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Abstract 10 

  Heat capacities are fundamental properties of fluids for heat transfer applications. 11 

Accurate data can be generally obtained by experimental methods, which are usually 12 

expensive, difficult and time-consuming. In terms of the calculations of heat capacities, 13 

many models have been proposed in literature. Equations of state represent one of the most 14 

promising methods, but their performance has not been systematically studied and 15 

extensively reviewed. In this work, calculations and performance of various equations of 16 

state for heat capacities are reviewed, and the different contributions to heat capacities are 17 

also discussed. The accuracy of the calculated heat capacities, as presented in literature, is 18 

also compared for some specific compounds, and the effects of different parametrization 19 

strategies as well as association schemes are analyzed. Finally, calculations for both 20 

associating and non-associating compounds are performed using two association models, 21 

Cubic Plus Association and Perturbed-Chain Statistical Associating Fluid Theory equations 22 

of state, for a wide range of compounds for which the heat capacity results from literature 23 

are available. 24 

 25 

1. Introduction 26 

  Heat capacities, including both isochoric and isobaric one, belong to the most important 27 

thermophysical properties of fluids. They are related to the temperature derivatives of 28 

fundamental thermodynamic functions and they can, therefore, be used to derive other 29 

properties such as enthalpy and entropy.1−4 In the context of equations of state (EoS), heat 30 
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capacities are of interest also for testing the performance limits of such models.5 Variations 31 

in heat capacities are also required for understanding the changes of the fluid structures1,4 32 

and heat transfer processes in the industrial aspects.6 33 

  Equations of state are effective tools for representing the thermophysical properties of 34 

fluids including heat capacities, which can be calculated by the following two equations: 35 
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where Cv, Cp and Cp
id represent the isochoric, isobaric and ideal gas heat capacities, 38 

respectively. F res is the residual molar Helmholtz free energy, and R is the universal gas 39 

constant. At present, EoS based on the perturbation theory are considered among the most 40 

popular tools for thermodynamic calculations. Examples of such models are the Statistical 41 

Associating Fluid Theory (SAFT) and the Cubic Plus Association (CPA) EoS. The former 42 

model was proposed by Chapman et al.7,8 Following these original studies, many different 43 

EoS based on the SAFT framework were developed.9−15 The CPA equation of state (EoS) 44 

is a combination of cubic EoS, e.g. Soave−Redlich−Kwong (SRK) and the association 45 

contribution from SAFT. It was first developed by Kontogeorgis et al.16 in an attempt to 46 

balance the accuracy and simplicity of an EoS.17 The parameters of SAFT and CPA are 47 

obtained from experimental data, most often saturated densities and vapor pressures. 48 

Therefore, these models can usually give a satisfactory representation for these two 49 

properties, while for some thermodynamic derivative properties e.g. heat capacities, the 50 
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performance may get unsatisfactory. 51 

  In some cases, heat capacities are calculated in order to test the predictive ability of an 52 

EoS for second-order thermodynamic derivative properties. For this reason, isochoric (Cv) 53 

and isobaric (Cp) heat capacities have been calculated by several researchers using different 54 

EoS, and the results are summarized in Table 1. Some of the most important studies are 55 

discussed hereafter. 56 

  Palma et al.18−20 modified the CPA EoS with a five-parameter function in the attractive 57 

term (the so-called α function) and a volume shift, and they analyzed its performance for 58 

the estimation of saturated Cv, Cp, and residual Cp (Cp
res) for water and alcohols. Then, they 59 

compared their results with the original CPA. Polishuk and co-workers15,21−27 attached the 60 

attractive term of cubic EoS to the SAFT EoS, and they calculated the Cv and Cp of both 61 

associating and non-associating compounds using two SAFT-type models (PC-SAFT, 62 

SAFT-VR-Mie) and also, CPA, SBWR and PR for comparison. In addition, the 63 

performance of another EoS within the PC-SAFT framework named CP-PC-SAFT for heat 64 

capacities of several fluids was also tested by Polishuk and co-workers28−30. In their studies, 65 

it was mentioned that the available Cp data might have noticeable uncertainties, which 66 

make the evaluation of the performance of these models difficult.22,30 Liang et al.,31 67 

Diamantonis and Economou,32 and de Villiers et al.33 compared the accuracy of the PC-68 

SAFT, SAFT and CPA EoS for the calculation of Cv, Cp, and their residual values. Different 69 

parameter sets for these EoS and association schemes of associating compounds were 70 

analyzed. In the work of de Villiers et al.33, the performance of these models for derivatives 71 
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of pressure by volume (dp/dV) and temperature (dp/dT), which are linked to the isobaric 72 

heat capacity, were also discussed. Burgess et al.34 tested a new PC-SAFT EoS with a 73 

“hybrid” group contribution method by calculating the Cp of some non-associating 74 

substances. Their calculations were performed at both low-pressure (lower than 7 MPa) 75 

and high-pressure (up to 276 MPa) conditions. Lafitte et al.35 calculated the Cp and Cp
res of 76 

alcohols and their binary mixtures with alkanes through a SAFT-VR EoS based on the Mie 77 

potential (SAFT-VR-Mie). The performance of the model for pure alkanes was compared 78 

with the SAFT-VR-SW EoS over a wide pressure range.36 Following this work, a modified 79 

SAFT-VR-Mie with a higher-order perturbation term was then developed by Lafitte et al.,37 80 

and the performance of the new model was tested by several properties including the 81 

isobaric heat capacity. The accuracy of calculated Cv with SAFT-VR-Mie for the mixtures 82 

of fatty acid methyl esters (FAMEs) was analyzed by Perdomo and Gil-Villegas.38 A simple 83 

mixing rule with a binary interaction parameter fitted to the density and sound velocity data 84 

was used in their work. Vega and co-workers39−42 estimated the heat capacities of several 85 

substances and their mixtures in the subcritical and critical regions using soft-SAFT. A 86 

crossover approach on the basis of the renormalization group theory was used in order to 87 

improve the performance in the critical region. Maghari et al.43,44 investigated the 88 

predictive ability of SAFT-BACK for heat capacities and their residual values. In their 89 

studies, both alkanes and their mixtures were considered over wide pressure ranges, up to 90 

300 MPa for alkane mixtures. Another model in the PC-SAFT framework, which is named 91 

ePC-SAFT with a Coulomb interaction term for charged species and applicable to ionic 92 
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liquids (ILs), was studied by Shen et al.45 In their study, the IL molecule is considered as a 93 

combination of IL-cation and IL-anion rather than a complete molecule. Except for the 94 

CPA- and SAFT-type EoS, there are some other types of EoS being used for heat capacities 95 

estimation. Diedrichs et al.46 calculated the liquid Cp for 33 pure compounds including 96 

associating fluids through a group contribution VTPR (Volume Translated Peng-Robinson) 97 

EoS, and different parametrization strategies were considered for comparison. Using the 98 

PHTC (Perturbed Hard-Trimer-Chain) EoS, Alavianmehr et al.47 predicted the Cp of 99 

several fatty acid ethyl esters (FAEEs) at pressures up to 100 MPa, and the results were 100 

compared with the calculated data from literature. 101 

  The equation of state approach is generally considered as an indirect method for heat 102 

capacity estimation and can also be used to calculate other required properties of fluids. In 103 

addition, methods specifically developed for heat capacity have also been proposed, such 104 

as group contribution (GC) methods48−52, corresponding states methods52,53 and some 105 

innovative methods based on quantum mechanics.54−56 These methods have been used for 106 

the calculations of heat capacities for several compounds, and good agreement between the 107 

calculated values and the experimental data was observed. However, the group contribution 108 

and corresponding states methods are generally empirical and applicable to the properties 109 

at atmospheric pressure and temperatures far from the critical points, while for a global 110 

calculation method of heat capacities with a physically sound background, EoS are usually 111 

preferred. Therefore, the remainder of this study is focused on EoS, especially those based 112 

on the SAFT framework. First, the overall performance of each EoS on heat capacities is 113 
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presented according to the literature studies. Then, different equations are compared for 114 

some specific compounds containing n-alkanes, 1-alochols and water. Next, the 115 

performance of the CPA and PC-SAFT EoS is systematically evaluated and discussed via 116 

the calculations of the heat capacities of many compounds in the compressed and critical 117 

isothermal regions. At last, the manuscript is completed with our conclusions. 118 
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Table 1. Literature studies for the calculation of heat capacities using equations of state 119 

Author Model T/K a p/MPa Substance Property Ref. 

Palma et al. Modified CPA 251−533 Saturation Alcohol Cp 18 
 Modified CPA 260−576 Saturation Water Cv, Cp 19 
 Modified CPA 260−490 Saturation 1-Alcohol Cv, Cp, Cp

res 20 

Polishuk and co-workers SAFT + Cubic, 

SAFT-VR-Mie, PR 

150−1400 Saturation, 

0.1−1000 

Water, methanol, carbon dioxide, 

n-pentadecane 

Cv, Cp 15 

 SAFT + Cubic 293−413 0.1−160 Di-isodecyl Phthalate Cv 21 
 SAFT + Cubic, PC-SAFT 298−433 0.1−240 1-Alkene Cv, Cp 22 
 SAFT + Cubic, PC-SAFT 80−500 Saturation Halomethane Cv, Cp 23  

SAFT + Cubic, PC-SAFT 150−420 Saturation, 

0.1−120 

Haloethane Cv, Cp 24 

 SAFT + Cubic, PC-SAFT 299−433 0.1−1000 n-Octane, n-octane + n-hexadecane Cv, Cp 25  
SAFT + Cubic, SBWR 243−503 Saturation, 

0.1−1000 

n-Hexane Cv 26 

 SAFT + Cubic, 

PC-SAFT, CPA 

298−323 0.1−150 Ionic liquid Cv, Cp 27 

 
CP-PC-SAFT 250−550 0.1 Ionic liquid Cv, Cp 28 

 CP-PC-SAFT, PC-SAFT 270−1273 Saturation, 

30−1000 

Water Cv, Cp 29 

 CP-PC-SAFT, 

GC-PPC-SAFT 

150−450 Saturation Alcohol, ketone, ether, ester Cp 30 

Liang et al. CPA, PC-SAFT 280−620 Saturation Water Cv
res, Cp

res 31 

Diamantonis and Economou SAFT, PC-SAFT 80−695 0.1−20 Carbon dioxide, nitrogen, oxygen, 

methane, water, hydrogen sulfide 

Cv, Cp, Cv
res 32 

de Villiers et al. CPA, SAFT, PC-SAFT 0.5−1.1Tc, 

325−570 

0.01−100, 

10−30 

n-Alkane, 1-alcohol Cv, Cp 33 

Burgess et al. GC-PC-SAFT 323−533 0.1−276 Toluene, 2-methylbutane, n-decane Cp 34 
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Author Model T/K a p/MPa Substance Property Ref. 

