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a b s t r a c t 

Transportation of natural gas extracted from subterranean reservoirs is subject to several risks introduced 

by the presence of water. These risks can be mitigated through subsea dehydration, the design of which 

requires an accurate understanding of the thermodynamics of these systems. Having previously inves- 

tigated the use of mono-ethylene glycol as a dehydration agent, this research focusses on the industry 

workhorse: tri-ethylene glycol (TEG). The Cubic-Plus-Association (CPA) equation of state has previously 

provided a good description for systems of equal complexity and in this work the literature 4C and 6D 

association schemes, as well as four newly proposed association schemes (4F, 5F, 6F and 5C) are evaluated 

for the description of TEG. These association schemes, which are explained in the manuscript, represent 

different ways of self-association for TEG. 

Pure component parameters are estimated by fitting to vapor pressure, liquid density, and liquid- 

liquid equilibrium data, with statistical uncertainty analysis implemented to determine the confidence 

intervals of the parameters. Binary interaction parameters are similarly fitted to binary vapor-liquid equi- 

librium (VLE) data. Optimized parameters are evaluated by testing their performance in predicting binary 

and ternary VLE systems. 

Due to the strong influence of certain experimental data sets, the literature 6D parameters are shown 

to be unsuitable for the applications in this work. The need for consistent experimental data quantify- 

ing both vapor and liquid phases, specifically for TEG – CH 4 has been highlighted. The best overall per- 

formance was obtained using the newly proposed 4F association scheme. Along with improved overall 

description of various VLE and LLE systems, with average absolute relative deviations generally between 

2-20%, single parameter sensitivity analysis shows improved optimality for several systems also not in- 

cluded in the parameterization. This is indicative of a better fundamental characterization of the TEG 

molecule. The value of the uncertainty analysis is shown for the binary interaction parameters, where 

for TEG – CH 4 VLE a temperature-dependent correlation is shown to be unnecessary using the optimum 

association schemes. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In several regions of the world, oil and/or natural gas is ex- 

racted from subterranean reservoirs (also called wells) and piped 

o processing facilities. The presence of water in unprocessed reser- 

oir products presents several risks both in terms of stable opera- 

ions and asset reliability of upstream equipment and transporta- 

ion pipelines [ 1 , 2 ]. Large volumes of water and condensate may
∗ Corresponding author. 
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esult in slugging, which can be mitigated by the separation of the 

iquid and gas phases. Meanwhile the presence of water in smaller 

uantities in gas pipelines leads to hydrate formation and subse- 

uent blockages. The inherent risk of the presence of water is a 

orrying fact when considering that the production of water nat- 

rally increases over the lifetime of reservoirs, until the reservoir 

s no longer economically viable [3] . In this work, we have a par-

icular interest in the mitigation of risk in gas-phase pipelines. Hy- 

rate formation can be mitigated for instance by the injection of 

inetic/thermodynamic inhibitors, allowing for the gas to be safely 

iped to the processing facilities. In offshore/subsea applications, 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

Acronyms 

TEG Tri-ethylene glycol 

MEG Mono-ethylene glycol 

VLE Vapor-liquid equilibria 

LLE Liquid-liquid equilibria 

CPA Cubic-Plus-Association 

EoS Equation of state 

n C 7 n -heptane 

BIP Binary interaction parameter 

SRK Soave-Redlich-Kwong 

SAFT Statistical Associating Fluid Theory 

DEG Di-ethylene glycol 

C.I. Confidence Interval 

ARD Absolute relative deviation [%] 

AARD Average absolute relative deviation [%] 

AAD Average absolute deviation [%] 

DIPPR Design Institute for Physical Properties 

Mathematical symbols, Symbol, Property & Unit, First 

Appearance 

P Pressure [bar], ( Eq. (1) ) 

P SAT Saturated Vapor pressure [bar], Table 5 

ρSAT Saturated Liquid density [ kmol 
m 

3 ] , Table 5 

T R Reduced temperature, T R = 

T 
T c 

, Section 2.2.2 

V m 

Molar volume [ m 

3 

mol 
] , Eq. (1) 

R Gas constant [ J 
mol ·K ] , Eq. (1) 

T Temperature [K] , Eq. (1) 

α(T ) Temperature dependent energy term, [ bar · c m 

6 

mo l 2 
], 

Eq. (1) 

x i Molar fraction of component i , Eq. (1) 

b Co-volume [ c m 

3 

mol 
] , Eq. (1) 

X A i Fraction of association sites A on molecule i which 

are not involved in site-site interactions, Eq. (1) 

g Radial distribution function, Eq. (1) 

a 0 Attractive energy term, [ bar · c m 

6 

mo l 2 
], Eq. (2) 

� Reduced energy term, � = 

a 0 
b·R [K] , Eq. (13) 

c 1 Attractive energy temperature-correction, Eq. (2) 

ε Association energy [ bar · c m 

3 

mol 
], Eq. (3) 

β Association volume , Eq. (3) 

� Association strength, Eq. (3) 

k i j Binary interaction parameter, Eq. (10) 

