (1935) (up to 0.12 mole-% at 100 MPa and 373 K). 
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Figure 3.13: Experimental and calculated phase compositions at two isotherms for the system 
water + nitrogen. 

 
3.2.3 Water + Oxygen and Water + Argon 

Due to a quite similar data situation the two systems water + oxygen and water + argon can be 

discussed in one section. For both systems the number of publications providing experimental 

information is small. Therefore, it was not possible to fit all adjustable parameters of the 

functional form. For water + oxygen the departure function of the system water + nitrogen was 

used as a generalized departure function by fitting only the weighing parameter Fij. The 

representation of the experimental data for water + argon could not be improved by means of 

such a generalized function. Thus, Gernert included only the parameters of the reducing 

functions in the fitting process. 

The representation of the few available pT measurements will not be discussed in this report 

because most of the data cover the high-pressure, high-temperature region outside of the range 

of validity of the new mixture model. A short discussion and some deviation plots showing these 

data can be found in Gernert (2013). Figure 3.14 depicts the description of phase boundaries for 

the system water + argon by means of the new mixture model and the GERG-2008 model. 
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Figure 3.14: Experimental and calculated isothermal phase boundaries of the binary system 
water + argon. 

Both the representation of the data and the extrapolation behavior were improved by the new 

model. The data sets by Koglbauer and Wendland (2008) and Rigby and Prausnitz (1968) are 

reproduced mainly within 0.05 mole-%. Not shown in the plots are the accurate low 

temperature measurements of Oellrich and Althaus (2001) that are represented within 

0.002 mole-%. 

For the system water + oxygen there are only a few phase boundary measurements given by 

Wylie and Fisher (1996). Deviations between these data and values calculated from the new 

mixture model are within 0.02 mole-%. 

 
3.2.4 Water + Carbon Monoxide 

Experimental data for the system water + carbon monoxide is quite limited. There are no pT 

measurements and only one pTxy data set provided by Gillespie and Wilson (1980) that covers 

temperatures between 310 K and 588 K and pressures up to 14 MPa. Due to this poor data 

situation the departure function for the system water + nitrogen was used as a generalized 

departure function by adjusting the weighing factor Fij. Furthermore, only three of the four 
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parameters included in the reducing functions were adjusted to avoid overfitting the functional 

form. 

The liquid phase data of Gillespie and Wilson (1980) are reproduced with a maximum deviation 

of 0.03 mole-% and an AAD of 0.011 mole-% whereas the gas-phase data are described within 

deviations of 2 mole-% and an AAD of 0.372 mole-%. 

 

3.3 Other Binary Mixtures 

Besides the binary mixtures with carbon dioxide and with water the EOS-CG mixture model 

includes six systems that are binary combinations of the main components of air, namely 

nitrogen, oxygen, and argon, and additionally carbon monoxide. In comparison to the systems 

with carbon dioxide and water the behavior of these mixtures is relatively simple. Therefore and 

due to the limited data situation no departure functions were fitted for these systems. The 

amount of experimental data for the binary mixtures of the air components is quite limited to 

measurements along the phase boundaries whereas homogenous data are comparably spare. The 

availability of data for binary mixtures with carbon monoxide is generally poor. 

 
3.3.1 Nitrogen + Oxygen 

After validating the representation of thermophysical properties of the system nitrogen + oxygen 

with the GERG-2008 model, Gernert (2013) decided to adopt the reducing parameters of this 

model without any readjustment. These parameters already yield the best agreement between 

experimental data and properties calculated from the mixture model. Furthermore, new data that 

would require further fitting efforts have not become available since the development of the 

GERG-2008 model. 

Experimental pT data in the homogeneous gas, liquid and supercritical phase is given in five 

references of which only three include measurements above atmospheric pressure. Two of these 

references are unpublished data sets of the thermodynamics group at Ruhr-University Bochum 

measured by Wöll (2003) and Schilling (2003), which cover parts of the supercritical gas region. 

The third reference by Kuenen et al. (1922) also includes measurements in the supercritical 

liquid-like region and near the critical point. Not surprisingly, these data are not as accurate as 

the measurements of the thermodynamics group in Bochum published more than 80 years later. 

In the gas region, the EOS-CG mixture model reproduces the experimental data within 0.1 % , 

and within 0.025 %  for pressures below 7 MPa, respectively. The data of Kuenen et al. (1922) 

is described within an uncertainty of 1 %  (in pressure) near the critical point and within 

2 % (in density) in the liquid-like supercritical region. Deviation plots for the gas, liquid and 

critical region are given in Figure 3.15.  
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Figure 3.15: Deviations between experimental pT data in the gas, liquid and critical region and 
the new mixture model for the system nitrogen + oxygen. 

The phase boundaries of the system were measured by a couple of authors but most of the data 

are older than 40 years. In general, the GERG-2008 model and the EOS-CG model, using the 

same mixting rules as GERG-2008, reproduce the data within their scatter and without any 

systematic offset. Figure 3.16 shows a selection of the available data including the most recent 

measurements by Baba-Ahmed et al. (1999). 