Lafitte et al. SAFT-VR-Mie 298−570 0.1−60 Alcohol, n-alkane + 1-alcohol Cp, Cp
res 35  

SAFT-VR-Mie, 

SAFT-VR-SW 

298−403 0.1−100 n-Alkane Cp, Cp
res 36 

 Modified SAFT-VR-Mie 100−470 0.1−150 n-Alkane, 1-alcohol, perfluoroalkane Cv, Cp 37 

Perdomo and Gil-Villegas SAFT-VR-SW 300−700 0.1 FAME mixture Cv 38 

Vega and co-workers soft-SAFT 293−500 0.1−50 n-Alkane, perfluoroalkane, 

1-alcohol, water 

Cp, Cv
res, Cp

res 39 

 
(crossover) soft-SAFT 1.1−1.5Tc, 

280−573 

0.1−60 n-Alkane, 1-alcohol Cv, Cp, Cv
res, Cp

res 40 

 
(crossover) soft-SAFT 1.1−1.25Tc, 

280−330 

-- Isobutene, propane + isobutene, 

n-alkane + 1-alcohol 

Cv, Cp, Cv
res, Cp

res 41 

 (crossover) soft-SAFT 225−500 0.1−30 Perfluoroalkane Cv, Cp, Cv
res, Cp

res 42 

Maghari et al. SAFT-BACK 150−675 -- n-Alkane Cv, Cp, Cv
res 43 

 SAFT-BACK 300−400 0.1−300 n-Alkane mixture Cv, Cp, Cv
res, Cp

res 44 

Shen et al. ePC-SAFT 273−413 0.1−150 Ionic liquid Cv, Cp 45 

Diedrichs et al. VTPR 90−480 Saturation Alkane, ketone, water, etc. Cp 46 

Alavianmehr et al. PHTC 286−341 0.1−100 FAEE Cp 47 

a Temperature and pressure ranges are only for heat capacities. 120 
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2. Discussion of the Performance of Different Equations of State 121 

  The present study is mainly focused on isochoric and isobaric heat capacities, while the 122 

accuracy of other calculated properties, such as vapor-liquid equilibrium (VLE) properties, 123 

compressed density, and speed of sound, is also discussed, as ideally we would like to have 124 

EoS which can represent a wide range of properties. The performance of various EoS, as 125 

presented in literature, for heat capacities and selected additional thermodynamic 126 

properties is discussed in this section. The details of calculated results with different models 127 

can be found in Table 2, in which the association schemes, the properties used in the 128 

parameter estimation methods, and the average absolute relative deviation (AAD), which 129 

is defined by the eq 3, for the various properties and models are also presented. 130 

 ( ) ( )cal exp

1 exp

1001AAD %
N

i

X X
N X=

−
= ∑  (3) 131 

where X is the investigated property, N is the number of data, and subscripts cal and exp 132 

represent the calculated and experimental values, respectively. 133 

2.1 Results with Equations of State 134 

  2.1.1 CPA EoS 135 

  Palma et al.18−20 proposed a modified CPA EoS to calculate the Cv, Cp, Cv
res and Cp

res of 136 

alcohols and water at saturation. In their works, the original α function (one parameter) was 137 

replaced by a 5-parameter function, and two different kinds of (T-independent and T-138 

dependent) volume shifts were added to the EoS. The energy parameter and co-volume 139 

were obtained by solving the corresponding equations at the critical points in order to 140 
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improve the accuracy of the critical properties. Generally, their modified CPA shows 141 

satisfactory performance for heat capacities and their residual properties, and the only 142 

exception is for the Cp of glycerol with an AAD of 15%.19,20 The T-independent volume 143 

shift used in the modified CPA has no influence on heat capacity calculations, while the Cv 144 

of several alcohols can be better described with a T-dependent volume shift. 145 

  Liang et al.31 calculated the Cv
res and Cp

res of water at the saturated condition with CPA, 146 

and only the vapor pressure (psat) and saturated liquid density data were used in the 147 

parameter estimation procedure. The results show good agreement for psat and ρsat,l, while 148 

the accuracy of Cv
res and Cp

res at the reduced temperature (Tr) up to 0.96 is not as good as 149 

psat and ρsat,l. Using the CPA EoS, de Villiers et al.33 investigated the heat capacities and 150 

speed of sound (u) for n-alkanes and 1-alcohols at high pressures. For n-alkanes, the AADs 151 

of Cv, Cp and u are lower than 4% near the critical region (1.06−1.1Tc), while the 152 

performance on Cv and u deteriorates when a lower temperature (0.5−0.9Tc) and higher 153 

pressure (up to 100 MPa) region is considered, especially for u with an AAD of 9.3%. Two 154 

association schemes (2B and 3B) were used for 1-alcohols by de Villiers et al.33 Both 155 

schemes, when used in CPA, perform poorly for u, with the AAD higher than 12%. 156 

Nevertheless, the performance for Cp with CPA and both schemes is much better, with the 157 

AAD lower than 4.1%. Considering a 2B scheme, Polishuk27 tested the performance of 158 

CPA for two ionic liquids ([C2mim][NTf2] and [C4mim][NTf2]). The CPA EoS shows high 159 

accuracy of density for these two ILs, while the accuracy of derivative properties for 160 
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[C4mim][NTf2] is not satisfactory, with the deviations of 16% and 21% for Cp and u, 161 

respectively. 162 

  To sum up these literature studies for CPA, using a more flexible α function with 5 163 

parameters, the modified CPA has good performance for heat capacities at the saturated 164 

condition, without sacrificing too much the accuracy of other properties. The T-dependent 165 

volume shift can improve the accuracy of Cv, but such volume shift may lead to the crossing 166 

of isotherms in the p-V plane and negative heat capacities.57 Therefore, it is not 167 

recommended to use a T-dependent volume shift in an EoS for improving its T-dependent 168 

performance. It should be noticed that, from Table 2, the performance of the original CPA 169 

may be only acceptable in some cases, but overall, it predicts rather well the heat capacities 170 

of alkanes and alcohols over relatively wide pressure ranges, while the AADs of u are much 171 

higher. This may be due to the inadequacy of the model for the description of the dp/dV. 172 

  2.1.2 Original SAFT EoS 173 

  Diamantonis and Economou32 studied the performance of original SAFT for heat 174 

capacities of some non-associating compounds. The results show satisfactory agreement 175 

between the calculated properties for methane, nitrogen, and oxygen, while the accuracy 176 

of heat capacities and u for carbon dioxide is barely acceptable. Particularly, the AAD of 177 

Cv for carbon dioxide is 5.9%, while the accuracy of Cv
res is much lower with an AAD of 178 

49%. In the work of Diamantonis and Economou, the heat capacities of hydrogen sulfide 179 

and water were also estimated with different association schemes.32 For hydrogen sulfide, 180 

a one-associating site model (1A) was used to describe the hydrogen bond in H2S dimers. 181 
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The AAD of Cv with 1A scheme is 4.7%, while the accuracy of Cp and u gets worse, with 182 

both AAD higher than 8.5%. Considering hydrogen sulfide as an inert compound (less 183 

parameters than 1A scheme), satisfactory performance for VLE properties, compressed ρ, 184 

and u can still be obtained, while the AAD of both heat capacities is higher than 6%. For 185 

water with two association schemes (2B and 4C), neither of them can give good accuracy 186 

of second-order derivative properties, especially for the speed of sound, with the AAD of 187 

19% using the 2B scheme. 188 

  The heat capacities of n-alkanes and 1-alcohols were also estimated by de Villiers et al.33 189 

using the original SAFT EoS. The results are similar to those with CPA: High accuracy of 190 

n-alkanes for Cv, Cp and u is obtained near the critical region, while the AAD of these 191 

properties increase when a wider pressure region is considered. The original SAFT coupled 192 

with the 2B scheme shows good performance for the Cp of 1-alcohols, while the description 193 

of u using both 2B and 3B schemes is not satisfactory (deviation around 15%). 194 

  In summary, the original SAFT can accurately describe the VLE properties and 195 

compressed ρ for both associating and non-associating compounds, but it fails to give a 196 

satisfactory description of u for most substances. In addition, the heat capacities of water 197 

cannot be well predicted by original SAFT, indicating the need of either a better EoS or an 198 

improved parameter estimation method. 199 

  2.1.3 PC-SAFT EoS 200 

  Using the PC-SAFT EoS, Liang et al.31 calculated the thermophysical properties of water 201 

at Tr=0.43−0.96 and vapor pressures. The accuracy of VLE properties is quite satisfactory, 202 
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but the deviation for the residual heat capacities is in all cases higher than 20%. The high 203 

AAD of Cp
res and u may be, to some extent, due to the inaccurate description of dp/dV, 204 

which has an AAD of almost 50%. Polishuk et al.23,24 estimated the Cp of halomethanes 205 

and haloethanes at both saturated and compressed conditions. The AAD of Cp are not given 206 

in their studies, but we can nevertheless conclude that PC-SAFT can give accurate results 207 

for the Cp for halomethanes and haloethanes far from the critical points. Using PC-SAFT, 208 

Polishuk27 calculated the density, heat capacities, and speed of sound for several ILs. The 209 

results show good agreement between the calculations and experiments for ρ and u, while 210 

the AAD of heat capacities can be higher than 43%. 211 

  Diamantonis and Economou32 also calculated the thermophysical properties of some 212 

associating and non-associating compounds using PC-SAFT. For non-associating fluids, 213 

and for all studied properties, there is very good agreement between the calculated values 214 

and experimental data, while the Cv
res still has a large AAD of 41% for carbon dioxide. For 215 

hydrogen sulfide with 1A and non-associating schemes, all properties are well estimated 216 

by PC-SAFT, no matter whether the association is considered. Although a more rigorous 217 

association scheme with four associating sites (4C) is used, the AAD of heat capacities for 218 

water are still about 10%, and only the sound velocity data are successfully described by 219 

PC-SAFT with 4C scheme among the studied second-order derivative properties of water. 220 

However, when the supercritical water over wider temperature (up to 1273 K) and pressure 221 

(up to 1000 MPa) ranges is considered, PC-SAFT with 4C scheme provides lower AAD of 222 

Cv and Cp, which are 6.3% and 7.1%, respectively, while the deviation of u can increase to 223 
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9.0%.29 224 

  The performance of PC-SAFT for the heat capacities of n-alkanes and 1-alcohols was 225 

also tested by de Villiers et al.33 The Cp of n-alkanes is well described by PC-SAFT, 226 

although the model shows less accuracy in the vicinity of critical points than over a lower 227 

temperature and higher pressure region. Furthermore, the overall performance for Cv of n-228 

alkanes is satisfactory, while the predicted results of u over a wide temperature and pressure 229 

region still need improvement. For 1-alcohols, PC-SAFT with both 2B and 3B schemes 230 

shows high accuracy of Cp data but low accuracy for u, with the AAD lower than 3% and 231 

higher than 6%, respectively. 232 

  Except for the original PC-SAFT, some new EoS within the PC-SAFT framework were 233 

developed and used to estimate the heat capacities of fluids. By means of the CP-PC-SAFT 234 

(Critical Point-based Modified PC-SAFT) and GC-PPC-SAFT (Group Contribution Polar 235 

PC-SAFT) EoS, Polishuk and co-workers30 calculated the thermophysical properties of 236 

alcohols, ketones, ethers, and esters. The former model does not include the association 237 

contribution to the residual Helmholtz energy, and the parameters are obtained by solving 238 

three equations at the critical points and one equation at the triple point. It is found that CP-239 

PC-SAFT shows superior performance for compressed ρ and u than GC-PPC-SAFT at 240 

pressures up to 861 MPa, although the latter one considers both associating and polar 241 

interactions. However, CP-PC-SAFT and GC-PPC-SAFT cannot give satisfactory 242 

descriptions of Cp at saturated conditions. The density and derivative properties of water 243 

and ILs were also calculated by Polishuk et al. with CP-PC-SAFT.28,29 For water, the model 244 



16 

shows satisfactory accuracy for density and speed of sound and acceptable performance 245 

for heat capacities, while it substantially underestimates these properties at the saturated 246 

conditions.29 For ionic liquids at the atmospheric pressure, CP-PC-SAFT gives higher 247 

deviations of heat capacities (≤7.5%) than speed of sound (≤4.3%) and density (≤0.3%). 248 