T c Critical temperature [K] , Section 2.2.2 

P c Critical pressure [ bar ] , Section 2.2.2 

O F min Objective function, Eq. (13) 

rCI Relative confidence interval, rCI = abs ( 95% lb−95% ub 
Set ) , 

Fig. 8 

w i Weighting function, Eq. (13) 

he injection of glycols has proven successful due to their rela- 

ively high absorption efficiency, low regeneration cost and non- 

orrosivity [4] . Tri-ethylene glycol (TEG) is the most common ab- 

orbent used in industrial applications [ 5 , 6 ]. Relatively large vol- 

mes of glycol are required for hydrate inhibition however, which 

as several downsides: 

1 Greater operating and investment cost for downstream process- 

ing to separate and recover the glycol 

2 Decreased production capacity as some transportation capacity 

must be ceded to the glycol 

3 Decreased reservoir lifetime and increased complexity intro- 
duced by the need for multiphase pipelines 

2 
The economic drivers for resolving these issues are obvi- 

us: lower costs, increased production capacity, extended well- 

roduction lifetimes and more reliability [7] . Moreover, the self- 

ame glycols which are used as hydrate inhibitors can also be used 

s dehydrating agents as evidenced in patents [ 8 , 9 ] and literature 

10] as least as far back as the 1950s and 1960s. 

As topside facilities eventually become bottlenecked by the ca- 

acity of their water treatment facilities, hydrocarbon production 

apacity cannot be maintained over the lifetime of the facility [3] . 

he past 30 years have seen a dedicated thrust towards the devel- 

pment of subsea processing capabilities which either negate the 

eed for hydrate inhibition or compactly combine it with the sep- 

ration process. The development of subsea separation units for 

ulk liquid and/or gas separation, presents several viable options 

11–13] for the debottlenecking of hydrocarbon production. One 

uch development of direct interest to this study is the compact 

nline gas separation technology [14] recently proposed by Equinor. 

he proposed idea includes offshore and/or subsea (i.e., at source) 

atural gas dehydration units making use of mono-ethylene glycol 

MEG) or TEG, which negates the need for large-scale hydrate in- 

ibition. 

Naturally, the simulation and design of such processing facilities 

equire a firm grasp of the chemical thermodynamics in order to 

orrectly predict the interaction of the gas, water and glycol. Given 

he proximity to the reservoir, the process conditions may also dif- 

er from what has been studied previously. Usually, pre-separation 

f condensate and bulk water are also required, meaning that both 

apor-liquid (VLE) and liquid-liquid (LLE) equilibria need to be ac- 

urately described. 

Several studies [15–19] regarding traditional approaches to ther- 

odynamic properties, modelling and simulation, relating to de- 

ydration can be found in the literature. Other authors followed 

 strictly empirical approaches [20–23] including parametric stud- 

es and applications of neural networks. BTEX compounds (ben- 

ene, toluene, ethylbenzene and xylene) [ 24 , 25 ] which are critical 

rom an emissions standpoint, have also been studied while other 

uthors [ 26 , 27 ] have investigated the regeneration process where 

igh temperature TEG-H 2 O interactions are most important. 

In this work we are focused on the thermodynamics for the 

escription of TEG in the application of natural gas dehydration, 

nd specifically using the Cubic-Plus-Association equation of state 

CPA-EoS) [28] . The CPA-EoS combines the traditional cubic equa- 

ion of state approach with the association term, initially devel- 

ped by Wertheim [29–32] and later refined by Chapman [33] , 

rom the SAFT equations of state. The addition of the association 

erm requires two further pure component parameters but allows 

PA to be successfully employed for complex aqueous systems 

uch as those of interest in natural gas dehydration applications. 

revious CPA applications for TEG have been discussed predomi- 

antly in the two papers viz. Derawi et al. [34] and Breil et al. 

35] . 

The primary objective of this work is to expand on the method- 

logy of our previous work [36] where the ideal description of the 

ssociation (or hydrogen-bonding) interactions of MEG within the 

PA framework was sought. An important element of this frame- 

ork is the selection of the association scheme, which requires the 

llocation of single-point sites. These point-sites determine the as- 

ociation interaction of the compound with itself and other asso- 

iation compounds in a mixture. Within the application of natu- 

al gas dehydration, it is self-evident why the correct/best descrip- 

ion of the interaction between water and glycols (and by exten- 

ion other impurities such as CO 2 ) is crucial for the simulation and 

ubsequent design of these processes. Analogous to our previous 

ork [36] , four new association schemes have been proposed for 

EG. These have been parameterized using statistical uncertainty 

ethodologies and then measured against the status quo from lit- 
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rature, using the available experimental data related to natural 

as dehydration. 

. Literature review 

The following literature review provides a summary of the ther- 

odynamic models, available experimental data and the selection 

riteria applied in this study. Our previous work for MEG [36] high- 

ighted the importance of using raw experimental data (versus 

ure component property correlations) in thermodynamic param- 

ter estimation, as well as the effects of mixture data selection 

here few data are available. As with MEG, relatively few TEG mix- 

ure data have been published in the open literature. 