 

 

Figure 3.16: Experimental and calculated phase compositions at 110 K for the system 
nitrogen + oxygen. 

Absolute deviations between measured and calculated dew and bubble point temperatures are for 

most of the data points below 0.5 K  whereas the corresponding AAD values for the data of 

Hiza et al. (1990) and Baba-Ahmed et al. (1999) are below 0.01 K . 
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3.3.2 Nitrogen + Argon 

The parameters of the reducing functions for the system nitrogen + argon were not directly 

adopted for the EOS-CG mixture model but were used as starting values for some careful fitting 

calculations. The aim of this refitting was mainly to obtain a consistent transition from the 

mixture model to the pure fluid (reference) equations used in the EOS-CG model. However, 

Gernert (2013) found the prediction of pT data and phase boundaries to be basically identical 

for EOS-CG and GERG-2008. 

In comparison to other binary mixtures discussed in this work the amount of available pT data 

for the system nitrogen + argon is quite large. There are more than 1000 data points from nine 

different publications covering temperatures between 70 K and 423 K and pressures up to 

800 MPa. Unfortunately, none of these data sets can be considered very accurate. In the gas 

phase most of the data are reproduced within 0.5 %  with higher deviations near the critical 

point. In the critical region deviations are still within 1 %  except for the strongly scattered data 

of Crain and Sonntag (1966). The majority of the liquid-like measurements are also described 

within 0.5 %  including the high-pressure data of Maslennikova et al. (1979). Deviations plots 

including the most accurate experimental data are given in Figure 3.17. 
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Figure 3.17: Deviations between experimental pT data and the new mixture model in the gas, 
supercritical, and liquid phase for the system nitrogen + argon. 

Measurements for phase boundaries for nitrogen + argon are presented in 12 references 

including a total of 500 data points that cover nearly the whole two-phase region. The EOS-CG 

model mainly describes the data within the experimental scatter; results are almost identical with 

those of the GERG-2008 model. As an example Figure 3.18 shows two plots of isothermal phase 

boundaries at 100 K and 110 K. More plots are included in the appendix of the work of Gernert 

(2013). 
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Figure 3.18: Experimental and calculated phase boundaries of the system nitrogen + argon. 

 
3.3.3 Oxygen + Argon 

The binary mixture of oxygen and argon is not as well measured as the two systems of dry air 

components discussed above. Only three data sets describe the pT relation. The earliest 

publication of Masson and Dolley (1923) just includes measurements of the equimolar gaseous 

mixture along one isotherm (298 K). The data are found to be less accurate and can only be 

reproduced with a constant offset of about -1.3 %. Liquid densities at low pressures are 

presented by Blagoi and Rudenko (1958) and Saji and Okuda (1965). In general EOS-CG 

describes these data within 0.5 %  (see Figure 3.19). 

 

 

Figure 3.19: Deviations between experimental pT data and the new mixture model in the 
supercritical gas and liquid phase for the system oxygen + argon. 

Experimental data for phase boundaries are given in 12 different references. The measurements 

of Burn and Din (1962), Clark et al. (1954), Narinskii (1957), and Pool et al. (1962) are 

considered the most accurate data available. As Figure 3.20 illustrates, the representation of the 

available data is quite similar for the EOS-CG and the GERG-2008 mixture model. 
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Figure 3.20: Experimental and calculated phase boundaries of the system oxygen + argon. 

Vapor pressures calculated from both mixture models are slightly higher than the experimental 

values given in the references mentioned above. However, experimental values for bubble and 

dew point temperatures are still reproduced within 0.05 K . 

 
3.3.4 Nitrogen + Carbon Monoxide 

For the system nitrogen + carbon monoxide two highly accurate pT data sets are available. The 

measurements of Jaeschke and Humphreys (1991) were performed with two different apparatus 

leading to estimated experimental uncertainties of 0.07 % and 0.08 %, respectively. The authors 

measured just one nitrogen-rich mixture ( N2 0.9669x  ) in a temperature range from 273 K to 

353 K and pressures up to 30 MPa. The second data set presented by Mondéjar et al. (2011) 

includes two compositions ( N2 0.85 and 0.95x  ) and covers a broader temperature range from 

250 K to 400 K. The experimental uncertainty of these data is estimated to be 0.10 %. The EOS-

CG mixture model reproduces both data sets within 0.05 %  and thus within their experimental 

uncertainties. Although the development of the reducing functions benefited from the high 

accuracy of these data, the small composition range made it difficult to shape the physical 

behavior of the model. In addition, no data was found for liquid-like densities. 
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In comparison to the pT data situation, the amount of publications presenting the phase 

boundaries is satisfying. There are eight available data sets covering a wide pTx region. 

However, some of these data sets show a large scatter and are thus considered less accurate. The 

most accurate measurements are provided by Gill and Morrison (1966), Pool et al. (1962), and 

Sprow and Prausnitz (1966). The representation of the experimental data for three isotherms is 

shown in Figure 3.21. Some additional plots are presented in Gernert (2013). 

