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Abstract:	� Parameters are presented enabling the Cubic Plus Association (CPA) concept 
to be applied with the Peng-Robinson equation for petroleum reservoir 
fluids carrying water and any of the gas hydrate inhibitors, methanol, 
mono-ethylene-glycol, or tri-ethylene-glycol. The acid gases, CO2 and H2S, 
are treated as solvating components, which do not self-associate, but cross-
associate with water and hydrate inhibitors. Association is not considered 
for the remaining petroleum reservoir fluid constituents. The presented 
concept and parameters enable CPA to be used in flow assurance and 
process simulations on produced reservoir well streams containing water 
and hydrate inhibitors, while retaining consistency with prior reservoir 
simulations carried out using the Peng-Robinson equation on the water free 
reservoir fluid. A comprehensive data material for the mutual solubility of 
gases and aqueous components and hydrate inhibition is used to determine 
the pure component parameters and binary interaction parameters for 
associating components.

Keywords:	� CPA, Hydrate inhibitors, Peng-Robinson equation, Phase equilibrium, 
Water

1  Introduction

Water is usually treated as an inert phase in petroleum reservoir simulation stud-
ies. The impact of water on pressure, phase mobility, etc. is assessed, but mutual 
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solubility with the components in the hydrocarbon phases is neglected. In flow 
assurance and process simulations, it is not in general acceptable to ignore the 
mutual solubility of aqueous and hydrocarbon phases. A reservoir fluid may for 
example be saturated with water from an underlying aquifer, in which case the 
solubility of water in the reservoir fluid at reservoir conditions will influence the 
amount of hydrate inhibitor required to avoid hydrate formation in a pipeline 
transporting the untreated well stream to a process plant. 

Cubic equations of state are widely used in reservoir simulation studies. That 
is the case for compositional reservoir simulations as well as black oil simulations. 
A compositional reservoir simulator has its own built-in equation of state engine, 
while black oil simulators use look-up property tables generated using an equa-
tion of state (EoS) model. The EoS model parameters are tuned to match PVT data 
measured on the water free reservoir fluid. This so-called EoS model development 
can be quite time-consuming and it would be desirable if the EoS model devel-
oped could be reused in flow assurance and process simulations. In addition to a 
good representation of the water free reservoir fluid, pipeline and process simula-
tions will usually require accurate simulation results for hydrate suppression and 
for the mutual solubility of water and hydrocarbon phases. 

In their original forms, the cubic EoS-es are unsuited for mixtures with water 
and other aqueous components. The classical mixing rules are based on the 
assumption that the molecules in a phase are randomly distributed. This assump-
tion is not fulfilled for mixtures containing water and other polar components. 
The molecules around a water molecule will have a higher concentration of water 
than the average water concentration in the phase. That can be accounted for by 
using a mixing rule based on a local composition excess Gibbs energy model as for 
example the Huron-Vidal mixing rule [1] or an association model combined with a 
cubic EoS. Kontogeorgis et al. [2] have successfully combined an association model 
based on the Wertheim theory [3] with the Soave-Redlich-Kwong (SRK) EoS [4]. 
Water and hydrate inhibitors as for example methanol (MeOH), mono-ethylene-
glycol (MEG) and tri-ethylene-glycol (TEG) are examples of associating compo-
nents. Molecules of an associating component may associate with molecules of the 
same chemical species (self-association) or with a molecule of a different chemical 
species (cross-association).  The concept of combining a cubic EoS with an associa-
tion model is called Cubic Plus Association (CPA) and is applicable to any cubic 
EoS, but most published work on the CPA concept is with SRK as underlying cubic 
EoS [5–11]. 

The volume corrected Peng-Robinson (PR) EoS [12–14] is one of the most com-
monly used cubic EoS-es in the oil industry. A large number of reservoir simula-
tion studies are based on the PR EoS. If PR-CPA parameters were available for 
water and the most commonly used hydrate inhibitors, it would allow existing PR 
EoS parameter sets to be reused in flow assurance and process simulations con-
sidering those aqueous components. Since the PR-CPA EoS reduces to the classical 
PR EoS in the absence of associating components, a PR-CPA model would be fully 
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consistent with a PR model developed for the water free reservoir fluid. To make 
use of the PR-CPA model, parameters are required for each self-associating and 
each cross-associating component. Binary interaction parameters for component 
pairs contained in the water free reservoir fluid can be reused, but an appropriate 
binary interaction parameter must be assigned to each component pair of at least 
one associating component. 

The primary targets of the PR-CPA model in flow assurance and process simu-
lations on produced well streams would be to simulate i) water content in gas, 
ii) loss of hydrate inhibitors to hydrocarbon phases, iii) gas hydrate inhibition. The
key parameters to fulfill those targets are a correct representation of the pure asso-
ciating components and of the interactions between associating components and
between associating and non-associating components in gas and liquid phases.
The association parameters and interaction parameters must be applicable at pres-
sures and temperatures ranging from petroleum reservoir conditions to atmo-
spheric conditions.