.1. Thermodynamic modelling of TEG with CPA-EoS 

In this study we are concerned with improving the thermody- 

amic modelling of TEG phase equilibria using the CPA equation of 

tate. CPA is based on the Soave-Redlich-Kwong (SRK) [37] model, 

hich accounts for the inter-molecular attraction and repulsion, 

hile the association term (taken from the Statistical Associat- 

ng Fluid Theory [ 33 , 38 ]) accounts for specific site-site interactions 

uch as hydrogen bonding. The 1999 version of CPA [39] , which in- 

ludes a simplified expression for the radial distribution, has been 

sed in this work. Given in its pressure-explicit form, the model is 

escribed using three terms: 

 = P SRK,rep + P SRK,att + P SAF T,assoc = 

RT 

V m 

− b 
− α( T ) 

V m 

( V m 

+ b ) 

− RT 

2 V m 

(
1 + ρ

∂ ln g 

∂ρ

)∑ 

i 

x i 
∑ 

A i 

(
1 − X A i 

)
(1) 

Five pure component parameters are required: 

• b: co-volume [cm 

3 / mol] 
• a 0 : attractive energy term [bar cm 

6 / mol 2 ], also presented as 

� = 

a 0 
b·R [K] in the literature 

• c 1 : attractive energy temperature-correction [dimensionless] 
• ε: association energy [bar cm 

3 / mol], also presented as ε 
R [K] 

in the literature. 
• β: association volume [dimensionless] 

Here the first three parameters are used directly in the calcula- 

ion of the SRK contributions in Eq. (1) , where a 0 and c 1 are im- 

lemented inside the α-function where reduced temperature ( T R ) 

s the system temperature divided by the component critical tem- 

erature ( T c ): 

( T ) = a 0 

(
1 + c 1 

(
1 −

√ 

T R 

))2 

(2) 

Meanwhile ε and β are required to describe the association 

ontribution. The model has been discussed thoroughly in our pre- 

ious work [36] , and therefore only a few core points (which pro- 

ide specific insights allowing the work to be replicated) are high- 

ighted here. 

Our specific area of focus considers the association scheme used 

o describe the hydrogen bonding of TEG. As mentioned previously, 

wo approaches are found in the literature where Derawi et al. 

34] have used the 4C scheme which assumes two ‘positive’ and 

wo ‘negative’ association sites to represent the proton (H 

+ ) and 

ydroxyl (OH 

−) groups located at the ends of the carbon chain. 

he 6D scheme introduced by Breil & Kontogeorgis [35] addition- 

lly assigns two additional ‘negative’ association sites to the ether 

xygen atoms located near the centre of the carbon chain. The cal- 

ulation of the association strength ( �A i B j ) is defined between site 

 on molecule i ( A i ) and site B on molecule j ( B j ), and is described
3 
y: 

A i B j = g ( ρ) 

[
exp 

(
ε A i B j 

RT 

)
− 1 

]
b i j β

A i B j (3) 

With g(ρ) being the simplified radial distribution function: 

 ( ρ) = 

1 

1 − 1 . 9 η
, η = 

1 

4 

bρ

The chosen association scheme determines which interactions 

i.e., site A i with site B j ) are possible in the calculation of the asso- 

iation strength ( Eq. (3) ) which carries forward into the calculation 

f the fraction of nonbonded sites: 

 A i = 

1 

1 + ρ
∑ 

j x j 
∑ 

B j 

(
X B j �

A i B j 
) (4) 

X A i refers exactly to those association sites ( A ) on molecule 

 which are not involved in any site-site interactions. To envi- 

ion the effect of the association scheme, consider the simplified 

ase of a mixture of two molecules i and j, each with associa- 

ion sites A and B . If A and B cannot interact, the exponential term

n Eq. (3) will resolve to 1 and therefore the association strength 

ill become 0. Therefore in Eq. (4) , X A i will equal 1 i.e., all sites A

n i will be unbonded. Conversely, if A - B interactions are allowed 

hen Eq. (3) resolves to a positive number meaning that the de- 

ominator in Eq. (1) is greater than 1. Therefore, X A i will equal 

 positive number smaller than 1 i.e., some molecules i are now 

onded via site A . If the decreased X A i is carried through to Eq. (1) ,

t is following the logical result: increased hydrogen bonding re- 

ults in lower pressure. Although X A i is a function of X B i , the set 

f equations evolving from Eq. (4) can be resolved relatively sim- 

ly into analytical functions as shown by Huang and co-workers 

 40 , 41 ]. In practice however, Michelsen [42] has proposed a mini-

ization/maximization approach for solving this problem. 

For mixtures, these pure component association parameters are 

ubject to combining rules, where the association is averaged while 

he association volume can be combined using either the CR-1 or 

CR rule: 

A i B j = 

√ 

βA i βB j ( CR − 1 ) (5) 

 

A i B j = 

ε A i B i + ε A j B j 

2 

( CR − 1 ) (6) 

A i B j = 

√ 

�A i �B j ( ECR ) (7) 

In this work the CR-1 rule has been applied. CO 2 is modelled 

sing the 4C association scheme with parameters derived by Tsiv- 

ntzelis et al. [43] . For the CO 2 – H 2 O mixture, the cross-association 

olume was fitted to experimental to data, and cross-association 

nergy was found experimentally. 

For the SRK-terms, the standard van der Waals one-fluid mixing 

ules have been applied for α(T ) and b: 

( T ) mix = 

n ∑ 

i =1 

n ∑ 

j=1 

x i x j α( T ) i j (8) 

 mix = 

n ∑ 

i =1 

n ∑ 

j=1 

x i x j b i j (9) 

here, 

( T ) i j = 

√ 

α( T ) i α( T ) j 
(
1 − k i j ( T ) 

)
(10) 

 i j = 

b i + b j 
(11) 
2 
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Table 1 

Pure component parameters used in this work, obtained from literature. � is the reduced energy parame- 

ter, defined as � = 

a 0 
b·R 

Compound T c [ K] b [ c m 

3 /mol ] � [ K] c 1 ε/R [ K] β × 10 3 Scheme Ref. 