 

 

Figure 3.21: Experimental and calculated phase boundaries of the system nitrogen + carbon 
monoxide. 

The prediction of phase boundaries by the EOS-CG model and the GERG-2008 model is almost 

identical. The most accurate experimental data for dew and bubble point temperatures are 

reproduced with absolute deviations below 0.05 K.  

 
3.3.5 Oxygen + Carbon Monoxide and Argon + Carbon Monoxide 

The last two binary systems discussed in this report are oxygen + carbon monoxide and argon + 

carbon monoxide. For both systems there are little or no experimental data available. 

For the system argon + carbon monoxide the data base includes two data sets by Duncan and 

Staveley (1966) and Christiansen et al. (1973) describing the phase boundaries at three different 
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temperatures and some data points by Pool et al. (1962) for the excess volume at the triple point 

conditions of pure argon. Due to this poor data situation the adjusted parameters of the GERG-

2008 model were adopted for the EOS-CG model without any new fitting. With these 

parameters the shape of the phase boundary data is reproduced correctly; the uncertainty of 

calculated densities is estimated to be 0.2 %.  

No data was found for the system oxygen + carbon monoxide. The parameters of the reducing 

functions were therefore set to unity; the mixing rules of both GERG-2008 and EOS-CG are 

used purely on the basis of combination rules. 
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4 CONCLUSION AND OUTLOOK 

This report presents a thorough validation of the current version of the reference model for 

thermodynamic properties of CO2-rich mixtures, the EOS-CG model by Gernert (2013). The 

validation is based on detailed comparisons with selected experimental data and with other 

established models. Particular attention was paid to comparisons of the new mixture model with 

the GERG-2008 equation of state for natural gas mixtures developed by Kunz and Wagner 

(2012), since the mathematical structure and some binary mixing parameters of this equation 

were adopted in the EOS-CG mixture model. 

 

Based on the existing experimental data it can be noted that the new model represents the 

currently best fit to all reliable data points. For all binary mixtures both the representation of the 

data and the extrapolation behavior of EOS-CG are comparable or better the ones of the GERG-

2008 model. Significant improvements were reached with regard to the description of properties 

of binary mixtures with water. However, future publications presenting new accurate data might 

require some further validations or careful refitting, in particular for binary systems where the 

current data situation is quite limited like, e.g., carbon dioxide + carbon monoxide, 

water + oxygen or water + carbon monoxide. 

 

RUB is currently working on an extension of EOS-CG to methane and hydrogen to cover 

mixtures with the remaining secondary components. As a first step a complete database of 

experimental data for binary mixtures with methane is being developed. With regard to mixtures 

containing hydrogen current work by colleagues at the National Institute of Standards and 

Technology in Boulder and at the Washington State University is monitored to avoid 

duplications of work.  
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TABLE OF SYMBOLS 
 
Latin Symbols 
a Molar Helmholtz free energy 

F Departure function parameter 

K Number of terms in the EOS 

M Number of measurements in a data sets 

N Number of components in a mixture 

n ‒ Amount of substance, mole number  

‒ Coefficient of the Helmholtz equation of state 

‒ Iteration step 

p Pressure 

R Universal gas constant 

T Temperature 

x ‒ Mole fraction of one component in a mixture 

‒ Mole fraction of one component in the liquid phase 

x̄ Molar composition (vector of mole fractions) 

y Mole fraction of one component in the gas phase 

z Arbitrary thermodynamic property 
 
Greek Symbols 
 Finite change of a variable 

 Reduced Helmholtz free energy 

 ‒ Binary reducing function parameter 

‒ Adjustable parameter in the binary departure function r
ij  

 Reduced density 

 Adjustable parameter in the binary departure function r
ij  

 Adjustable parameter in the binary departure function r
ij  

 Adjustable parameter in the binary departure function r
ij  

JT Joule-Thomson coefficient 

 Molar density 

 Inverse reduced temperature, r T 
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Subscripts 
c Property at critical conditions 

calc Calculated property 

exp Experimental property 

i,j,k,m Component indices 

N Last component in the mixture 

o Pure fluid property 

r Reducing parameter 

rel Relative deviation 

tot Absolute deviation 

tp Property at the triple point 
 
Superscripts 
o Ideal-gas property 

r Residual property 
 
Abbreviations 
AAD Absolute average deviation 

CCS Carbon capture and storage 

EOS Equation of state 

EOS-CG Equation of state for combustion gases and combustion gas like mixtures 

exp Exponential term 

LKP Lee-Kesler-Ploecker equation 

LLE Liquid-liquid equilibrium 

pol Polynomial 

PSRK Predictive Soave-Redlich-Kwong equation 

pT Pressure-density-temperature relation 

pTxy Data set of liquid and vapor phase compositions at given T and p 

spec Special exponential term 

SRK Soave-Redlich-Kwong equation 

VLE Vapor-liquid equilibrium 
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