If compositional flow or process simulations are target areas, it is a further 
requirement that the model parameters do not introduce non-physical phase 
behavior in a reasonable temperature span outside the target temperature inter-
val. Compositional flow or process simulators may use the temperature as 
iteration variable to converge the heat balance and the iteration scheme may 
include temperature estimates outside the temperature range covered by verified 
parameters.

2 � Peng-Robinson Equation with Association Term

The CPA model concept exists in a number of variants. The PR-CPA modification 
used in this work is shown in Appendix A. The α(T) expression in Equation (A2) 
was used. The chosen model concept allows reuse of existing PR model param-
eter sets from reservoir simulation studies established on the basis of PVT data 
measured on a water free petroleum reservoir fluid composition. The hydrocar-
bons are assumed not to associate and their contribution to the EoS parameters are 
derived from critical pressure, temperature, and acentric factor in the same way as 
for the classical PR EoS. Water and the hydrate inhibitors, MeOH, MEG and TEG 
are components, which may associate with molecules of the same chemical species 
and molecules of other associating components. For those components, the critical 
properties are inapplicable to find EoS parameters for the CPA model.

To calculate the contribution from the cubic term of Equation (A1), appropriate 
binary interaction parameters must be determined for each pair of aqueous (asso-
ciating) components and for pairs of one aqueous component and one petroleum 
reservoir fluid (non-associating) component. As expressed in Equation (A7), a lin-
ear dependence in temperature was used for the binary interaction parameters. 
It might have been possible to get a better match of the gas solubility in aqueous 
phases by using a second order temperature dependence, but that could possibly 
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introduce unphysical phase behavior at very low and very high temperatures. 
The latter might prevent generation of complete phase diagrams for a reservoir 
fluid with water and a hydrate inhibitor and a physically meaningful solution to a 
flash calculation at very low and very high temperatures. The latter could present 
problems for a compositional flow simulator using the temperature as iteration 
variable during which iterations very low and very high temperatures can occur. 
For pairs of non-associating components, the binary interaction parameters from 
existing EoS models are reused. 

Two modifications of the PR EoS are in common use in the oil industry, the 
original one from 1976 [12] and a modified one from 1978 [13]. They only differ 
for the m-parameter of components with high acentric factors (Equations (A3) and 
(A4)), and PR-CPA EoS parameters determined for associating components are 
applicable for both PR-modifications.    

3  Existing PR-CPA Parameter Sets

The parameters entering into the volume corrected PR EoS are relatively well-
defined as described in Appendix A. For each component, the parameters ac and 
b are determined from the critical temperature (Tc) and critical pressure (Pc) to 
give an inflexion point on the PV isotherm at the critical point.  Minor variations 
exist for the temperature term, α(T), which may be determined from an expression 
in acentric factor as proposed by Peng and Robinson [12, 13] (Equations (A2)–
(A4)) or from an expression proposed by Mathias and Copeman [15] (Equations 
(A5)–(A6)).

The association term and how to determine association parameters for use with 
the CPA model concept are less standardized. The first choice is which underlying 
cubic EoS to use. The SRK and PR EoS-es are both commonly used in the oil indus-
try. Although the two models are similar, the attractive term (a(T) in Equation 
(A1)) deviates and different parameters are needed to obtain the correct contribu-
tions from the non-associating and associating terms. CPA parameters determined 
for use with the SRK cubic EoS can therefore not be reused with PR as underlying 
cubic EoS. 

The radial distribution function may be derived from Equation (A14) [5] as 
in this work, also referred to in literature as simplified CPA, or a more compli-
cated expression [2] may be used. The cross-association parameters, eA Bi j and
bA Bi j  in this work are determined using the CR-1 combining rules in Equations
(A15) and (A16) [16], but could alternatively have been determined using com-
bining rules proposed by Elliot [17]. For a classical cubic EoS, the parameters a 
and b are derived from the pure component critical temperatures, critical pres-
sures, and acentric factors. In order to reuse existing EoS model parameters in 
simulations using the CPA concept for associating components, a and b param-
eters for non-associating components must still be derived that way. There are 
however examples in literature [8] that EoS parameters for non-associating 
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components are determined differently to achieve better match of phase equi-
librium data. The PR-CPA parameters for water, MeOH, MEG, and TEG in 
this work are determined with a volume correction of zero (c=0 in Equation 
(A1)), but a volume correction could have been applied also for associating 
components.

Five pure component parameters (a0, b, c1, ε
AB, and βAB) must be determined 

for each associating component. They are usually determined to match the pure 
component vapor pressure and the density of saturated liquid. There will how-
ever be multiple parameter sets providing approximately the same match of 
those two properties. When the CPA concept is used, the molecular attractions 
are being distributed on two terms of the equation, the attractive part of the 
cubic term and the association term. Matching pure component vapor pressures 
and densities of saturated liquid only requires that the sum of these two contri-
butions is correct, whereas interactions (mutual solubility) with other compo-
nents requires that the split between the two terms is correct. Hence, binary data 
is needed to single out the pure component parameters providing a correct pure 
component behavior as well as a correct mutual solubility with other compo-
nents. The binary data used will influence the pure component parameters and 
so will the relative importance given to solubility of associating (aqueous) com-
ponents in non-aqueous phases and the solubility of non-aqueous components 
in the aqueous phase.