Nevertheless, as concluded by the authors, the model still gives a robust estimation of Cp 249 

data considering their relatively high uncertainty.28 Without considering the polar and 250 

association terms in GC-PPC-SAFT, Burgess et al.34 calculated the Cp and u of three non-251 

associating compounds. Both properties are well described by GC-PC-SAFT, especially in 252 

the low-pressure region. In order to estimate the thermophysical properties of ILs, Shen et 253 

al.45 added the Coulomb interaction term to the PC-SAFT EoS. The parameters in their 254 

model (the so-called ePC-SAFT) are only correlated by compressed ρ data, since accurate 255 

vapor pressure data of ILs are not available. Although better results are obtained by 256 

regarding an IL as a combination of IL-cation and IL-anion than treating it as a single 257 

molecule, the performance of ePC-SAFT for heat capacities is still poor. The authors 258 

concluded that such large deviations could be due to the lack of experimental ideal gas data, 259 

which were estimated using a statistical thermodynamic method in their work. 260 

  In conclusion, it can be seen that in Table 2, with some exceptions, PC-SAFT can 261 

generally show high accuracy for heat capacities, and even give quite satisfactory accuracy 262 

of u for some compounds including carbon dioxide, nitrogen, oxygen, methane, hydrogen 263 

sulfide, ionic liquids, and water (with 4C scheme). 264 

  2.1.4 SAFT-VR EoS 265 
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  Another SAFT-type EoS based on the attractive potentials of variable range (the so-266 

called SAFT-VR) has been also applied for the calculation of heat capacities. Lafitte et 267 

al.35,36 calculated the heat capacities of alkanes and alcohols using two versions of SAFT-268 

VR combined with either square well (SAFT-VR-SW) or Mie potentials (SAFT-VR-Mie). 269 

The results of all of the investigated properties with SAFT-VR-Mie show very good 270 

agreement with the experimental data for both 1-alcohols and branched alcohols. The AAD 271 

of Cp and u for all alcohols are lower than 1.5% and 3.0%, respectively, and the AAD of 272 

Cp
res for methanol in a wide temperature range (T=300−700 K) and at 50 MPa is only 6.2%. 273 

The performance of SAFT-VR-Mie on VLE properties and compressed ρ for n-alkanes is 274 

mostly satisfactory for compounds with the carbon atom numbers less than 22, while the 275 

AAD of psat can reach to 18% for hexatriacontane. The SAFT-VR-SW EoS even shows 276 

high inaccuracy of psat for decane with the AAD of 47%. Both SAFT-VR-Mie and SAFT-277 

VR-SW cannot give high accuracy of heat capacity for n-alkanes, and the AAD of Cp and 278 

Cp
res are within the ranges of 5.4−8.7% and 23−40%, respectively. A modified SAFT-VR-279 

Mie with a higher-order perturbation term was also proposed and used to calculate the VLE 280 

and derivative properties for n-alkanes, 1-alcohols and perfluoroalkanes by Lafitte et al.37 281 

This new SAFT-VR-Mie shows satisfactory accuracy for most substances in the 282 

compressed liquid phase, while the AAD of Cp for methanol and u for perfluoromethane 283 

are still noticeable (about 7-9%). 284 

  The properties of mixtures of n-alkane + 1-alcohol were also calculated by Lafitte et al.35 285 

using the SAFT-VR-Mie EoS at atmospheric pressure. High accuracy is obtained for 286 
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compressed ρ, Cp, Cp
res, and u without any adjustable interaction parameters. Perdomo and 287 

Gil-Villegas38 estimated the Cv and u values of the mixtures of fatty acid methyl esters 288 

(FAMEs) at p=0.1 MPa. They have considered association contributions for these 289 

compounds in their work. The Cv of FAME mixtures are well described by SAFT-VR-SW. 290 

However, the accuracy of u is still not satisfactory, although the data of this property are 291 

included in the objective function for the parameter estimation. 292 

  In brief, the SAFT-VR-Mie EoS shows a great potential for calculating the heat 293 

capacities and u of alcohols and their mixtures with alkanes. For pure n-alkanes, the u data 294 

can be accurately reproduced by adding them to the parametrization process, while the 295 

accuracy of Cp still needs improvement. This inaccuracy may be alleviated by including Cp 296 

data in the parameter estimation procedure or using a higher-order perturbation term. 297 

  2.1.5 soft-SAFT EoS 298 

  The soft-SAFT EoS is a variant of SAFT EoS with the reference term of a Lennard-Jones 299 

(LJ) fluid, which includes both the repulsive and attractive interactions for chains formation. 300 

By means of the soft-SAFT EoS, Vega and co-workers39 investigated the heat capacities 301 

and their residual values for both associating and non-associating fluids at high pressures. 302 

For non-associating compounds (n-alkanes and perfluoroalkanes), in most cases, it seems 303 

sufficient to obtain good results of VLE properties and heat capacities at Tr=0.7−0.9 and 304 

pressure up to 30 MPa only to use the VLE data in the parameter estimation. For the 305 

associating substances of 1-achohols and water, the Cp data should be added to the 306 

parameter estimation procedure for obtaining better results of heat capacities. For example, 307 
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the AAD of Cp for 1-hexanol can reach to 13% without correlating the parameters to Cp 308 

data, while such deviation can be reduced to 5.4% when the parameters are refitted to both 309 

VLE properties and Cp. However, although soft-SAFT can give high accuracy of calculated 310 

heat capacities, the description of the Cv
res and the Cp

res near the critical points is still poor. 311 

  A crossover soft-SAFT EoS with a renormalization group (RG) method was also 312 

developed by Vega and co-workers,40−42 and the model showed rather good accuracy of 313 

VLE properties for n-alkanes, isobutene and perfluoroalkanes. In addition, satisfactory 314 

performance for heat capacities for perfluoroethane is observed at the gas and liquid 315 

subcritical conditions (Tr=0.77−0.94 and p=0.1−30 MPa), with the AAD about 5% for both 316 

Cv and Cp. The crossover soft-SAFT EoS coupled with mixing rules which include two 317 

binary parameters, was also applied to the calculations of heat capacities for propane + 318 

isobutene and n-alkane + 1-alcohol.41 It can be observed that both Cv and Cp are precisely 319 

represented at atmospheric pressure. 320 

  Considering the high accuracy for Cp
id, the soft-SAFT EoS can be regarded as a good 321 

tool for describing the heat capacities for non-associating compounds. As for associating 322 

fluids, one of the prerequisites for getting acceptable accuracy of heat capacity is 323 

correlating the adjustable parameters to Cp data, although this is not necessary for non-324 

associating compounds like n-alkanes. Furthermore, for the residual heat capacities, the 325 

calculated results with soft-SAFT show significant deviations from the experiments, 326 

especially for the values in the vicinity of the critical points. 327 

  2.1.6 Other EoS 328 
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  To avoid the numerical pitfalls of the EoS and give a better description on critical data, 329 

Polishuk and co-workers15,21−26 added an attractive term of cubic EoS to SAFT and 330 

developed a new equation of state named SAFT + Cubic. Using the proposed model, they 331 

calculated the thermophysical properties of several fluids at both saturated and compressed 332 

conditions, but the values of AAD were not given. Generally, as shown in their works, the 333 

SAFT + Cubic EoS describes better compressed ρ, kT, Cv and u than PC-SAFT and better 334 

compressed ρ and u than SAFT-VR-Mie, while its performance for saturated Cv of n-335 

hexane is worse than the SBWR (Soave−Benedict−Webb−Rubin) EoS. In addition, 336 

although the results with SAFT + Cubic are better than PC-SAFT and SAFT-VR-Mie, it 337 

still shows large deviations for Cv, and its performance on heat capacity deteriorates with 338 

the increase of ρ.15 Nevertheless, it should be emphasized again that, as stated by the 339 

authors, the used Cp data may have significant uncertainties, thus a precise comparison of 340 

models may be difficult.22,30 In order to describe the properties of ionic liquids, a 341 

generalized version of SAFT + Cubic were developed and used by Polishuk.27 With the 342 

parameters only obtained by two density data, very impressive performance of the model 343 

can be observed, and the values of AAD for all investigated properties are lower than 3.1%. 344 

In conclusion, the performance of SAFT + Cubic for heat capacities requires further study 345 

as well as the effects of different parametrization methods with this model. 346 

  Combining the BACK and SAFT EoS, the performance of the so-called SAFT-BACK 347 

on second-order derivative properties was tested by Maghari et al.43,44 The results for Cv, 348 

Cp, Cv
res, Cp

res, and u for n-alkanes and their mixtures indicate good agreement with 349 
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experimental data, and no interaction parameter is used for mixtures. Using the volume 350 

translated Peng-Robinson (VTPR) EoS, Diedrichs et al.46 estimated the saturated properties 351 

of some pure compounds including alkanes, ketones, water, etc. In their work, an 352 

exponential α function and a T-independent volume shift were used, and the parameters of 353 

the EoS were correlated to psat and Cp data. The accuracy of VTPR for psat, ΔHvap and Cp is 354 

very good, with the AAD of 0.9%, 1.2%, and 0.8%, respectively. This good agreement 355 

between the calculated Cp and the experimental values can be partially explained by the 356 

fact that the parameters of VTPR are correlated to the Cp data. However, it should be noted 357 

that, in the study of Diedrichs et al, these properties are sometimes calculated over 358 

relatively low reduced temperature ranges. For example, the temperatures of water in their 359 

work are from 273 to 373 K, corresponding to a reduced temperature range of 0.42−0.58. 360 

Alavianmehr et al.47 calculated the properties of fatty acid ethyl esters (FAEEs) with the 361 

perturbed hard-trimer-chain (PHTC) EoS, for which the parameters were only fitted to the 362 

compressed ρ. A satisfactory accuracy of ρ, Cp, and u can be observed in their study. 363 

However, their study is mostly performed over a narrow temperature range, with the 364 

conditions of FAEEs commonly far from their critical points. Therefore, a further study at 365 

a wider temperature range would be relevant for a more complete evaluation of the 366 

performance of the model. 367 

2.2 Other Results 368 

  In many cases, the heat capacities of fluids can be estimated with rather low deviations, 369 

but higher deviations can be seen, as expected, when we focus only on the residual values 370 
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which are obtained from the thermodynamic models. The overall good results are due to 371 

the accurate values of the ideal heat capacity (Cp
id), which is most often the main 372 

contribution.18,35,46 In order to illustrate the above, we calculated the percentage of Cp
id/Cp 373 

for water with the results from the NIST chemistry webbook58 at saturated condition and 374 

different pressures. The results are shown in Figure 1.  375 

 376 

Figure 1. The percentage of ideal gas heat capacity to heat capacity for water with respect 377 

to temperature: (‒‒ ) Saturated liquid, (−·−) Saturated vapor, (—) 0.1 MPa (red), (—) 10 378 

MPa (blue), (—) 20 MPa (green), (—) 30 MPa (pink), (—) 40 MPa (orange), (—) 50 MPa 379 

(brown). 380 

  From Figure 1, It is obvious that, at temperatures much lower than the critical 381 

temperature, the proportions of Cp
id/Cp at different pressures are almost identical, with the 382 

value of 44% or so. This reflects that the pressure can only have a negligible influence on 383 

heat capacity in this region. According to Figure 1 and ref. 59, we can know that the liquid 384 
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Cp at constant pressure and vapor pressure are in close numerical agreement at low reduced 385 

temperatures. Therefore, if the liquid saturated Cp can be well described using an EoS, the 386 

performance for Cp at different pressures and low temperatures will also be satisfactory. 387 