TEG 769.5 128.93 3622.5 0.9100 1420.0 20.000 6D [35] 

TEG 769.5 132.10 3562.5 1.1692 1724.4 18.800 4C [34] 

H 2 O 647.3 14.52 1017.3 0.6736 2003.2 69.2 4C [39] 

CO 2 304.21 28.40 1330 0.6914 471.846 29.7 4C [43] 

CH 4 190.56 29.10 959.02 0.4472 N/A N/A N/A [44] 

n C 7 540.2 125.35 2799.8 0.9137 N/A N/A N/A [45] 

Table 2 

Overview of binary interaction parameters from literature used in this work. 

TEG-4C TEG-6D 

System k i j βcross Ref. k i j βcross Ref. 

TEG – H 2 O −0 . 211 CR-1 [46] −0 . 05 − 39 /T CR-1 [35] 

TEG – CH 4 0 . 1643 This work ∗ 2 . 90 − 819 /T [35] 

TEG – n C 7 0 . 094 [34] 0 . 103 [35] 

TEG – CO 2 0 . 1797 CR-1 [43] 0.2462 CR-1 This work 

Table 3 

Binary interaction parameter for the H 2 O – CO 2 binary, parameter from liter- 

ature. A custom combining rule is applied, where cross-association energy is 

measured experimentally, and cross-association volume is fitted to data. 

System k i j βcross ε cross /R [ K] Ref. 

H 2 O – CO 2 −0 . 06598 + 0 . 0 0 0297 × T 0.0030 1707.9 [43] 
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A temperature-dependent binary interaction parameter ( k i j ) is 

sed in Eq. (10) which has the general form: 

 i j ( T ) = k i j, 1 + k i j, 2 · T + 

k i j, 3 

T 
(12) 

With temperature T in kelvin [K]. Every k i j used in this work 

ontains the temperature independent term ( k i j, 1 ) . The tempera- 

ure proportional factor ( k i j, 2 ) is solely used for the H 2 O – CO 2 

inary, where literature parameters include this term. The factor 

nversely proportional to temperature ( k i j, 3 ) is used in this work 

or parameterization of the TEG – CH 4 k i j . 

Tables 1–3 show literature pure component parameters and bi- 

ary interaction parameters used in this work. Binary interaction 

arameters for the TEG(4C) – CH 4 system could not be found in 

he literature and were therefore regressed in this work, using the 

ame experimental data as for the newly proposed schemes. As the 

alue of k i j, 3 was found to be 0.1840 (i.e., the 3 rd significant Fig. of 

he k i j function would be affected), the temperature dependence 

f this binary system has been omitted from the analyses. 

The presented BIP’s for the TEG – CO 2 mixture are large in mag- 

itude; however, this is probably a result of modelling CO 2 with a 

C association scheme. Tsivintzelis et al. [43] found smaller BIP’s 

or TEG – CO 2 when taking solvation into account, suggesting an 

mproved description of the system. However, since solvation re- 

uires the use of a modified CR-1 combining rule, an additional fit- 

ing parameter is needed to describe the system (cross-association 

olume). Furthermore, solvation has been tested for the TEG – CO 2 

ystems in this work, resulting in generally (slightly) worse mod- 

lling of the results. The 4C association scheme for CO 2 was se- 

ected in this work as Tsivintzelis et al. showed improvements over 

olvation for the systems of interest without the need for the ad- 

itional fitted parameter. 
4 
.2. Selection of literature data for the parameterization and 

valuation of new association schemes 

.2.1. Pure component data used for model parameterization 

Derawi et al. [34] fitted new parameters for TEG by includ- 

ng both pure component properties (correlations) and LLE data in 

he optimization routine. “Experimental” pure component property 

ata were generated from DIPPR [47] correlations for saturated va- 

or pressure ( P SAT ) and liquid density ( ρSAT ) using the 2001 ver- 

ion of the DIPPR correlation. Breil & Konstogeorgis [35] addition- 

lly considered the Yaws vapor pressure correlation [48] , which is 

ore focussed towards lower temperature data. 

Based on the results of our previous study [36] , it was again de- 

ided to use the raw experimental data from the DIPPR database 

47] rather than the correlations which have been fitted to the 

ata. The database lists a total of 62 and 39 accepted data from 

 saturated liquid density and 5 vapor pressure sources. Addition- 

lly to the data in the DIPPR database, Crespo et al. [49] provide 

igh pressure density data up to 950 bar and ∼ 90 °C for TEG. 

n comparisons done for MEG it was found that incorporating the 

ata of Crespo et al. does not significantly affect the outcome of 

he parameterization. 

When selecting pure component data for parameterization, the 

emperature range is often limited to 0 . 5 < T R < 0 . 9 . With the re-

ent developments towards low-temperature subsea separation fa- 

ilities [ 14 , 50 ], it was decided to include data for TEG down to

 R = 0 . 35 . 

.2.2. The impact of pure component critical temperature (T C ) 

In the DIPPR database a critical temperature of 769.5 K is 

iven for TEG, whereas the NIST ThermoData Engine + (SRD#103a) 

51] quotes a value of 797 K by Nikitin et al. [52] . Nikitin and

opov [53] have recently published new results ( T C = 790 ± 12 

 and P C = 3.45 ± 0.20 MPa) using a pulse heating method. This 

ethod is said to be appropriate for compounds (like glycols) 

hich undergo decomposition near the critical point. 