Binary interaction parameters enter as a corrective term in the mixing rule for 
the molecular attraction parameter, a, in the cubic term. The optimum interaction 
parameters for binaries with at least one associating component will depend on 
the binary data used when estimating pure component CPA parameters. For rea-
sons outlined above, this work uses binary interaction parameters that are linear 
in temperature. Other functional forms, including a constant interaction param-
eter or a second order temperature dependence, could have been chosen. Table 1 
summarizes the PR-CPA model concept used in this work and possible alterna-
tives. It will only be possible to reuse PR-CPA parameters from literature, when 
the same model concept is used.

Wu and Prausnitz [18] have presented a PR-CPA parameter set for water. They 
use a different expression for the radial distribution function than Equation (A14) 
and constant binary interaction parameters. Water is assumed to have only three 
association sites and not four as in this work and most other CPA literature sources. 

Li and Firoozabadi [19] have also presented PR-CPA parameters for water. They 
use the Matias-Copeman expression [15] for α(T) of water. In mixtures with CO2, 
water is assigned a non-zero volume correction. Solvation is considered between 
water and the light hydrocarbons.

Hajiw et al [20] have estimated a PR-CPA pure component parameter set for 
water with emphasis on matching the gas solubility in the water phase by regress-
ing binary interaction parameters. They use a group contribution method to gen-
erate binary interaction parameters, which are non-linear in temperature. 
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Wang et al. [21] have presented pure component parameters set for water in a 
PR-CPA model with focus on modeling aqueous alkanol amine systems. They use 
a second order temperature dependence for the binary interaction parameters. 

Having evaluated the published PR-CPA parameter sets, the conclusion was 
that none of them would fulfill the target of this work. New pure component 
PR-CPA parameters must be estimated to meet the target of this work. 

4 � Data Material and Estimation of PR-CPA Parameters

In order to apply the PR-CPA model concept on petroleum reservoir fluids with 
any of the components, water, MeOH, MEG, and TEG, five pure component 
parameters (a0, b, c1, ε

AB, and βAB) must be determined for each of the four men-
tioned aqueous components. Those parameters were determined to match the 
pure component vapor pressure and densities of saturated liquid [22] while at 
the same time considering the mutual solubility with methane or nC7. The refer-
ences to the latter data are given in Tables 2–5. These tables also give references 
to the data used to determine interaction parameters for binaries with one or two 
associating components. Also shown are pressure and temperature ranges cov-
ered by experimental data for each component pair. The need for considering data 
for mutual solubility during determination of the pure component parameters is 
that multiple pure component parameter sets can give approximately the same 
match of pure component vapor pressure and densities of saturated liquid. The 
data for mutual solubility is used to single out the pure component parameter set 
providing the best match of both pure component vapor pressure and densities of 
saturated liquid and mutual solubility.

Association schemes expressed as number of negative charge sites (No. of 
÷charge sites) and number of positive charge sites (No. of +charge sites) and the 
obtained pure component PR-CPA parameters for the associating components are 
shown in Table 6. The association schemes are illustrated graphically in Figure A1 
in Appendix A.

A linear temperature dependence is used for the binary interaction parameters 
for pairs of associating components and for pairs of one associating component 
and one non-associating component. For pairs of water and another aqueous com-
ponent, the interaction parameters are shown in Table 7. For MeOH and MEG, 
the interaction parameters were determined to match hydrate formation data for 
methane and for TEG hydrate formation data for methane and ethane. Binary 
interaction parameters of zero are used for other pairs of aqueous components. 

CO2 and H2S are solvating components. They do not self-associate, but cross-
associate with aqueous components. Cross-association volumes and interaction 
parameters were determined for CO2 and each of the four aqueous components 
using the data in Tables 2–5. The data material for H2S only allowed for cross-asso-
ciation volumes and interaction parameters to be determined for H2O and MeOH 
as the aqueous component, hence for MEG and TEG as aqueous component 
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Table 6  PR-CPA pure component parameters and association schemes for self-
associating components.