This can partially explain the reason that the saturated Cp data are required in 388 

parametrization process in some cases. At temperatures close to the pseudocritical 389 

temperatures (at which Cp maximum can be obtained along supercritical isobars), the 390 

percentages of Cp
id/Cp decline rapidly to low values. This is the reason that the calculated 391 

heat capacities can only achieve quite low accuracy in these regions. Furthermore, with the 392 

increase of temperature, the proportions then rise up to higher than 70% even at high 393 

pressures. Obviously, the Cp data at higher temperatures are much easier to be well-394 

described with an equation of state. 395 

  From the above, we can conclude that the residual contribution is significant in the liquid 396 

and near-pseudocritical regions, but at high temperatures, it becomes less important.32 For 397 

non-associating compounds, the dispersion contribution to the residual heat capacities is 398 

dominant.43 According to this, the calculation of higher-order perturbation terms in EoS is 399 

probably required for a better description of heat capacities.36 For associating compounds, 400 

the association plays the most important role in the residual heat capacities for relatively 401 

short associating chains, such as methanol.40 However, with the increase of temperature or 402 

molecular length, the contribution of the association term decreases, while the dispersion 403 

contribution becomes more significant. 404 

  Then, as the calculations of speed of sound need both Cv and Cp, we now turn our 405 
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attention to the description of u. In some cases, such as ePC-SAFT for ILs,45 PC-SAFT for 406 

water and the original SAFT for hydrogen sulfide,32 the AAD of Cv and Cp are relatively 407 

large, while the deviations of u are much lower. The high accuracy of u may be not because 408 

of the accurate description of interactions between molecules with the EoS but arise from 409 

a compensation of the errors on the Cv and Cp, since the results of u are related to the values 410 

of Cp/Cv.24 411 
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Table 2. Summary of the results with different equations of state as presented in literature 412 

EoS Substance T/K a p/MPa Scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

Modified CPA Alcohol 251−533 Saturation 2B √    √  √ ≤1.61 ≤1.68 ≤3.00    ≤15.3   18 
 Water 260−450 Saturation 4C √    √  √ 0.05 2.28 0.42    0.84   19 
 1-Alcohol 260−490 Saturation 2B √ √   √  √ ≤0.79 ≤1.94 ≤1.91    ≤2.25 ≤5.52  20 

CPA Water 260−450 Saturation 4C √ √      1.17 1.10 1.45    7.43   19 
 1-Alcohol 260−490 Saturation 2B √ √   √  √ ≤0.95 ≤1.25 ≤1.75    ≤5.31 ≤12.6  20 
 Water 280−620 Saturation 4C √ √      0.75 1.16    15.1  11.0 9.05 31 
 n-Alkane 0.5−0.9Tc 0.01−100  √ √          5.50  3.24  9.31 33 
 n-Alkane 1.06−1.1Tc 0.1−3pc  √ √          2.02  3.46  3.43 33 
 1-Alcohol 325−570 10−30 2B √ √            4.07  12.5 33 
  325−570 10−30 3B √ √ √  √         0.93  14.2 33 

 Ionic liquid 298−323 0.1−150 2B √   √       0.95 6.55  15.8  21.0 27 

SAFT Carbon dioxide, 

nitrogen, oxygen, 

methane 

80−695 0.1−20 
 

√ √ 
     

≤1.58 ≤1.84 
 

≤2.20 ≤5.90 48.8 ≤8.50 
 

≤5.10 32 

 
Hydrogen sulfide 190−510 0.1−20 

 
√ √ 

     
1.80 2.11 

 
1.60 6.10 

 
6.90 

 
3.70 32 

  190−510 0.1−20 1A √ √      2.19 2.76  1.20 4.70  9.10  8.60 32 
 Water 275−695 0.1−20 2B √ √      1.19 3.08  2.40 14.8  7.80  18.8 32 
  275−695 0.1−20 4C √ √      1.09 2.38  1.80 13.4  7.30  8.50 32 
 n-Alkane 0.5−0.9Tc 0.01−100  √ √          3.04  4.33  17.6 33 
 n-Alkane 1.06−1.1Tc 0.1−3pc  √ √          2.79  3.61  6.58 33 
 1-Alcohol 325−570 10−30 2B √ √            2.17  15.0 33 
  325−570 10−30 3B √ √ √           5.59  16.0 33 

PC-SAFT Water 280−620 Saturation 4C √ √      1.46 2.14    21.8  20.6 21.1 31 
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EoS Substance T/K a p/MPa Scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

 Halomethane 80−500 Saturation  √ √               23  
Haloethane 150−420 Saturation, 

0.1−120 

 
√ √ 

              
24 

 
Carbon dioxide, 

nitrogen, oxygen, 

methane 

80−695 0.1−20 
 

√ √ 
     

≤0.49 ≤1.92 
 

≤1.00 ≤4.50 40.80 ≤3.50 
 

≤2.30 32 

 
Hydrogen sulfide 190−510 0.1−20 

 
√ √ 

     
0.38 1.90 

 
0.70 3.30 

 
4.00 

 
2.30 32 

  190−510 0.1−20 1A √ √      0.63 0.41  0.90 4.40  3.60  3.10 32 
 Water 275−695 0.1−20 2B √ √      1.18 3.92  2.90 10.8  5.60  23.9 32 
  275−695 0.1−20 4C √ √      1.98 0.83  1.00 11.6  9.80  3.10 32 

  270−1273 30−1000 4C √ √         6.03 6.31  7.09  8.97 29 
 n-Alkane 0.5−0.9Tc 0.01−100  √ √          5.25  1.46  9.93 33 
 n-Alkane 1.06−1.1Tc 0.1−3pc  √ √          2.74  4.21  2.32 33 
 1-Alcohol 325−570 10−30 2B √ √            2.91  6.91 33 
  325−570 10−30 3B √ √ √           1.33  8.40 33 

 Ionic liquid 298−323 0.1−150     √       0.09 43.2  44.5  3.48 27 

CP-PC-SAFT Water 270−1273 30−1000 4C       √    2.62 6.14  5.42  3.91 29 

 Ionic liquid 250−550 0.1     √       ≤0.33 ≤7.19  ≤7.48  ≤4.29 28 

 Alcohol, ketone, 

ether, ester 

150−450 Saturation 
       

√ 
   

0.88 
    

4.07 30 

GC-PPC-SAFT Alcohol, ketone, 

ether, ester 

150−450 Saturation 
 

√ √ 
        

1.46 
    

8.85 30 

GC-PC-SAFT Toluene, n-decane, 

2-methylbutane 

323−533 0.1−276 
 

√ √ 
 

√ 
      

≤1.00 
  

≤5.00 
 

≤4.00 34 

ePC-SAFT Ionic liquid 273−413 0.1−150     √       ≤1.20 ≤21.1  ≤20.5  ≤7.69 45 
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EoS Substance T/K a p/MPa Scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

Modified 

SAFT-VR-Mie 

1-Alcohol 248−470 0.1−12 2B √ √      ≤1.56 ≤0.29 ≤2.51 ≤0.22   ≤8.82  ≤4.35 37 

n-Alkane 100−413 0.1−150  √ √      ≤1.86 ≤1.46 ≤4.09 ≤1.65   ≤4.73  ≤2.60 37 
 Perfluoroalkane 150−400 0.1−50  √ √      ≤0.92 ≤1.75 ≤1.48 ≤1.34   ≤0.92  ≤7.38 37 

SAFT-VR-Mie 1-Alcohol 298−570 0.1−30 3B √ √ √ √  √  ≤1.70 ≤1.38 ≤1.86 ≤1.00   ≤1.40 6.20 ≤2.98 35 
 Alcohol 333−421 10−60 3B √ √ √ √  √  ≤1.55  ≤2.75 ≤0.63   ≤1.50  ≤2.92 35 
 n-Alkane 298−403 0.1−100  √ √  √  √  ≤17.7 ≤1.19  ≤1.17   ≤7.25 ≤33.3 ≤2.75 36  

n-Alkane + 

1-alcohol 

303−308 0.1 3B √ √ √ √ 
 

√ 
    

≤0.63 
    

≤4.96 35 

SAFT-VR-SW n-Alkane 298−403 0.1−100  √ √      ≤58.2 ≤3.72  ≤2.30   ≤8.72 ≤40.3 ≤16.5 36 
 FAME mixture 300−700 0.1  √ √  √  √           38 

soft-SAFT n-Alkane 0.7−0.9Tc 0.1−30  √ √      ≤3.24 ≤1.73     ≤3.23   39 
 Perfluoroalkane 0.7−0.9Tc 0.1−30  √ √      ≤2.71 ≤1.59     ≤6.21   39 
 1-Achohol 300−500 0.1−30 2B √ √   √   ≤3.88 ≤1.63     ≤5.38   39 
 Water 293−500 0.1−50 4C √ √   √   2.01 0.97     1.20   39 
 n-Alkane 1.1−1.5Tc --  √ √          ≤4.26 ≤55.9 ≤4.61 ≤24.0  40 
 1-Achohol 280−573 0.1−30 2B √ √            ≤18.1 ≤30.0  40 

Crossover 

soft-SAFT 

n-Alkane 1.1−1.5Tc --  √ √           ≤38.2  ≤13.5  40 

Isobutene 1.1−1.25Tc --  √ √               41 
 Perfluoroethane 225−500 0.1−30  √ √          5.00  5.00   42  

Propane + 

isobutene 

280−330 0.1 
 

√ √ 
         

3.00 
    

41 

 
n-Alkane + 

1-alcohol 

280−318 0.1 2B √ √ 
              

41 

SAFT-BACK n-Alkane 150−675 --  √ √     √     1.90  1.20  2.30 43 
 n-Alkane mixture 300−400 0.1−300  √ √     √    ≤1.00     ≤3.50 44 
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EoS Substance T/K a p/MPa Scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

SAFT + Cubic Halomethane 80−500 Saturation  √ √     √          23  
Haloethane 150−420 Saturation, 

0.1−120 

 
√ √ 

    
√ 

         
24 

 
Water, methanol 150−1400 Saturation, 

0.1−1000 

4C, 3B √ √ 
    

√ 
         

15 

 
Carbon dioxide, 

n-pentadecane 

200−1200 Saturation, 

0.1−800 

 
√ √ 

    
√ 

         
15 

 
n-Hexane 243−503 Saturation, 

0.1−1000 

  
√ 

    
√ 

         
26 

 
Di-isodecyl 

phthalate 

293−413 0.1−160 
       

√ 
         

21 

 1-Alkene 298−433 0.1−240  √ √     √          22 
 n-Octane 299−385 0.1−1000   √     √          25  

n-Octane + 

n-hexadecane 

313−433 0.1−120 
  

√ 
    

√ 
         

25 

 Ionic liquid 298−323 0.1−150     √       0.10 2.06  3.10  1.34 27 

VTPR Alkane, ketone, 

water, etc. 