The pure component critical temperature only directly affects 

he CPA model prediction in the calculation of the α-function (see 

q. (2) ). Here, a different c 1 -parameter could “correct” for an error 

n the measurement of T c . Therefore at least from the model per- 

pective, the optimization procedure should negate the effects of 

elatively minor deviations in the measurement of T c . 

The critical temperature can indirectly have a much greater ef- 

ect on the model predictions when the model has been fitted to 

seudo-experimental data generated from the DIPPR correlations, 
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Fig. 1. Comparison of TEG-nC 7 LLE data from Derawi et al. [58] , Hughes et al. [59] and Rawat et al. [60] . PRINT COLOR NEEDED, 2 Columns 
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Table 4 

Overview of VLE data used for (Binary Interaction Parameter) BIP regression 

and model evaluation. 

Authors System Phase BIP Regression Ref. 

Jou et al. TEG - CH 4 Liquid Yes [61] 

Wilson et al. TEG - CH 4 Liquid Yes [62] 

Jerinic et al. TEG - CH 4 Vapor No [63] 

Herskowitz et al. TEG - H 2 O Liquid Yes [64] 

Takahashi et al. TEG - CO 2 Liquid Yes [65] 

Wise et al. TEG - H 2 O - CO 2 Liquid No [66] 

Takahashi et al. TEG - H 2 O - CO 2 Liquid No [65] 

Jou et al et al. TEG - CO 2 Liquid No [61] 
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owever. This effect is especially significant when very few data 

oints are available in the high temperature region of the vapor 

ressure curve, as is the case for TEG. Given the discussion above, 

he recommended critical temperature measured by Nikitin and 

opov [53] was implemented in this work. 

.2.3. Binary LLE data used for model parameterization 

When performing parameterization, model parameters must be 

tted to experimental data. In the context of CPA, the use of LLE 

ata of the associating compound in question + alkane, along with 

ure component P SAT and ρSAT data, helps in determining opti- 

um pure compound parameter sets. This has been demonstrated 

n previous work [ 34 , 54–57 ], and the approach has been used for

ot only glycols, but also methanol, ethanol, water and a few other 

ompounds [54–57] . 

In literature a total of three authors have produced LLE mea- 

urements for the binary mixture containing TEG and n -heptane 

 n C 7 ). Derawi et al. [58] and Hughes et al. [59] provide measure-

ents for both liquid phases, and Rawat et al. [60] provide mea- 

urements for the heptane-rich phase ( x I ). A comparison of the ex- 

erimental data is given on Fig. 1 . 

By observing the heptane-rich phase it is evident that results 

eported by Derawi et al. [58] and Rawat et al. [60] agree, whereas 

hose of Hughes et al. [59] deviate significantly. For this reason, it 

as chosen to exclude LLE data by Hughes et al. [59] for parameter 

stimation and model evaluation. 

.2.4. Binary VLE and multicomponent data used for model 

valuation and BIP regression 

In this work, various parameter sets are evaluated by comparing 

LE model predictions with experimental data for several different 

ixtures. An overview of experimental data sets used for model 

valuation is provided in Table 4 and briefly discussed below. 

Jou et al. [61] and Wilson et al. [62] have measured liquid phase 

EG – CH 4 compositions over a wide range temperatures and pres- 

ures. These data show excellent agreement and both data sets 

ave been implemented for fitting binary interaction parameters. 

erinic et al. [63] have performed VLE measurements for TEG – CH 4 

t two temperatures and a range of pressures. Due to their use in 

ehydration applications, glycol content is commonly specified in 

he natural gas product and pipeline specifications. Therefore, the 

olubility of TEG in the CH 4 vapor phase is of high value to the

il and gas industry and by extension, to this work. Herskowitz et 

l. [64] have produced VLE data for the TEG – H 2 O, which is used

or BIP regression and model evaluation in this work. Takahashi et 
5 
l. [65] measured the solubility of CO 2 at four isotherms in three 

EG – H 2 O different mixtures: pure TEG, 3.5 wt % H 2 O and 7.0 wt

 H 2 O. The solubility of CO 2 in pure TEG is used in this work for

IP regression and CO 2 in TEG – H 2 O is used for model evaluation. 

ise et al. [66] produced data for the solubility of CO 2 in five dif-

erent TEG – H 2 O mixtures at three isotherms and finally Jou et al. 

61] also produced data for CO 2 solubility in TEG, both of which 

re used for model evaluation in this work. 