Tc [K] a0 [bar/l2/mol2] b [l/mol] c1 [–] εAB [bar l/mol] βAB [–]
No. of ÷charge 

sites
No. of +charge 

sites
Water 647.3 1.5782 1.4788∙10–2 0.6736 161.23 6.9662∙10–2 2 2
MeOH 512.6 5.3485 3.2112∙10–2 0.4310 236.87 1.3239∙10–2 1 1
MEG 720.0 12.378 5.1671∙10–2 0.6744 194.89 1.4587∙10–2 2 2
TEG 769.5 44.349 1.3253∙10–1 1.1692 143.37 1.8273∙10–2 2 2

Table 7  Temperature dependent binary interaction parameter (kij = kij 
ref + kij’ ∙ (T 

– Tref), where Tref = 288.15K) for pairs of water and another aqueous component.
MeOH MEG TEG

kij 
ref [–] kij’ [1/K] References kij 

ref [–] kij’ [1/K] References kij 
ref [–] kij’ [1/K] References

H2O –0.14146 –4.257∙10–4 [42, 140, 141] –0.07857 0 [124–125] –0.19606 6.411∙10–4 [48, 142]

only interaction parameters were determined. Cross-association energy was not 
determined as a tuning parameter but calculated from the association energy of 
the aqueous component as per Equation (A17) in Appendix A. The association 
schemes expressed as number of negative charge sites (No. of ÷charge sites) and 
number of positive charge sites (No. of +charge sites) and the cross-association 
volumes may be seen from Table 8 and the interaction parameters from Table 9. 
The association schemes are illustrated graphically in Figure A1 in Appendix A.

For pairs of one associating (aqueous) component and one hydrocarbon gas 
component, the interaction parameters were determined to give the best possible 
match of the mutual solubility. If the solubility of the aqueous component in the 
gas and the gas solubility in the aqueous phase could not both be matched well, 
the solubility of the aqueous component in the gas was given more importance. 
The resulting binary interaction parameters are shown in Table 9. For MEG and 
TEG, the interaction parameters for C7+ are set equal to the interaction parameter 
determined for nC7. For H2O and MeOH, parameters for the interaction with nC7 
were not estimated, hence their interaction parameters with the C7+ components in 
Table 9 are based on the trend seen for the lighter hydrocarbon components. 

When estimating the five pure component parameters (a0, b, c1, ε
AB, and βAB) of 

each aqueous component from data from vapor pressure and density of saturated 
liquid of the aqueous component and data for mutual solubility with one non-
aqueous component, the object function was based on relative deviations between 
simulated and experimental values. Considerations about proper weighting 
between match of vapor pressure and of density of saturated liquid were done for 
each aqueous component. When estimating the kij for each binary system of one 
aqueous component and one non-aqueous component from data for mutual solu-
bility, the object function was based on relative deviations between simulated and 
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experimental values. Considerations about proper weighting between the solu-
bility of the aqueous component in the non-aqueous component and of the non-
aqueous component in the aqueous component were done for each binary system. 
When estimating the kij for each binary system of H2O and each of the compo-
nents MeOH, MEG and TEG from hydrate temperatures from hydrate inhibition 
data, the object function was based on absolute deviations between simulated and 
experimental values.

5  SIMULATION RESULTS

Table 10 summarizes the match of data for pure component vapor pressure and 
density of saturated liquid for the aqueous components. A good match is seen with 
PR-CPA for all the components. The deviation for vapor pressure of TEG is a little 
higher than for the other properties due to very low absolute vapor pressures at 
the lower temperatures.

Table 11 summarizes the match of data for mutual solubility in binary sys-
tems of H2O and a non-aqueous component. For solubility of non-aqueous com-
ponents in H2O, the average deviation is less than 28%. For solubility of H2O in 

Table 8  PR-CPA cross-association volume parameter and association schemes for 
solvating components. 

βAiBj [–] H2O MeOH MEG TEG No. of ÷charge sites No. of +charge sites

CO2 0.15182 0.08219 0.13157 0.25000 1 0

H2S 0.22248 0.13088 / / 1 0

Table 9  PR-CPA parameters used in expression for temperature dependent binary 
interaction parameter (kij = kij 

ref + kij’ ∙ (T – Tref), where Tref = 288.15K).

H2O MeOH MEG TEG

kij 
ref [–] kij¢ [1/K] kij 

ref [–] kij¢ [1/K] kij 
ref [–] kij¢ [1/K] kij 

ref [–] kij¢ [1/K]
N2 –0.10540 2.905∙10–3 0.05911 0.00 0.36000 –9.000∙10–5 0.15000 0.00

CO2 0.07574 6.649∙10–4 0.08651 4.666∙10–4 0.20804 5.179∙10–4 0.15882 8.137∙10–4

H2S 0.14736 –1.305∙10–4 0.06009 –1.368∙10–4 0.02213 –2.312∙10–4 –0.06500 0

C1 0.03833 1.588∙10–3 0.00315 –5.738∙10–5 0.09151 0 0.06000 0

C2 0.07594 9.937∙10–4 0.03001 1.641∙10–5 0.06000 0 0.03000 0

C3 0.04286 8.697∙10–4 0.03582 3.272∙10–4 0.05000 0 0.03000 0

iC4/nC4 0.00298 7.507∙10–4 0.01500 1.150∙10–4 0.05000 0 0.03000 0

iC5/nC5 0.00350 0 0.01000 3.600∙10–4 0.05000 0 0.03000 0

C6 –0.02 0 0.00870 1.390∙10–4 0.05000 0 0.03000 0

C7+ 0 0 0.01 0 0.04000 0 0.03000 0
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the non-aqueous components, the average deviation is less than 33%. The higher 
deviations are seen for the heavier hydrocarbon components, which will be pres-
ent in small concentrations in a typical hydrocarbon gas phase. Graphical repre-
sentations of the match for selected isotherms for the system C1-H2O are shown in 
Figures 1 and 2 below.