90−480 Saturation 
 

√ 
   

√ 
  

0.90 
 

1.21 
   

0.78 
  

46 

SBWR n-Hexane 243−503 Saturation, 

0.1−1000 

 
√ √ 

              
26 

PHTC FAEE 286−341 0.1−100     √       0.11   0.91  2.71 47 

a Temperature and pressure ranges are only for heat capacities; b Properties used in parameter estimation; c CP: critical point. 413 
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3. Comparisons of Literature Models for Selected Compounds 414 

  Following our discussion of the general performance of each EoS, it is of relevance to 415 

comparatively evaluate the different models for specific compounds. Table 3 classifies the 416 

EoS according to specific families of compounds of n-alkanes, 1-alcohols, water, and other 417 

compounds (carbon dioxide and hydrogen sulfide). In Table 3, different temperature and 418 

pressure ranges studied with different EoS are shown, and this makes it hard to give an 419 

overall comparison of all models. Therefore, in this work, only the EoS used at the similar 420 

conditions will be discussed. 421 

3.1 n-Alkanes 422 

  For n-alkanes at evaluated pressures, the accuracy of CPA, original SAFT and PC-SAFT 423 

were compared.33 The results show that the Cv data are best described by the original SAFT, 424 

and the most accurate Cp and u results can be obtained with CPA and PC-SAFT, 425 

respectively. Overall, the original SAFT EoS has the best performance for heat capacities 426 

with the AAD of both Cv and Cp lower than 5%, while its accuracy of u is the lowest among 427 

the three EoS. In the near critical region (Tr=1.06−1.10), all three EoS have satisfactory 428 

accuracy for heat capacities, while the AAD of u calculated by the original SAFT is 429 

relatively large, reaching to about 6.6%. From Table 3, we can conclude that PC-SAFT 430 

gives a best balance between the heat capacities and sound velocity, but none of the three 431 

EoS can simultaneously give satisfactory descriptions of all of these properties. Therefore, 432 

some attempts, such as re-estimating the parameters and even universal constants for PC-433 

SAFT with the Cp or u data may be of interest.60 434 
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  Two SAFT-VR models with the SW and Mie potentials were used to calculate the 435 

properties of n-alkanes.36 The SAFT-VR-Mie EoS is superior to SAFT-VR-SW for all 436 

studied properties, especially psat and u. The high accuracy of u with the former model may 437 

be due to including u data in the parameter estimation procedure, but this method cannot 438 

improve the predictive ability for Cp remarkably. However, when a higher-order 439 

perturbation term is included in SAFT-VR-Mie, the performance for both VLE and 440 

derivative properties can be improved significantly.37 Specially, although the parameters 441 

of modified SAFT-VR-Mie are only fitted to psat and ρsat,l, the AAD of u can still be lower 442 

than 2.6%. 443 

  The soft-SAFT EoS can give rather good performance for Cv and Cp, while the deviations 444 

of their residual values are quite large.40 Coupling with the RG approach, a crossover soft-445 

SAFT EoS was also used to calculate the heat capacities of n-alkanes. The accuracy of Cv
res 446 

and Cp
res at Tr=1.1−1.5 with this crossover EoS is obviously improved, while the AAD of 447 

Cv
res in the vicinity of the critical point (Tr=1.1) can still reach 11% for propane and 38% 448 

for heptane, respectively. Such results indicate that a crossover equation may increase the 449 

accuracy of residual heat capacities, but the basic performance of soft-SAFT may still pose 450 

some limitations. 451 

  Finally, it can be seen that the SAFT-BACK EoS can describe well the heat capacities 452 

and sound velocity of n-alkanes in both subcritical and supercritical regions, giving a best 453 

performance for this kind of compounds among these EoS. 454 

3.2 1-Alcohols 455 
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  For the properties of 1-alcohols, the original CPA and the modified CPA with 5-456 

parameter α function were tested.20 A two-site association scheme (2B) was chosen, and 457 

the parameters of two models were obtained from VLE properties, heat capacity, and 458 

critical properties. In Table 3, we can see that the modified CPA shows similar performance 459 

for VLE properties compared to the original CPA and much better performance for Cp and 460 

Cp
res. This indicates that a more flexible α function can increase the correlation ability of 461 

this type of EoS for heat capacities. In addition, the original CPA shows lower AAD of the 462 

saturated liquid density (ρsat,l) for short-chain alcohols than the modified model, while the 463 

deviations increase with the increase of carbon numbers. 464 

  Then, the performance of the original CPA, the original SAFT and PC-SAFT at pressures 465 

up to 30 MPa with two different association schemes is compared.33 The best balance 466 

between Cp and u is given by PC-SAFT, which gives an AAD of u lower than 9% with both 467 

the 2B and 3B schemes. Generally, the three models using the 3B scheme have lower AAD 468 

of Cp but higher AAD of u compared to 2B. The only exception is with original SAFT for 469 

Cp, with which the 2B model provides higher accuracy. In addition, it should be noticed 470 

that the original CPA with the 3B scheme provides a rather satisfactory performance on Cp, 471 

with the AAD of 0.9%. This may be because the parameters of the EoS are correlated not 472 

only to the VLE properties, but also to the Cp data. However, as mentioned by de Villiers 473 

et al.,33 the same parameter regression strategy applied to the original SAFT and PC-SAFT 474 

cannot give the same improvements compared to CPA. In conclusion, it should be realized 475 

that although a more rigorous association scheme (3B) for 1-alcohols is used, the higher 476 
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accuracy of the calculated Cp and u can still not be obtained simultaneously, indicating the 477 

limitations of the EoS. Furthermore, it can be seen that one parameter regression strategy 478 

for different EoS might have different effects on properties of fluids, thus the selection of 479 

the most suitable fitting procedure shall depend on the equation of state used, when going 480 

beyond vapor pressure and liquid density 481 

  By including VLE, compressed ρ and u data in the parameter estimation, SAFT-VR-Mie 482 

provides an excellent representation of these properties.35 Unlike n-alkanes, both the 483 

calculated Cp and Cp
res for 1-alcohols have rather low deviations from the experimental 484 

data, and the overall performance for u and Cp is better than PC-SAFT. With model 485 

parameters only correlated to VLE properties, the modified SAFT-VR-Mie with a higher-486 

order perturbation term can still give acceptable performance for Cp and u, with methanol 487 

for Cp being the only exception.37 But it should be pointed out that the calculated Cp for 488 

methanol with original SAFT-VR-Mie in ref. 16 is only at one point, while the results with 489 

the modified EoS are obtained over wider temperature and pressure ranges. The 490 

performance of soft-SAFT with two different parametrization strategies40 is also compared 491 

in Table 3. The soft-SAFT EoS seems to have worse accuracy of Cp than the most 492 

aforementioned EoS, no matter whether the Cp data are used in the parametrization process. 493 

3.3 Water 494 

  Compared with the original CPA EoS, the modified CPA proposed by Palma et al. gives 495 

much higher accuracy for the Cp for water, while the AAD of ρsat,l increases as the data of 496 

this property are not included in the fitting procedure.19 In Table 3 are also presented and 497 
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compared the saturated properties of water obtained from the original CPA and PC-SAFT 498 

at reduced temperatures up to 0.96.31 Both EoS can accurately reproduce the VLE data. 499 

The original CPA is superior to PC-SAFT for all the investigated properties, especially for 500 

the residual heat capacities and speed of sound. Nevertheless, both CPA and PC-SAFT 501 

cannot give satisfactory results of these second-order derivative properties, and the Cv and 502 

u data are even not qualitatively described. Finally, the VTPR EoS gives similar AAD of 503 

Cp compared to the modified CPA.46 504 

  For water at evaluated pressures up to 20 MPa, two different association schemes (2B 505 

and 4C) with the original SAFT and PC-SAFT were tested by estimating its thermophysical 506 

properties.32 The original SAFT with the 4C scheme has better performance for all the 507 

studied properties compared to the 2B scheme, while the descriptions of heat capacities 508 

and sound velocity are still unsatisfactory. The PC-SAFT EoS with the 4C scheme shows 509 

higher accuracy for Cv and u than with the original SAFT. Furthermore, PC-SAFT provides 510 

higher AAD of heat capacities with 4C scheme than with 2B scheme. Therefore, for water, 511 

a similar conclusion as for 1-alcohols’ can be made: A more rigorous association scheme 512 

is not a sufficient condition for better descriptions of thermophysical properties, as the 513 

accuracy of the calculated results is also deeply influenced by the selected EoS itself. 514 

Considering the 4C scheme, the performance of PC-SAFT and CP-PC-SAFT for water was 515 

compared over a wide temperature and pressure ranges (T=270−1273 K, p=30−1000 516 

MPa).29 It can be concluded that the latter is superior to the former for all properties at the 517 

compressed regions, while CP-PC-SAFT is a worse estimator than PC-SAFT for saturated 518 
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density near the critical point. Finally, the soft-SAFT EoS with parameters fitted to VLE 519 

and Cp reproduces rather well these properties, with the AAD lower than 2.1%.39 However, 520 

a wider temperature range still needs to be considered for soft-SAFT in order to compare 521 

its performance for Cp with the original SAFT and PC-SAFT. 522 

3.4 Other Compounds 523 

  Except for n-alkanes, 1-alcohols and water, the calculated heat capacities of some other 524 

fluids are also compared using various equations of state. The properties of carbon dioxide, 525 

nitrogen, oxygen and methane were estimated with the original SAFT and PC-SAFT 526 

models,32 and the results demonstrate that the latter model has better performance for most 527 

considered properties. The only exception is for saturated liquid density, with the AAD of 528 

1.9% for PC-SAFT and 1.8% for SAFT, respectively. 529 

  Using the original SAFT and PC-SAFT, the properties of hydrogen sulfide were 530 

calculated with two different association schemes.32 It can be seen that PC-SAFT is 531 

superior to the original SAFT for all properties no matter whether the association is 532 

considered or not. As for the effect of the association scheme, compared with the non-533 

associating model, the original SAFT EoS with the 1A scheme shows a small effect on 534 

VLE properties and compressed ρ. The AAD using the 1A scheme provides better accuracy 535 

of Cv and worse accuracy of Cp and u than without considering the association contribution. 536 

Unlike the original SAFT EoS, PC-SAFT combined with the 1A scheme of hydrogen 537 

sulfide has similar performance for most properties compared to using the non-associating 538 

model, even though more parameters are involved in the former one. 539 
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  For the performance for ILs, five EoS have been tested in the literature.27,28,45 Different 540 

contributions to Helmholtz energy are considered in each model: For CPA, ILs are regarded 541 

as associating compounds with 2B scheme. Five positive sites and five negative sites are 542 

considered in the association contribution of PC-SAFT. No association term is included in 543 

the SAFT + Cubic, CP-PC-SAFT, and ePC-SAFT EoS for ILs, while the Coulomb 544 

interaction contribution is considered in the last model. Overall, at the pressures up to 150 545 

MPa, SAFT + Cubic shows the best performance for both heat capacities and speed of 546 

sound, and PC-SAFT and CPA give the lowest accuracy of heat capacity and speed of sound, 547 

respectively. The description of heat capacities with ePC-SAFT is also not satisfactory, 548 

with the AAD lower than 21%. It is worth mentioning that, with comparison to CP-PC-549 

SAFT, the performance of ePC-SAFT for ILs at the atmospheric pressure is still worse.28 550 

  Some conclusions are drawn from the above discussion. First, although the PC-SAFT 551 

EoS may not give the best results in some cases, it exhibits a better overall performance for 552 

investigated properties (heat capacities, speed of sound, VLE, and compressed density) and 553 

fluids than the original CPA and SAFT. Second, a more rigorous association scheme may 554 

not always lead to a better description of thermophysical properties, as the accuracy 555 

depends a lot on the overall model (EoS) considered. Finally, the parametrization method 556 

where Cp or u data are used in the parameter estimation cannot always improve the accuracy 557 

of calculated second-order derivative properties. On the other hand, we can state based on 558 

the literature studies that for the models of VTPR, CPA, and SAFT-VR-Mie, very good 559 

results are obtained by including the Cp or u data in the parameter estimation procedure. 560 
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Table 3. Summary of the results for several compounds and families of compounds 561 

Substance EoS T/K a p/MPa scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

n-Alkane CPA 0.5−0.9Tc 0.01−100  √ √          5.50  3.24  9.31 33 

  1.06−1.1Tc 0.1−3pc  √ √          2.02  3.46  3.43 33 

 SAFT 0.5−0.9Tc 0.01−100  √ √          3.04  4.33  17.6 33 

  1.06−1.1Tc 0.1−3pc  √ √          2.79  3.61  6.58 33 

 PC-SAFT 0.5−0.9Tc 0.01−100  √ √          5.25  1.46  9.93 33 

  1.06−1.1Tc 0.1−3pc  √ √          2.74  4.21  2.32 33 

 Modified 

SAFT-VR-Mie 

100−413 0.1−150 
 

√ √ 
     

≤1.86 ≤1.46 ≤4.09 ≤1.65 
  

≤4.73 
 

≤2.60 37 

 SAFT-VR-Mie 298−403 0.1−100  √ √  √  √  ≤17.7 ≤1.19  ≤1.17   ≤7.25 ≤33.3 ≤2.75 36 