.3. Bootstrapping 

Statistical bootstrapping methods have been proposed by 

radley Efron in the 1970s [67] . The use of bootstrapping meth- 

ds in model parameterization provides insight about the reliabil- 

ty and uncertainty of the model parameters. While experimental 

ncertainty is regularly reported in the literature along with the 

ata, uncertainty analysis for parameter estimation of thermody- 

amic models has often been neglected. More recently, however, 

mphasis has been put on reporting model uncertainty, due to 

ts benefits for process design [68] . Several variants of bootstrap- 

ing may be implemented, which are all based on the premise of 

epetitive sampling and parameterization. Parameters are fitted to 

ach new data sample, thereby generating a distribution for each 

arameter. Bjørner et al. [69] proposed the use of “resampling of 

esiduals”, where the model errors are used to create new pseudo- 

ata sets. In our previous work [36] , resampling from the experi- 

ental data directly (instead the model residual errors) was shown 

o improve the parameterization of MEG for the CPA-EoS. Statisti- 

al tests are applied to the parameter distributions, meaning that 

he confidence interval of each parameter and correlation between 

ach parameter-pair may be derived. The shape of the distributions 

ndicates the parameter sensitivity and whether multiple solutions 
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Fig. 2. Literature (4C, 4F & 6D) and newly proposed (5C, 5F & 6F) schemes for TEG. PRINT COLOR NEEDED, 2 Columns. 
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xist – this information can then be used to identify model over- 

tting and which parameters to constrain in the optimization. 

. Methodology 

In our previous work [36] , the ideas of De Villiers et al. [70] (i.e.

se of the binary association site for modelling of alcohols) were 

pplied to MEG and three new association schemes viz. 3C, 4E and 

F, were proposed. In this work, we extend the use of binary as- 

ociation sites by proposing new association schemes for TEG. The 

ethodology employed here is similar to our previous work [36] , 

ith adaptions as dictated by availability of data for TEG. 

.1. New association schemes for TEG 

For TEG, two association schemes (4C and 6D) have been im- 

lemented in the literature [ 34 , 35 , 46 ]. In this work, we considered

hree new schemes (5C, 5F & 6F) as well as the 4F scheme (pre-

iously used for MEG [36] ). The association schemes are shown in 

ig. 2 . 

The schemes in Fig. 2 are described as follows: 

• 4F: at each end of the TEG molecule, one negative site and one 

bipolar site are combined to describe the hydroxyl groups while 

the ether oxygens are ignored. A bipolar site is able to associate 

with both positive and negative sites. 
• 5C: the 4C/6D treatment of the hydroxyl groups are used, with 

a single negative site assigned to the to double ether complex. 

This scheme could be used as a rigorous representation for di- 

ethylene glycol (DEG) as well. 
• 5F: employs the same treatment for the hydroxyl groups as the 

4F scheme (1 negative site and 1 bipolar site), but also assigns 

a negative site to one of the ether oxygens 
• 6F: employs the same treatment for the hydroxyl groups as the 

4F scheme, but also assigns a negative site to each ether oxygen 

The interaction matrix between 4C-water and each of the new 

ssociation schemes are presented in Fig. 3 . Here it can be seen 

hat using the traditional approaches for describing the TEG – H O 
2 

6 
4C-4C or 6D-4C) interaction, will lead to a symmetrical distri- 

ution of self- and cross-association in the system in equimolar 

ixtures of water and glycols i.e., the same number of green and 

ordered green blocks in Fig. 3 . Molecular simulations [71] have 

owever shown that a higher degree of cross-association (i.e. more 

lycol-water than glycol-glycol or water-water interactions) would 

e expected for equimolar systems of glycol (MEG, DEG and TEG) 

nd water. As seen in Fig. 3 , this would be the case with the in-

roduction of the binary association sites in the F-type association 

chemes. The molecular simulations also indicated a small degree 

f interaction between ether oxygen atoms of the glycol and hy- 

roxyl groups from both the water and glycol. 

.2. Optimization algorithm 

.2.1. Objective function and algorithm of choice 

Parameterization of the new association schemes was carried 

ut using a weighted relative squared error function as the objec- 

ive function: 

 F min 

(
b, �, c 1 ε, β, k i j 

)
= w DP 

N DT ∑ 

n =1 

∣∣∣∣D T n,model − D T n,exp 

D T n,exp 

∣∣∣∣
2 

(13) 

Where i and j represents TEG and n C7 respectively, DT means 

Data Type”, w DT represent a weighting function for each type of 

ata and N DT represent the number of data points in the given data 

ype. Additional BIP’s were then fitted to data using the following 

bjective function: 

 F min 

(
k i j 

)
= 

N V LE ∑ 

n =1 

∣∣∣∣V L E n,model − V L E n,exp 

V L E n,exp 

∣∣∣∣
2 

(14) 

Where i and j represent the two components for which a BIP 

as fitted and N V LE represents the number of VLE data points 

or the i – j mixture. The functions are minimized using the 

evenberg-Marquardt algorithm. Accordingly, the lsqnonlin function 

n MATLAB® R2019a (Mathworks, 2019) was implemented. Both 

tep and function tolerances were set to 10 −9 . The types of data 

oints used for optimization are DT ∈ [ P sat , ρ, LLE, ] . VLE data was 
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Fig. 3. Interaction matrices for various combinations of TEG – 4C-water association (blue/bright = no interaction, purple/dark = self-association, purple/dark with bor- 

der = cross-association) PRINT COLOR NEEDED, 2 Columns. 

Table 5 

Weighting functions for data types used in pure component 

optimization. PRINT COLOR NOT NEEDED, 1 Column 

Data type i Number of data points Weighting w DP 

P SAT 39 0.60 

ρSAT 62 0.40 

LLE 12 1.0 
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xcluded from the pure component parameter optimization and 

mplemented for binary interaction parameter optimization. 

.2.2. Dataset weighting factor 

Previously it has been shown that the incorporation of LLE data 

n the optimization is necessary in order to find “good” CPA pa- 

ameter sets for glycol-containing systems [34] . 