Table 12 summarizes the match of hydrate temperatures from hydrate inhibi-
tion data. Generally the match is within 2 °C with the exception of MeOH con-
centrations higher than 50 wgt% for which the match is within 4 °C. Graphical 
representations for selected concentrations of inhibitors are shown in Figures 3, 4, 
5 and 6 below.

Table 10  Absolute relative deviations (ARD) for match of pure component data.

Tmin [°C] Tmax [°C]
ARD for vapor 

pressure [%]
ARD for density of saturated 

liquid [%]

H2O 0 370 0.7 2.0

MeOH –50 230 1.9 0.6

MEG 50 425 0.7 1.6

TEG 50 470 5.7 2.7

Table 11  Absolute relative deviations (ARD) for match of data for mutual solu-
bility in binary systems of H2O (Component 1) and a non-aqueous component 
(Component 2).

Component (1) H2O

Component (2) ARD for (1) in (2) [%] ARD for (2) in (1)[%]

N2 12 12

CO2 8 13

H2S 12 13

C1 10 14

C2 11 28

C3 18 10

nC4 28 21

nC5 20 3

C6 33 20

nC7 / /
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Figure 1  Water (H2O) content in methane (C1) at 20  °C, 104  °C and 171  °C and various 
pressures. Markers represent selected experimental data from [11,30–32]. Lines are model 
descriptions using PR-CPA.
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Figure 2  Solubility of methane (C1) in water (H2O) at 20 °C, 104 °C and 200°C and various 
pressures. Markers represent selected experimental data from [32–36]. Lines are model 
descriptions for PR-CPA.
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Figure 1 shows experimental data and simulation results for the water content 
in C1 at three different temperatures ranging from 20 to 171 oC and pressures up to 
700 bar. A very good match is seen with PR-CPA at all conditions.

Figure 2 shows experimental data and simulation results for the C1 solubility 
in water at approximately the same temperatures and pressures as in Figure 1. 
Similar results as those shown in Figures 1 and 2 are obtained for other binary 
systems of one gas component and one aqueous component. The data at 200 °C 
appear as being internally inconsistent at the higher pressures. However, the data 
is mainly from three data sets each of which showing good consistency within the 
data set. Therefore, it is not obvious which data set should be excluded, hence all 
three data sets have been included.

Table 12  Absolute deviations (AD) for match of hydrate temperatures from hydrate 
inhibition data.

AD for hydrate temperature

MeOH < 2 °C up to 50 wgt% inhibitor. < 4 °C above 50 wgt% inhibitor.

MEG < 2 °C

TEG < 2 °C

Figure 3  Methane hydrate formation conditions with various MeOH concentrations in 
the aqueous phase. Markers represent selected experimental data [42–45]. Lines are model 
descriptions for PR-CPA.
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Figure 4  MEG hydrate formation conditions with various MEG concentrations in the 
aqueous phase. Markers represent selected experimental data [42–45, 46]. Lines are model 
descriptions for PR-CPA.
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Figure 5  Mono-ethylene-glycol (MEG) inhibited methane gas hydrate at various weight 
(wgt) based concentrations of MEG in the aqueous phase. Markers represent selected 
experimental data from [47]. Lines are model descriptions for PR-CPA.
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The water solubility in a CO2 rich gas is particularly interesting as CO2 is treated 
as a solvating component, which does not self-associate, but cross-associates with 
water. Figure 7 shows the water concentration in a gas consisting of 30 mole per-
cent C1 and 70 mole percent CO2 at three different temperatures [23]. A good match 
is seen with PR-CPA.

The model parameters were determined from binary data and must be vali-
dated for multi-component systems. Figure 8 shows experimental data [24] and 
PR-CPA simulation results for the water content in a 4-component gas mixture 
with some content of the acid gases CO2 and H2S that are both modelled as sol-
vating components. A very good match is seen between the data and the PR-CPA 
simulation results. 

Table 13 shows a 7-component synthetic gas composition for which water solu-
bility data and PR-CPA simulation results are shown in Figure 9. Some deviation 
is seen between the data point and the simulation result at the lowest pressure at 
93 oC. The other data points are matched very well.  

Figure 10 shows data and PR-CPA simulation results for the water content in 
a gas condensate at 1000 bar and temperatures ranging from 35 – 200 oC. The C7+ 
characterization procedure presented by Pedersen et al. [25] was applied for the 
reservoir fluid. The water concentration in the gas condensate phase is matched 
very well at 35 oC and 120 oC and reasonably well at 200 oC.

Figure 6  Tri-ethylene-glycol (TEG) inhibited methane gas hydrate at various weight (wgt) 
based concentrations of TEG in the aqueous phase. Markers represent selected experimental 
data [43–45, 48–50]. Lines are model descriptions for PR-CPA.
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Figure 7  Water content in 30 mole% C1 + 70 mole% CO2 mixtures at 31°C, 43°C and 60°C and 
various pressures. Markers represent experimental data [37]. Lines are model predictions 
for PR-CPA.
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Table 13  Synthetic gas composition for which data is shown in Figure 5.