 SAFT-VR-SW 298−403 0.1−100  √ √      ≤58.2 ≤3.72  ≤2.30   ≤8.72 ≤40.3 ≤16.5 36 

 soft-SAFT 0.7−0.9Tc 0.1−30  √ √      ≤3.24 ≤1.73     ≤3.23   39 

  1.1−1.5Tc --  √ √          ≤4.26 ≤55.9 ≤4.61 ≤24.0  40 

 Crossover 

soft-SAFT 

1.1−1.5Tc -- 
 

√ √ 
          

≤38.2 
 

≤13.5 
 

40 

 SAFT-BACK 150−675 --  √ √     √     1.90  1.20  2.30 43 

1-Alcohol Modified CPA 260−490 Saturation 2B √ √   √  √ ≤0.79 ≤1.94 ≤1.91    ≤2.25 ≤5.52  20 

 CPA 260−490 Saturation 2B √ √   √  √ ≤0.95 ≤1.25 ≤1.75    ≤5.31 ≤12.6  20 

  325−570 10−30 2B √ √            4.07  12.5 33 

  325−570 10−30 3B √ √ √  √         0.93  14.2 33 

 SAFT 325−570 10−30 2B √ √            2.17  15.0 33 

  325−570 10−30 3B √ √ √           5.59  16.0 33 

 PC-SAFT 325−570 10−30 2B √ √            2.91  6.91 33 

  325−570 10−30 3B √ √ √           1.33  8.40 33 
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Substance EoS T/K a p/MPa scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

 Modified 

SAFT-VR-Mie 

248−470 0.1−12 2B √ √ 
     

≤1.56 ≤0.29 ≤2.51 ≤0.22 
  

≤8.82 
 

≤4.35 37 

 SAFT-VR-Mie 298−570 0.1−30 3B √ √ √ √  √  ≤1.70 ≤1.38 ≤1.86 ≤1.00   ≤1.40 6.20 ≤2.98 35 

 soft-SAFT 300−500 0.1−30 2B √ √   √   ≤3.88 ≤1.63     ≤5.38   39 

  280−573 0.1−30 2B √ √            ≤18.1 ≤30.0  40 

Water Modified CPA 260−450 Saturation 4C √    √  √ 0.05 2.28 0.42    0.84   19 

 CPA 260−450 Saturation 4C √ √      1.17 1.10 1.45    7.43   19 

  280−620 Saturation 4C √ √      0.75 1.16    15.1  11.0 9.05 31 

 VTPR 273−373 Saturation  √    √   0.55  0.85    0.93   46 

 SAFT 275−695 0.1−20 2B √ √      1.19 3.08  2.40 14.8  7.80  18.8 32 

  275−695 0.1−20 4C √ √      1.09 2.38  1.80 13.4  7.30  8.50 32 

 PC-SAFT 280−620 Saturation 4C √ √      1.46 2.14    21.8  20.6 21.1 31 

  275−695 0.1−20 2B √ √      1.18 3.92  2.90 10.8  5.60  23.9 32 

  275−695 0.1−20 4C √ √      1.98 0.83  1.00 11.6  9.80  3.10 32 

  270−1273 30−1000 4C √ √         6.03 6.31  7.09  8.97 29 

 CP-PC-SAFT 270−1273 30−1000 4C       √    2.62 6.14  5.42  3.91 29 

 soft-SAFT 293−500 0.1−50 4C √ √   √   2.01 0.97     1.20   39 

Carbon dioxide, 

nitrogen, oxygen, 

methane 

SAFT 80−695 0.1−20 
 

√ √ 
     

≤1.58 ≤1.84 
 

≤2.20 ≤5.90 48.8 ≤8.50 
 

≤5.10 32 

 PC-SAFT 80−695 0.1−20  √ √      ≤0.49 ≤1.92  ≤1.00 ≤4.50 40.8 ≤3.50  ≤2.30 32 

Hydrogen sulfide SAFT 190−510 0.1−20  √ √      1.80 2.11  1.60 6.10  6.90  3.70 32 

  190−510 0.1−20 1A √ √      2.19 2.76  1.20 4.70  9.10  8.60 32 

 PC-SAFT 190−510 0.1−20  √ √      0.38 1.90  0.70 3.30  4.00  2.30 32 

  190−510 0.1−20 1A √ √      0.63 0.41  0.90 4.40  3.60  3.10 32 
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Substance EoS T/K a p/MPa scheme 
Fitted properties b AAD/% 

Ref. 
psat ρsat,l ΔHvap ρ Cp u CP c psat ρsat,l ΔHvap ρ Cv Cv

res Cp Cp
res u 

Ionic liquid CPA 298−323 0.1−150 2B √   √       0.95 6.55  15.8  21.0 27 

 PC-SAFT 298−323 0.1−150     √       0.09 43.2  44.5  3.48 27 

 SAFT + Cubic 298−323 0.1−150     √       0.10 2.06  3.10  1.34 27 

 ePC-SAFT 273−413 0.1−150     √       ≤1.20 ≤21.1  ≤20.5  ≤7.69 45 

 CP-PC-SAFT 250−550 0.1     √       ≤0.33 ≤7.19  ≤7.48  ≤4.29 28 

a Temperature and pressure ranges are only for heat capacities; b Properties used in parameter estimation; c CP: critical point. 562 
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4. Modelling Results with CPA and PC-SAFT 563 

  In order to carry out a fair and comprehensive comparison of two of the most well-known 564 

models, we have considered CPA and PC-SAFT and performed in this work a systematic 565 

evaluation of them for heat capacities for several associating and non-associating 566 

compounds. The parameters of CPA and PC-SAFT for the studied fluids are, in most cases, 567 

obtained from literature and they are respectively presented in Tables S1 and S2 in Support 568 

Information. For the compounds for which no available parameters were found in the 569 

literature, their parameters were determined based on vapor pressure and saturated liquid 570 

density data from the DIPPR correlations61 at reduced temperatures from 0.5 to 0.9. The 571 

ideal gas isobaric heat capacity data required in the calculations are also obtained from the 572 

DIPPR correlations with the uncertainties mostly lower than 1% (reported by DIPPR). 573 

4.1 Compressed Region 574 

  Table 4 presents the AAD of calculated heat capacities, dp/dV, and dp/dT compared to 575 

the values from NIST58 for some non-associating fluids at pressures up to 100 MPa. From 576 

Table 4, it can be seen that, in general, the PC-SAFT EoS has better performance for both 577 

Cv and Cp with the overall AAD of 1.2% and 3.2%, respectively (compared to 2.3 and 4.3% 578 

for CPA). It can also be noted that, for both models, the AAD of Cp are commonly lower 579 

than those of Cv over a wide pressure range, which is consistent with the literature results 580 

from Tables 2 and 3. The other two derivative properties in eq 2, i.e. dp/dV and dp/dT are 581 

also calculated and presented in Table 4. We can see that the AAD of these two properties 582 

with both CPA and PC-SAFT are rather high (10-15%), with PC-SAFT performing better. 583 
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Such better descriptions of dp/dV with PC-SAFT may be attributed to the more appropriate 584 

co-volume values established by SAFT models than by the cubic equations.62,63 The largest 585 

deviation of the calculated dp/dV and dp/dT observed in Table 4 is the AAD of dp/dV for 586 

2-methylpentane with CPA, reaching to 44%, while the AAD of Cp for this substance with 587 

CPA is only 3.6%. This is actually not surprising since the average ratio of Cp
id/Cp is higher 588 

than 80% at the investigated conditions, and this means that the accuracy of the calculated 589 

heat capacity depends more on the ideal gas contribution, as we have discussed in the 590 

previous section. 591 

Table 4. AAD of heat capacities for non-associating compounds with CPA and PC-SAFT 592 

Compound T/K p/MPa 
CPA/% PC-SAFT/% No. of 

points Cp Cv dp/dV dp/dT Cp Cv dp/dV dp/dT 
Methane 100−400 0.1−100 0.86 3.25 6.71 4.64 1.44 2.76 3.16 3.07 134 
Ethane 200−500 0.1−70 1.46 4.67 9.70 9.11 1.44 4.00 5.02 5.12 105 
Propane 200−500 0.1−100 3.06 4.18 10.7 12.4 1.04 4.93 8.12 9.29 147 
Butane 250−550 0.1−65 1.95 4.71 9.41 13.5 1.24 4.11 8.90 9.08 98 
Pentane 300−600 0.1−100 1.40 4.63 11.7 16.7 0.58 3.25 10.2 11.8 147 
Hexane 300−600 0.1−100 2.07 4.01 13.7 18.3 0.64 3.09 9.69 12.0 147 
Heptane 300−600 0.1−100 2.26 3.94 15.6 20.7 0.52 2.71 12.7 14.0 147 
Octane 300−600 0.1−100 2.29 3.61 18.4 20.3 0.55 2.04 12.3 13.7 147 
Nonane 250−550 0.1−100 3.22 4.76 23.0 25.9 0.54 3.44 15.1 18.4 136 
Decane 350−650 0.1−100 1.66 4.36 20.0 23.7 0.63 2.05 13.7 15.4 147 

Dodecane 400−700 0.1−100 2.25 2.93 22.7 23.8 1.42 0.96 11.3 14.2 147 
Isobutane 250−550 0.1−35 1.76 3.91 13.5 14.2 1.18 3.31 8.82 7.72 56 

2-Methylpentane 250−550 0.1−100 3.56 4.20 44.2 7.76 0.68 4.14 13.2 15.7 147 
Cyclohexane 400−700 0.1−80 2.05 2.71 11.1 16.9 1.51 1.77 11.3 10.7 119 

Propylene 200−500 0.1−100 2.41 5.68 12.0 11.7 1.14 5.20 6.36 8.61 147 
Benzene 300−600 0.1−75 3.23 6.12 11.6 19.7 1.95 5.18 9.14 12.7 103 
Toluene 400−700 0.1−100 1.66 3.56 11.2 17.1 0.78 2.33 10.2 10.3 147 

Carbon dioxide 250−550 0.1−100 3.46 5.46 9.51 7.78 4.42 3.63 4.16 4.62 147 
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Compound T/K p/MPa 
CPA/% PC-SAFT/% No. of 

points Cp Cv dp/dV dp/dT Cp Cv dp/dV dp/dT 
Nitrogen 100−400 0.1−100 1.72 4.56 5.98 4.11 1.47 3.07 2.18 2.45 147 
Overall   2.25 4.26 15.1 15.3 1.20 3.22 9.32 10.7  

  Figure 2 compares the four calculated derivative properties for dodecane from the 593 

models and the values from NIST. It can be seen that the PC-SAFT EoS tends to 594 

overestimate dp/dV, while the CPA EoS usually underestimates this property at high 595 

pressures. As for dp/dT, both EoS give lower values than the values from NIST with PC-596 

SAFT being more accurate than CPA. It can also be observed in Figure 2c that both CPA 597 

and PC-SAFT show satisfactory performance for the calculation of Cv, again with PC-598 

SAFT being the better of the two. In Figure 2d, Similar results are also obtained for Cp, for 599 

which the PC-SAFT EoS shows higher accuracy than CPA, especially at low temperatures. 600 

For supercritical fluids, the tendency of Cp can be well described by CPA and PC-SAFT, 601 

although there are some deviations at the pseudocritical temperatures. However, both 602 

models fail to capture the Cv maxima at the supercritical conditions, and these results can 603 

also be obtained for other compounds, such as toluene, as shown in Figure 3. In fact, the 604 

failure in the description of Cv maxima is quite common for analytical models.64 From 605 

Figures 2 and 3, we can conclude again that the PC-SAFT EoS has better performance than 606 

CPA for all four derivative properties for non-associating fluids.  607 
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(a) (b) 

  