The optimization result was sensitive to the relative weighting 

f the various datasets and therefore needed to be optimized fur- 

her. The weighting functions used in this work (see Table 5 ) were 

elected by a manual iterative process of running optimization, ad- 

usting weighting functions and re-running optimization with new 

eighting functions. 

.2.3. Initialization procedure 

Given the relatively small amount of data available, special at- 

ention was paid to the initialization of the optimization algorithm 
7 
n order to ensure that a “good” solution is obtained. By incor- 

orating the built-in Multistart function along with trust-region- 

eflective algorithm and multithreading ( UseParallel ) in Matlab®, 

00 initial conditions were tested simultaneously for each op- 

imization problem. The optimal solution from this process was 

sed as the initial condition for the final optimization (Levenberg- 

arquardt). 

.3. Bootstrapping and uncertainty analysis 

The bootstrap methodology was applied as follows: 

Step 1. Select experimental data for parameter fitting i.e., the 

riginal data. 

Step 2. Input parameters are fitted to original data using objec- 

ive function ( Eq. (13) ). 

- Multiple random starts were utilized to reduce the chance 

of local minima. 

Pure component parameters are fitted to LLE data along- 

side pure component data, with k i j for TEG – n C7 as an 

adjustable parameter. 

Additional binary interaction parameters are fitted to VLE 

data, using objective function ( Eq. (14) ). 

Step 3. Resample (with replacement) from original data to cre- 

te pseudo data. 
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Fig. 4. Sensitivity analysis on literature 4C parameters in predicting pure component properties. PRINT COLOR NEEDED, 2 Columns. 
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- - - The resampling of the LLE data and pure component data, 

with the same number of data points as in the original 

data. 

Step 4. Refit parameters to the pseudo data. 

- Pure component parameters are fitted to pseudo LLE data 

and pseudo pure component data using objective func- 

tion ( Eq. (13) ), with k i j for TEG – n C7 as an adjustable 

parameter. 

Additional binary interaction parameters are fitted to 

original VLE data, using objective function ( Eq. (14) ). 

Step 5. Use parameter distributions to obtain confidence inter- 

als and parameter correlations. 

Steps 3 and 4 are repeated 1500 times. The number of itera- 

ions should be high enough such that the confidence intervals for 

he bootstrapped parameters remain constant to three or more sig- 

ificant Fig.s. It was shown previously [36] that between 500-750 

terations were sufficient to meet the exit-criteria for a similar ap- 

lication: the parameterization of MEG. A total of 1500 iterations 

ould be used in this work as computation times were shortened 

y the implementation of multithreading. 

. Results & discussion 

.1. Initial sensitivity analysis 

To firstly confirm and secondly identify the potential for opti- 

ization of the literature parameters, sensitivity analysis was ap- 

lied to the literature 4C and 6D parameter sets of Derawi et al 

34] and Breil & Kontogeorgis [35] . Sensitivity analysis was per- 

ormed by varying pure component parameters and binary inter- 

ction parameters in isolation from one another. Results from the 

nitial sensitivity analysis can be seen in Fig.s 4 - 7 . 

For the literature 4C and 6D parameters, it is seen that the b

arameter is most influential in predicting liquid density, while �

s the most influential for saturated vapor pressure predictions. For 

he 4C parameters it is seen that significant improvements can be 

ade to pure liquid density predictions ( Fig. 4 , right) by decreasing 

he value of b. 

The improvement in the description of the pure component 

roperties needs to be offset against the prediction of the LLE data 

see Fig. 5 , top right). As the LLE data was used in the regres-

ion [58] and symmetrical minimums are seen for two (LLE and 
8 
 SAT ) it is unlikely that any improvements can be made for these 

ata purely through changes in the optimization procedure. For the 

ata sets not used in the optimization, the sensitivity graphs are 

ostly asymmetrical. For methane dissolved in TEG (x: TEG - CH 4 

n Fig. 5 ), symmetrical (i.e., optimal) behavior is observed while 

symmetric behaviour is seen for all other TEG mixtures. What is 

lso observed in Fig. 5 , is that the relative errors for the description

f TEG in methane ( y TEG - CH 4 in Fig. 5 ) are significantly larger

75% vs < 15%) relative to the other data sets. 

By contrast: of the fitted data for the 6D parameter set only the 

ure component density displays an optimal result ( Fig. 6 , right), 

hile the LLE data ( Fig. 7 , top right) is well described but not opti-

ally. The pure component vapor pressure prediction results in er- 

ors of over 30% due to the differences in experimental data used. 

hese results match well with those quoted in Table 4 of Breil & 

ontogeorgis [35] . 

Interestingly in Fig. 7 , the TEG – CH 4 vapor phase is signifi- 

antly better described than for the 4C parameter set. This how- 

ver is at the cost of the description of the liquid phase, which 

ould indicate that it may not be possible to describe both data 

ets with a single association scheme and parameter set. Incon- 

istencies such as these highlight the need for the availability 

f thermodynamically consistent binary experimental data where 

oth phases are quantified in the same experimental apparatus. 

he 6D-scheme also appears to outperform the 4C-scheme when 

t comes to the description of systems containing CO 2 , as is evi- 

enced by the comparison of the middle- and bottom-right graphs 

n Figs. 5 and 7 . 