Component Mole%

C1 67.5

C2 4.5

C3 1.9

iC4 0.5

nC4 0.7

CO2 18.8

H2S 6.3
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Figure 9  Water content in the synthetic gas mixture in Table 13 at 49°C and 93°C and 
various pressures. Markers represent experimental data [38]. Lines are model predictions 
for PR-CPA. 

MeOH is one of the most commonly used hydrate inhibitors. The inhibition 
effect originates from the MeOH contained in the water phase. MeOH dissolved 
in the hydrocarbon phase has no hydrate suppression effect. If the water phase is 
small compared to the hydrocarbon phase(s), the percent MeOH loss to the hydro-
carbon phase(s) can be considerable and must be taken into consideration when 
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calculating the MeOH consumption needed to suppress the hydrate formation 
temperature sufficiently to avoid hydrate formation at relevant operating condi-
tions. Such considerations are in principle also relevant for the two other hydrate 
inhibitors considered in this work, MEG and TEG, but they are much less volatile 
and less soluble in hydrocarbon phases than MeOH. Figure 11 shows experimental 

Figure 10  Water content in the gas condensate at 35–200 °C and a pressure of 1000 bar. 
Markers are experimental data [39]. Lines are model predictions for PR-CPA.
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Figure 11  Compositional data for two-phase vapor-liquid equilibrium of the ternary system; 
water(H2O)-methanol(MeOH)-methane(C1) at 6.7°C. Markers represent experimental data 
[40]. Lines are model predictions for PR-CPA.
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data and PR-CPA simulation results for the phase distribution in a 3-component 
mixture of H2O, MeOH, and C1. The simulation results provide a good match of 
the H2O and MeOH concentrations in the gas phase as well as of the C1 solubility 
in the aqueous phase.

While the loss of MEG to the hydrocarbon phases is limited, the water con-
tent in a hydrocarbon gas phase in equilibrium with a mixed H2O-MEG phase is 
influenced by the MEG concentration. Table 14 shows a natural gas composition, 
which is contacted by an aqueous phase consisting of H2O and MEG. Figure 12 
shows data for the water content in the gas phase over an aqueous mixture with 
50 weight percent MEG and Figure 13 data for the water content in the gas phase 
over an aqueous mixt	 ure with 70 weight percent MEG. PR-CPA simulation 
results for the water content in the gas phase are shown in both figures and match 
the experimental data closely.

A primary target of this work is to provide reliable PR-CPA model parameters 
for simulating fluid systems of a petroleum reservoir fluid, water, and a hydrate 
inhibitor. Pedersen et al. [26] have presented data for the MeOH partitioning 
between an aqueous, an oil and a vapor phase. The C7+ characterization procedure 
presented by Pedersen et al. [25] was applied for the reservoir fluid. The match of 
the data can be seen from Table 15.

MeOH, MEG and TEG may be added to reservoir fluid well streams carrying 
water to inhibit hydrate formation. The inhibitor concentration in the aqueous 
phase can be as high as 70 weight percent, and it is essential that the suppression of 
the hydrate temperature is simulated correctly in the whole concentration range. 
The hydrate model of Munck et al.  [27] was used to test whether the PR-CPA 
model is capable of providing accurate simulation results for hydrate inhibition. 
Figure 3 shows hydrate formation data and PR-CPA simulation results for meth-
ane hydrate inhibited by MeOH up to a concentration of 65 weight percent. The 
simulation results agree well with the measured data.

Table 14  Synthetic natural gas composition for which data is shown in Figures 12 
and 13.

Component Mole%

N2 7.00

C1 84.13

C2 4.67

C3 2.34

nC4 0.93

nC5 0.93
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Figure 12  Water contents in gas phase at two-phase vapor-liquid equilibrium of the multi-
component system; water(H2O)-mono-ethylene glycol(MEG)-synthetic natural gas at 0 °C 
and 10 °C. Initial gas phase composition is given in Table 14. Initial aqueous phase is a 
50 weight% MEG solution. Markers represent experimental data [41]. Lines are model 
predictions for PR-CPA.
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Figure 13  Water contents in gas phase at two-phase vapor-liquid equilibrium of the multi-
component system; water(H2O)-mono-ethylene glycol(MEG)-synthetic natural gas at 0 °C 
and 10 °C. Initial gas phase composition is given in Table 14. Initial aqueous phase is a 
70 weight% MEG solution. Markers represent experimental data [41]. Lines are model 
predictions for PR-CPA.
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C1 hydrate formation temperatures with MEG used as inhibitor in concentra-
tions up to 50 weight percent is shown in Figure 4. Figure 5 shows C1 hydrate 
formation temperatures for MEG concentrations up to 70 weight percent. In the 
whole concentration range, the PR-CPA simulations results agree well with the 
measured hydrate formation temperatures.