(c) (d) 

Figure 2. Derivative properties of dodecane with CPA and PC-SAFT: (a) dp/dV, (b) dp/dT, 608 

(c) Cv, (d) Cp. Symbols:58 (●) 400 K, (▲) 500 K, (◆) 600 K, (■) 700 K; (—) CPA (red), (‒609 

‒ ) PC-SAFT (blue). 610 
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(a) (b) 

  

(c) (d) 

Figure 3. Derivative properties of toluene with CPA and PC-SAFT: (a) dp/dV, (b) dp/dT, 611 

(c) Cv, (d) Cp. Symbols:58 (●) 400 K, (▲) 500 K, (◆) 600 K, (■) 700 K; (—) CPA (red), (‒612 

‒ ) PC-SAFT (blue). 613 

  The relative deviations (RDs) of heat capacities for pentane with the two EoS are shown 614 

in Figures 4 and 5, in which the deviations in liquid and supercritical phases are considered 615 
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supercritical conditions than at subcritical ones. This is because, as shown in Figure 1, the 617 

percentage of Cp
id/Cp is larger at higher temperatures. Furthermore, the CPA EoS tends to 618 

underestimate the liquid Cp, and deviations increase with the temperature until positive 619 

deviations may be obtained in the supercritical regions. On the other hand, the RDs of Cv 620 

show that this property is typically overestimated by the two EoS for liquid pentane, and 621 

the deviations reduce with increasing temperature. Finally, it should be emphasized that, 622 

although the above results summarized in Figures 4 and 5 are for pentane, they are actually 623 

almost general for most compounds studied in this work. 624 

 625 

Figure 4. Relative deviations of heat capacities with CPA for liquid pentane: (●) Cv (red), 626 

(◆) Cp (blue) and supercritical pentane: (▲) Cv (green), (■) Cp (orange). 627 
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 628 

Figure 5. Relative deviations of heat capacities with PC-SAFT for liquid pentane: (●) Cv 629 

(red), (◆) Cp (blue) and supercritical pentane: (▲) Cv (green), (■) Cp (orange). 630 
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lower AAD of 1.4% with CPA compared to an AAD of 3.5% with PC-SAFT. In addition, 642 

the equations of state with different association schemes proposed by Huang and Radosz9 643 

are also considered in Table 5. As we have mentioned before, a more rigorous scheme (in 644 

the terminology used by Huang and Radosz) may not always give better performance for 645 

the heat capacities. For example, in Table 5, although the accuracy of Cv for water with 646 

both CPA and PC-SAFT coupled with the 4C scheme is higher than that with the 3B scheme, 647 

the performance for Cp with the more rigorous scheme for water (4C) deteriorates. 648 

Specially, hydrogen sulfide is considered as both inert compound and associating 649 

compound with three different schemes. Although less parameters are included, both 650 

models without considering the association still can give good performance for heat 651 

capacities, with the AAD of 3% or so, and this is consistent with the results in ref. 32. 652 

Furthermore, among the eight scenarios, CPA without the association shows the lowest 653 

AAD, which is 2.8%, for Cv. Figure 6 shows the derivative properties of water with two 654 

EoS at 400 K. From Figures 6a and 6b, we can observe that the calculated dp/dV and dp/dT 655 

with the 3B scheme show the largest deviations from the NIST values among the three 656 

schemes, and such deviations decrease significantly when the 4C scheme is used. This 657 

result is also shown in Table 5, in which the AAD of dp/dT for water with PC-SAFT and 658 

3B scheme is even higher than 96%, while the AAD with 4C scheme can reduce to 23%. 659 

Furthermore, in Figures 6a and 6b, each model with different association schemes gives 660 

the same slope of dp/dV or dp/dT curves. The PC-SAFT EoS can give better description of 661 

the slopes compared to the results from NIST than CPA. As for the heat capacities, the CPA 662 
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EoS with the 4C and 2B schemes respectively describes the Cv and Cp data best among the 663 

six calculation scenarios. Surprisingly, the PC-SAFT EoS with 4C scheme just slightly 664 

improves the results of Cv compared with the EoS with 3B scheme, and even has a worse 665 

performance for Cp. It should be emphasized that the performance of CPA with the 4C 666 

scheme for heat capacities seems quite satisfactory in Figure 6 at T=400 K, but the AAD 667 

of Cv and Cp for water over a wider temperature range are relatively large, reaching to 5.4% 668 

and 7.9%, respectively. 669 

Table 5. AAD of heat capacities for associating compounds with CPA and PC-SAFT 670 

Compound T/K p/MPa Scheme 
CPA/% PC-SAFT/% No. of 

points Cp Cv dp/dV dp/dT Cp Cv dp/dV dp/dT 
Water 300−700 0.1−100 2B 3.41 10.3 38.6 72.8 11.9 12.2 49.2 49.4 189 

   3B 4.97 12.6 46.3 80.5 8.11 15.3 82.6 96.8 189 
   4C 5.37 7.92 12.8 28.4 9.68 11.4 9.08 22.9 189 

Hydrogen sulfide 200−500 0.1−100  3.07 2.82 9.41 5.68 3.14 2.98 5.08 1.72 132 
   1A 3.37 17.1 7.03 14.2 4.09 5.73 4.60 1.76 132 
   2B 0.97 13.3 5.25 11.6 2.59 2.96 4.69 1.62 132 
   3B 1.40 8.81 5.19 6.92 3.45 4.21 4.55 1.86 132 

Ammonia 250−550 0.1−100 3B 2.59 5.21 6.56 6.84 5.68 10.1 5.74 4.14 147 
   4B 2.39 5.82 6.73 7.68 5.65 12.6 5.40 5.22 147 

Methanol 300−600 0.1−100 2B 7.83 5.60 6.15 11.0 12.2 12.5 8.92 12.2 147 
   3B 5.24 8.07 18.2 14.5 4.61 17.9 17.7 29.2 147 

Overall a    3.77 7.64 11.0 15.5 6.17 11.7 9.28 15.7  
a Only the most rigorous schemes (bold) for each compound are included in the overall 671 

AAD. 672 
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(a) (b) 

  

(c) (d) 

Figure 6. Derivative properties of water with CPA and PC-SAFT at T=400 K: (a) dp/dV, 673 

(b) dp/dT, (c) Cv, (d) Cp. (●) NIST values,58 (····) CPA-2B (pink), (−··−) PC-SAFT-2B 674 

(brown), (—) CPA-3B (red), (‒‒ ) PC-SAFT-3B (blue), (−·−) CPA-4C (orange), (---) PC-675 

SAFT-4C (green). 676 

  In the previous section, it is mentioned that some EoS cannot give good performance for 677 

both the heat capacity and speed of sound. As seen from the results of Table 5, PC-SAFT 678 
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cannot always provide good descriptions of both Cv and Cp. To analyze this further, we 679 

have considered the case of ammonia. Table 6 provides six sets of parameters for PC-SAFT 680 

for ammonia, and Table 7 gives the results of VLE and derivative properties using these 681 

parameter sets, which were fitted to the vapor pressure and saturated liquid density data at 682 

Tr=0.5−0.9 in this work. The calculated VLE and derivative properties are compared with 683 

the values from DIPPR61 and NIST58, respectively. The results show that, with sets 1−3 (in 684 

which the association volume κAB increases) with 3B scheme, the AAD of VLE and Cp 685 

decrease, while the AAD of Cv increases. Similar results can also be observed when the 4B 686 

scheme is used. This indicates that no matter which association scheme and parameter set 687 

are adopted, the PC-SAFT EoS cannot give both good descriptions of both Cv and Cp for 688 

ammonia. 689 

Table 6. PC-SAFT parameters for ammonia 690 

Set Scheme m σ (Å) ε/k (K) εAB/k (K) κAB 
1 3B 2.8587 2.1923 124.04 1084.5 0.4435 
2  3.3790 2.0738 123.62 835.2 0.9133 
3  3.8627 1.9840 123.65 580.1 1.9543 
4 4B 3.2723 2.0906 120.93 933.6 0.4567 
5  3.7231 2.0044 121.23 706.1 0.8810 
6  4.0257 1.9538 121.47 536.9 1.4935 

Table 7. AAD of VLE and derivative properties for ammonia with PC-SAFT at 691 

T=200−500 K and p=0.1−100 MPa 692 

Set Scheme 
AAD/% 

psat ρsat,l Cp Cv dp/dV dp/dT 
1 3B 1.04 0.22 8.18 5.90 9.83 6.97 
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Set Scheme 
AAD/% 

psat ρsat,l Cp Cv dp/dV dp/dT 
2  0.41 0.14 5.68 10.12 5.74 4.14 
3  0.05 0.09 4.32 13.96 6.28 8.02 
4 4B 0.72 0.11 7.63 9.04 8.10 5.22 
5  0.24 0.08 5.65 12.60 5.40 5.22 
6  0.04 0.06 4.68  14.99  6.68  8.85  

  In addition to methanol presented in Table 5, the isobaric heat capacities of other alcohols 693 

were also calculated with CPA and PC-SAFT. The deviations of the calculated Cp from the 694 

experimental data65−80 are shown in Table 8. Two association schemes (2B and 3B) are 695 

considered with the two EoS. The results show that the different schemes with CPA may 696 

affect the Cp calculation for each compound, but the effect on the overall performance is 697 

small. Compared to CPA, PC-SAFT provides a slightly lower AAD with 3B scheme (5.0%) 698 

and almost an identical AAD with 2B scheme (5.9%). Therefore, we can conclude that, the 699 

two EoS with two different association schemes have the similar overall accuracy of Cp for 700 

alcohols. Figure 7 shows the relative deviations of Cp with the two EoS and two schemes 701 

for pentanol at atmospheric pressure. We can see that all four scenarios have almost 702 

identical and low deviations in the gas region, with an average deviation about 2%, and the 703 

RDs in the liquid region show similar distributions. This conclusion can also be given from 704 

Figure 8, in which the calculated Cp for 2-butanol is compared with the experimental data 705 

from refs 68 and 78 at p=0.1 MPa. The identical Cp results at the gas state can be observed 706 

in Figure 8, since the four curves nearly overlap in this region. 707 
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Table 8. AAD of Cp for alcohols with CPA and PC-SAFT 708 

Compound T/K p/MPa 
CPA/% PC-SAFT/% No. of 

Points 
Ref. 