C1 hydrate formation temperatures with TEG used as inhibitor in concentra-
tions up to 50 weight percent is shown in Figure 6. In the whole concentration 
range, the PR-CPA simulations results agree well with the measured hydrate for-
mation temperatures.

Conclusion

CPA association parameters capturing the pure component behavior for water, 
MeOH, MEG, and TEG have been determined for use with the Peng-Robinson 
equation of state.  Binary interaction parameters linear in temperature have been 
determined for each pair of aqueous components and for each pair of an aque-
ous component and a gas component contained in a petroleum reservoir fluid 
(N2, CO2, H2S, and hydrocarbon components). A comprehensive data material 
covering pressure and temperature conditions ranging from high pressure high 
temperature reservoir conditions to atmospheric conditions has been used. The 
data covers mutual solubility of aqueous (associating) components and gas com-
ponents as well as hydrate formation data for systems with either MeOH, MEG or 
TEG used as inhibitor. CO2 and H2S are treated as solvating components, which do 
not self-associate, but cross-associate with aqueous components. Cross-association 

Table 15  Experimental data and simulation results for methanol distribution in a 
reservoir fluid. Reservoir fluid composition reported by Pedersen et al. [26]. RD is 
relative deviation in % of simulated phase composition compared to experimental 
phase composition.

Exp.  mole% PR–CPA mole% RD PR–CPA (%)

Aqueous phase Res. Fluid N/A 0.5673  N/A

Methanol 18.6800 19.1744 2.65

H2O 81.3200 80.2584 –1.31

Oil phase Res. Fluid 99.7990 99.8387 0.04

Methanol 0.2010 0.1441 –28.28

H2O N/A 0.0171 N/A

Vapor phase Res. Fluid 99.9570 99.9506 –0.01

Methanol 0.0429 0.0347 –19.20

H2O N/A 0.0147 N/A
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parameters are determined for those two components. The parameters allow exist-
ing PR models developed for water free reservoir fluids to be reused in PR-CPA 
simulations that are also to handle water and hydrate inhibitors. The presented 
parameters are applicable with the original PR equation of state from 1976 as well 
as the modification from 1978. The parameters have been validated against phase 
equilibrium data for multi-component systems and against hydrate data with var-
ying inhibitor concentrations. 

List of Notations

A	 Association site
a	 Parameter in Peng-Robinson equation of state
B	 Association site
b	 Parameter in Peng-Robinson equation of state
C1-C3	� Constants in Mathias-Copeman expression (Equations (A5) and (A6)) for 

temperature dependence of a-parameter in a cubic equation of state.
CPA	 Cubic Plus Association
CR-1	 Cross-association combining rule
c	 Volume correction
1. EoS	 Equation of state
g	 Radial distribution function
i	 Component index
kij	 Binary interaction parameter for i-j component pair
MEG	 Mono-Ethylene-Glycol
MeOH	 Methanol
m	 Parameter defining temperature dependence of a
N	 Number of components
NS	 Number of association sites
P	 Pressure
PR	 Peng-Robinson
R	 Gas constant
SRK	 Soave-Redlich-Kwong
T Temperature
TEG	 Tri-Ethylene-Glycol
X	 Fraction of non-bonded sites

Greek Letters

α Parameter in Peng-Robinson equation of state
β Association volume parameter
Δ	 Association parameter defined in Equation (A13)
ε Association energy parameter
η	� Parameter is expression for radial distribution function defined in Equation (A14)
ω Acentric factor
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Sub and Super indices

Association	 Association term
0	 Reference value
‘	 Temperature derivative
Cubic	 Cubic term
c	 Critical property
i	 Component index
j	 Component index
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APPENDIX A 

PR-CPA Model 

The classical Peng-Robinson equation [12] with the volume correction as sug-
gested by Peneloux et al. [14] takes the form

P
RT

V b
T

V c V c b V b
=

− + + + −
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The parameter aci is the a-parameter of component i at its critical temperature 
and evaluated from the critical temperature and pressure. The parameter mi is 
determined from the acentric factor, ωi. For the original PR-equation [12], the 
expression for mi takes the form

mi i i= + −0 37464 1 54226 0 269922 2. . .w w � (A3)

The PR modification from 1978 [13] uses the same expression for mi for compo-
nents with acentric factors not exceeding 0.49. For components with higher acen-
tric factors, mi is found from 

mi i i i= + − +0 379642 1 48503 0 164423 0 01666 2. ( . . . )w w w � (A4)

Mathias and Copeman [15] have suggested an alternative expression for αi(T) 
of component i:

ai i
ci

i
ci

i
ci

T C
T
T

C
T
T

C
T
T

( ) , , ,= + −






+ −







+ −







1 1 1 11 2

2

3 












<
3

1for
T
Tci

� (A5)

ai l i
ei ci

T C
T
T

for
T
T

( ) ,= + −














 >1 1 1

2

(A6)

C1,i–C3,i are component specific constants. As the classical temperature depen-
dence in Equation (A2) provides a good match of the vapor pressures of non-aque-
ous reservoir fluid constituents and the functional form of the Matias-Copeman 
expression reduces to the classical one for super-critical temperatures, it is seldom 
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to see the Matias-Copeman expression used for water free petroleum reservoir 
fluids and the expression is not used in this work.

For mixtures, the equation of state parameters, a(T), b, and c are found from:

a( ) ( ) ( )( ) ( . )T x x a T a T k where k k k T Ki
ji

j i j ij ij ij ij= − = + −∑∑ 1 288 150 � (A7)

b x bi i
i

= ∑ (A8)

c x c where c c c T Ki i
i

i i i= = + −∑ 0 288 15( . ) (A9)

xi and xj are mole fractions of components i and j and kij a binary interaction param-
eter for the same two components. 

Vapor pressures and liquid densities of aqueous components are significantly 
higher than of hydrocarbon components of approximately the same molecular 
weight. The CPA theory attributes this to a fraction of the aqueous components 
associating with other molecules of the same species. The association term enters 
as a correction to the pressure from a classical cubic equation 

P P PCubic Association= + (A10)

The association term used in this work takes the form [28]
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N is number of components and NSi is the number of association sites (Ai) for 
component i. XAi

 is the fraction of molecules i not bonded at site A.
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eA Bi j and bA Bi j  are parameters expressing association energy and association
volume for component pair i-j. NSj is the number of association sites (Bj) for com-
ponent j. XBi

 is the fraction of molecules j not bonded at site B. The parameter bij 
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is the average of the b-parameters for components i and j. The radial distribution 
function used in this work is [5]

g where
b
V

( )
.

h
h

h=
−

=1
1 1 9 4

(A14)

Two associating components of different species may cross-associate and evalu-
ation of Equation (A12) requires a cross-association energy and a cross-association 
volume for each pair of cross-associating components. The combining rules of 
Voutsas et al. [16], often referred to as CR-1, are used in this work:

e e eA B
A B A B

i j
i j j i

= +
2

(A15)

b b bA B A B A Bi j i j j j= (A16)

CO2 and H2S do not self-associate ( eA Bi i  and bA Bi i are zero), but may cross-
associate with water. They are said to be solvating with water and hydrate inhibi-
tors. For those two components, a modified CR-1 combining rule is used [16] and 
below exemplified for water:

e e e eA B
A B A B A B

i j
i i H O H O H O H O

= + =
2 2 2 2

2 2
(A17)

b bA B A Bi j i H O= 2 (A18)

bA Bi H O2 is a parameter specific for each solvating component and water. Similar
parameters exist for the two solvating components and each hydrate inhibitor.

Non-aqueous components such as C1 have no association sites, hence no values 
for neither self-association nor cross-association parameters. In turn, they do not 
contribute to the association term whether as pure components or as binaries with 
any other component.

An association scheme is required for each associating or solvating component. 
It tells the number of positive and negative association sites for each component. 
Table A1 shows the association schemes used in this work.

An association scheme represents a certain way of interaction between positive 
and negative sites of a component. Figure A1 illustrates the association schemes 
4C with 2 positively charged and 2 negatively charged association sites and 2B 
with 1 positively charged and 1 negatively charged association site mentioned in 
Table A1. All positively charged sites can associate with all negatively charged 
sites and vice versa. Sites of same charge, positive or negative, cannot associate 
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with each other. This gives 4 association sites for the 4C association scheme and 2 
association sites for the 2B association scheme.

If a component self-associates, it affects the calculated critical point and the 
parameters a and b in the cubic term (Equation (A1)) cannot be determined from 
the critical temperature and pressure as is the case for a non-associating compo-
nent. The parameters in the cubic term are instead determined from other prop-
erty data. Volume correction is not used for associating components in this work, 
which means the c-parameter in Equation (A1) equals zero.

To make use of the PR-CPA model concept, five pure component parameters (a0, 
b, c1, ε

AB, and βAB) must be determined for each associating component. The param-
eter a0 is equivalent to ac in Equation (A2), b is the b-parameter entering into the 
cubic term considering association, and c1 is equivalent to mi in Equation (A2). For 
a non-associating component, the association term is zero and there are no εAB and 
βAB parameters. The sour gases, CO2 and H2S, are assumed to solvate with water. 
For those two inorganic gases the parameters in the cubic term can be determined 
as for other non-associating components, but to properly account for the inter-
action with water, a cross-association volume bA Bi H O2  must be determined. The
concept of solvation is described in [6] and successfully applied to similar systems 
elsewhere in the literature [29].

Figure A1  Illustration of association schemes 4C with 2 positively charged and 2 negatively 
charged association sites (left) and 2B with 1 positively charged and 1 negatively charged 
association site (right).
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Table A1  Association schemes used in this work.

Component No. of positive sites No. of negative sites Association scheme [20]

Water 2 2 4C

MeOH 1 1 2B

MEG 2 2 4C

TEG 2 2 4C

CO2 0 1 -

H2S 0 1 -