2B 3B 2B 3B 
Ethanol 265−591 0.1−25.1 11.3 11.9 1.90 4.09 80 65−68 
Propanol 154−603 0.1 6.12 6.18 6.36 6.34 64 68, 69 
Butanol 188−603 0.1−50 4.59 5.09 6.09 7.11 119 68, 70−72 
Pentanol 200−574 0.1 4.19 4.12 8.12 3.43 65 68, 69 
Hexanol 326−571 2−30 3.88 1.24 1.94 1.31 66 73 
Heptanol 326−571 2−30 4.58 1.93 6.48 3.00 68 73 
Octanol 326−571 2−30 6.29 5.54 2.85 2.47 66 73 
Nonanol 281−330 0.1 4.54 11.0 11.2 10.9 24 74 
Decanol 326−571 2−30 2.63 3.12 2.03 3.37 68 73 

2-Propanol 253−573 0.1−40 7.26 8.47 8.27 8.27 167 75−77 
2-Butanol 188−583 0.1−25 10.3 8.57 14.9 10.3 84 68, 78, 79 

iso-Butanol 298−493 0.1−4 5.24 4.92 7.40 3.49 97 69, 77 
tert-Butanol 353−453 1−4 2.46 2.35 1.25 1.36 62 77 
tert-Pentanol 298−369 0.1 1.92 1.55 1.38 1.22 73 80 

Overall   5.67 5.57 5.90 4.99   

 709 

Figure 7. Relative deviations of Cp with CPA and PC-SAFT for pentanol at p=0.1 MPa: (○) 710 

CPA-2B (red), (△) PC-SAFT-2B (blue), (◇) CPA-3B (orange), (□) PC-SAFT-3B (green). 711 
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 712 

Figure 8. Cp of 2-butanol with CPA and PC-SAFT at p=0.1 MPa: (○) Experiment68,78, (—) 713 

CPA-2B (red), (‒‒ ) PC-SAFT-2B (blue), (−·−) CPA-3B (orange), (---) PC-SAFT-3B 714 

(green). 715 

  Figure 9 shows the relative deviations of Cp and residual Cp with PC-SAFT and the 3B 716 

scheme for butanol at atmospheric pressure. In the liquid phase, the RD values of Cp are 717 

almost half of the RD of Cp
res, while the differences between the RD values of Cp and Cp

res 718 

become much larger for the gaseous butanol. This is because the percentage of Cp
res in Cp 719 

is about 50% for the liquid butanol, while this value decrease to lower than 10% in the gas 720 

phase. The similar results can also be observed for water in Figure 1. In fact, as the 721 

contribution of the association interaction to Cp is noticeable in the liquid phase, the ratio 722 

of Cp
id/Cp for associating fluids is generally lower than that for non-associating substances, 723 

while it becomes much higher in the gaseous region with the break of hydrogen bond, 724 

leading to a dominant contribution from ideal gas Cp. This can also explain why CPA and 725 
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PC-SAFT with both 2B and 3B schemes show the same and good performance on Cp at the 726 

gas condition in Figures 7 and 8. 727 

 728 

Figure 9. Relative deviations of Cp and Cp
res with PC-SAFT and 3B scheme for butanol at 729 

p=0.1 MPa: (■) Cp (blue), (■) Cp
res (orange). 730 

4.2 Critical Isotherms 731 

  The derivative properties at reduced temperature Tr=T/Tc=1 and pressures up to 2pc are 732 

also estimated with CPA and PC-SAFT in this work, and the AAD compared to the NIST 733 

values58 are shown in Table 9. It should be noted that, for a fair comparison, the above 734 

critical temperature and pressure for NIST values are from experiments (the “real” Tc and 735 

pc), while the critical properties for each model are calculated by the model itself. Only 736 

some of previously studied compounds from Tables 4 and 5 are considered, as not all the 737 

correlations from NIST can be used for fluids near the critical points. From Table 9, it is 738 

obvious that CPA is somewhat more accurate on the estimation of heat capacities at critical 739 
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isotherms with the overall AAD of 6.7% (compared to 7.8% for PC-SAFT), while PC-740 

SAFT gives lower deviations of dp/dV and dp/dT with the overall AAD of 24% and 7.2%, 741 

respectively. The calculated results for dodecane and toluene are plotted in Figures 10 and 742 

11, respectively, in which the dp/dV is given as ln(-dp/dV) for a clear illustration at the gas 743 

condition. On the basis of Figures 10 and 11, the following conclusions can be obtained: 744 

First, compared with CPA, there is a superiority of PC-SAFT in dp/dV and dp/dT at the 745 

liquid state. Second, neither of the two EoS can capture the Cv divergence at the critical 746 

point. Third, the performance of the two EoS for Cp is quite similar at Tr=1, and both models 747 

give rather satisfactory descriptions outside of the critical regions, while the deviations 748 

become much larger in the vicinity of the critical points. 749 

Table 9. AAD of heat capacities with CPA and PC-SAFT at Tr=1 750 

Compound Scheme 
CPA/% PC-SAFT/% No. of 

points Cp Cv dp/dV dp/dT Cp Cv dp/dV dp/dT 
Methane  6.89 5.90 20.5 8.11 11.4 4.90 14.7 3.05 91 
Butane  4.80 2.35 28.1 9.41 5.82 1.75 19.7 3.38 75 

Dodecane  4.56 0.97 38.4 9.74 4.57 1.56 33.1 14.4 36 
Isobutane  5.83 2.38 26.4 8.89 6.94 2.03 19.7 3.11 73 
Toluene  6.00 1.64 28.6 7.56 6.47 2.04 22.4 8.07 82 

Carbon dioxide  8.59 8.81 25.6 8.12 7.20 13.3 18.2 3.92 74 
Nitrogen  7.32 6.73 20.2 7.91 11.5 5.79 14.8 3.31 67 

Water 2B 6.95 12.0 42.4 12.8 11.9 7.96 103 33.1 88 
 3B 8.49 13.6 49.3 16.2 16.3 20.7 108 35.5 88 
 4C 8.07 6.16 48.5 19.3 6.73 8.74 53.4 20.3 88 

Overall a  6.66 4.61 29.3 10.1 7.79 5.27 24.4 7.24  

a Only the 4C scheme for water is included in the overall AADs. 751 
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(a) (b) 

  

(c) (d) 

Figure 10. Derivative properties of dodecane with CPA and PC-SAFT at Tr=1: (a) dp/dV, 752 

(b) dp/dT, (c) Cv, (d) Cp. (○) NIST values,58 (—) CPA (red), (‒‒ ) PC-SAFT (blue). 753 
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(a) (b) 

  

(c) (d) 

Figure 11. Derivative properties of toluene with CPA and PC-SAFT at Tr=1: (a) dp/dV, (b) 754 

dp/dT, (c) Cv, (d) Cp. (○) NIST values,58 (—) CPA (red), (‒‒ ) PC-SAFT (blue). 755 

  In Figure 12 is compared the performance of the two EoS with 2B, 3B, and 4C schemes 756 

for the heat capacities of water. It is shown that CPA with the 2B scheme and PC-SAFT 757 

with the 4C scheme have the similar good accuracy for Cp, with the AAD of both models 758 

lower than 7%. The CPA EoS with the 4C scheme gives the best description of Cv among 759 
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the six scenarios, with the AAD of 6.2%. For both models, the worst overall performance 760 

can be observed when the 3B scheme is considered. Similar to dodecane and toluene, the 761 

deviations of Cp for water are also quite low at the region far from the critical point, and 762 

become much higher when close to the critical region. This is because both CPA and PC-763 

SAFT are developed on the basis of the mean-field theory, in which the density fluctuations 764 

in the vicinity of critical point are not considered. As for the Cv, it is encouraging that both 765 

EoS with the 4C scheme can slightly reproduce the Cv maxima at their critical points, and 766 

this is not observed for other compounds. However, none of the models can successfully 767 

describe the dp/dV of gaseous water, and the RDs for this property in the gas phase are 768 

usually higher than 80% and even reach to 160% with PC-SAFT and the 3B scheme. 769 
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(c) (d) 

Figure 12. Derivative properties of water with CPA and PC-SAFT at Tr=1: (a) dp/dV, (b) 770 

dp/dT, (c) Cv, (d) Cp. (○) NIST values,58 (····) CPA-2B (pink), (−··−) PC-SAFT-2B (brown), 771 

(—) CPA-3B (red), (‒‒ ) PC-SAFT-3B (blue), (−·−) CPA-4C (orange), (---) PC-SAFT-4C 772 

(green). 773 

  Next, the RD distributions of four properties in eq 2 with CPA for nitrogen are analyzed 774 

in Figure 13, from which we can see that the deviations are larger when we are closer to 775 

the critical point. Furthermore, we can observe that the RDs of Cv and Cp show similar 776 

trends in the gas phase, especially in the region far away from the critical point. This is due 777 

to the significant values of the ideal gas contributions to heat capacities at this condition, 778 

and the values are all higher than 70% at pr<0.5 for both Cv and Cp. In addition, it can also 779 

be noted that although the ratio of Cp
id/Cp is only about 30% at pr>1, the large deviations 780 

of dp/dV and dp/dT can be somewhat counterbalanced, leading to relatively low deviations 781 

for Cp. This can explain why CPA has worse performance for dp/dV and dp/dT but still may 782 

20

30

40

50

60

70

80

0 0.5 1 1.5 2

C
v
(J
∙m

ol
-1
∙K

-1
)

pr

0

200

400

600

800

0 0.5 1 1.5 2

C
p
(J
∙m

ol
-1
∙K

-1
)

pr



59 

provide a higher accuracy for Cp than PC-SAFT. 783 

 784 

Figure 13. Relative deviations of derivative properties for nitrogen with CPA at Tr=1: (■) 785 

Cp, (‒‒ ) Cv (green), (−·−) dp/dV (red), (---) (dp/dT)2 (blue). 786 

  Closing this section, some key points can be summarized. First, for non-associating 787 

compounds at the compressed conditions, PC-SAFT shows better performance for the heat 788 

capacities than CPA. For associating fluids with the most rigorous schemes (i.e. the scheme 789 

with the most associating sites), the two EoS show similar accuracy for the description of 790 

Cp for alcohols, while CPA gives higher accuracy for other associating fluids, such as water, 791 

hydrogen sulfide and ammonia. Second, for the investigated fluids along the critical 792 

isotherms, the overall accuracy of heat capacities with CPA is higher than that with PC-793 

SAFT, although the latter have lower AAD of Cp for carbon dioxide and water. Third, 794 

although the most rigorous schemes are considered, the heat capacities may still not be 795 

better estimated with EoS compared to when an “approximate” association scheme is used. 796 
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Our fourth comment is that, in some cases, the Cv and Cp cannot be both well represented 797 

via an EoS. Fifth, the Cv maxima can usually not be captured using EoS. Our final comment 798 

is that the ideal gas contributions to heat capacities are particularly high at the gaseous and 799 

supercritical conditions far away from the critical point, thus, in these cases, satisfactory 800 

results of heat capacities can be obtained if accurate ideal gas heat capacities are available. 801 

 802 

5. Conclusions 803 

  In this work we have presented a systematic evaluation of the performance of CPA, PC-804 

SAFT and other models (mostly SAFT-related) with respect to heat capacities and a few 805 

other properties. From the literature studies, the most important conclusion is, except for 806 

the EoS (SAFT-BACK, VTPR, and PHTC) only been tested by a few substances, none of 807 

the studied EoS can give good performance in all cases. Among the CPA, original SAFT 808 

and PC-SAFT EoS, CPA may show the highest accuracy of Cv and Cp in some cases, but 809 

PC-SAFT can give the best balance between the performance on heat capacities and speed 810 

of sound. EoS with higher order perturbation terms, e.g. the modified SAFT-VR-Mie can 811 

be a potential tool for the calculation of heat capacities. Furthermore, the performance of 812 

soft-SAFT for Cp for alcohols is not as good as other EoS. 813 

  An important observation is about the relative significance of the ideal and residual heat 814 

capacity contributions, and we conclude that the ideal gas contribution, which can usually 815 

be well estimated, often plays a dominant role in heat capacities at the gas and supercritical 816 

conditions far from the critical points. Therefore, in these regions, the heat capacities are 817 
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easier to be well described by an EoS, even though the performance for the residual values 818 

is unsatisfactory. In terms of the contributions to residual heat capacities, for associating 819 

compounds, the contribution of the association term is quite significant, while it becomes 820 

much weaker at higher temperatures and/or for longer molecules. For non-associating 821 

fluids, the dominant contribution is from the dispersion term. Thus, a higher-order 822 

perturbation term for an EoS may be required for a better description of residual heat 823 

capacities. 824 

  Finally, from the calculations performed in this study, we observe that PC-SAFT shows 825 

higher accuracy of the heat capacities for non-associating compounds than CPA, while the 826 

differences between the two models and different schemes for alcohols are not significant. 827 

In addition, the Cv at critical isotherms cannot well described by both CPA and PC-SAFT, 828 

and the deviations of Cp are more significant when we are closer to the critical points. 829 

Therefore, we conclude that the performance of CPA and PC-SAFT for residual heat 830 

capacities still needs improvement, especially in the region near the critical point.  831 
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