.2. New parameter sets for TEG 

Four sets of TEG parameters have been obtained in this work, 

ne for each of the association schemes – 4F, 5F, 6F and 5C. Pure 

omponent parameters and binary interaction parameters for each 

et is shown in Table 6 and Table 7 . Literature parameters and bi-

ary interaction parameters used in modelling of multicomponent 

ystems can be found in Tables 1 and 2 . The performance of the 

ew TEG association schemes is compared with two literature pa- 

ameter sets: the 4C association scheme [ 34 , 46 ], with additional 

arameters by Tsivintzelis et al. [43] are used for systems contain- 

ng CO 2 and the 6D association scheme (denoted “Set 3” in Breil et 

l. [35] ). 
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Fig. 5. Sensitivity analysis on literature 4C parameters in predicting phase equilibria in mixtures. PRINT COLOR NEEDED, 2 Columns. 

Fig. 6. Sensitivity analysis on literature 6D parameters in predicting pure component properties. PRINT COLOR NEEDED, 2 Columns. 

Table 6 

Pure component parameters for TEG obtained in this work, in temperature range T r ∈ 
[ 0 . 35 ; 0 . 90 ] . 

Compound T c [ K] b [ L/mol ] � [ K] c 1 ε/R [ K] β × 10 3 Scheme 

TEG-4F 790.0 0.12841 3186.5 1.3567 1592.7 22.770 4F 

TEG-5F 790.0 0.12857 3122.2 1.3813 1478.8 20.992 5F 

TEG-6F 790.0 0.12895 3144.4 1.3576 1451.6 16.624 6F 

TEG-5C 790.0 0.12910 3153.1 1.3486 1438.8 27.539 5C 

9 
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Fig. 7. Sensitivity analysis on literature 6D parameters in predicting phase equilibria in mixtures. PRINT COLOR NEEDED, 2 Columns. 

Table 7 

Binary interaction parameters obtained in this work. 

TEG-4F TEG-5F TEG-6F TEG-5C 

System k i j βcross k i j βcross k i j βcross k i j βcross 

TEG – H 2 O -0.1927 CR-1 -0.1478 CR-1 -0.1028 CR-1 -0.1797 CR-1 

TEG – CH 4 0 . 1339 + 7 . 6 /T 0 . 1171 + 11 /T 0 . 0984 + 16 /T 0 . 0920 + 18 /T 

TEG – n C 7 0.0905 0.0862 0 . 0845 0.0839 

TEG – CO 2 0.1888 CR-1 0.2141 CR-1 0.2443 CR-1 0.1797 CR-1 

Table 8 

Average absolute relative deviations between model predictions and experimental data, split by data type. 
∗Ternary refers to the ternary mixture TEG – CO 2 – H 2 O. The best result for each category is shown in bold, 

underlined. Pure component data temperature range is T r ∈ [ 0 . 35 ; 0 . 90 ] . 

AARD [%] 

P SAT ρSAT TPx (CH 4 ) TPy (CH 4 ) TPxx ( n C 7 ) TPx (CO 2 ) TPx (H 2 O) Ternary ∗

4C – Lit 4.07 3.07 1.86 75.3 21.8 14.0 6.60 15.4 

6D – Lit 31.1 2.80 96.2 12.3 19.8 4.04 11.4 18.0 

TEG 4F 4.58 2.13 2.08 74.1 19.2 2.54 3.23 17.1 

TEG 5F 4.59 2.23 2.13 74.1 18.7 2.38 4.69 19.9 

TEG 6F 4.55 2.32 1.98 73.9 18.6 2.76 6.85 24.2 

TEG 5C 4.56 2.35 2.01 73.9 18.5 2.63 4.17 17.7 
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As a suitable binary interaction parameter for the TEG(4C) –

H 4 system could not be found in the literature, new parame- 

ers were regressed using the liquid phase VLE data of Jou et al. 

61] and Wilson et al. [62] to allow for fair comparison. The k i j 

alue of 0.1643 was obtained, with an AARD of 1.5% in liquid phase 

stimation. 

The relative performance of the association schemes is com- 

ared in Table 8 for the different data types. For more detailed 
10 
erformance tables, see -A6. The literature 4C scheme achieves the 

est performance for the description of the liquid vapor pressure 

nd dissolved methane in TEG (liquid). Meanwhile the literature 

D parameters are best for TEG in methane (vapor), for which all 

ther schemes have average errors in the range of 74-75%. The 4F 

ssociation scheme provides the best performance for saturated 

iquid density, water dissolved in TEG (liquid). A term used in 

his work as measure of performance is footprint . The footprint of 
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Fig. 8. Distribution of bootstrapped pure component parameters. Relative Confidence Interval, rCI = abs ( 95% lb−95% ub 
Set 

) × 100% , represents the size of the confidence interval 

relative to the absolute size of the optimized parameter. PRINT COLOR NEEDED, 2 Columns. 

a

s

a

f

5

5

a

a

&

s

p

a

N

l

n

r

c

s

T

T

c

b

u

t

m

o

1

t

a

d

t

p

s

e

t

h

C

g

f

a

w

n association scheme is calculated as the error of an association 

cheme in a category, divided by the maximum error among all 

ssociation schemes. Overall, the 4F scheme has the lowest overall 

ootprint, which is highlighted in Fig. 21 . 

.3. Uncertainty analysis 

.3.1. Bootstrapping 

Uncertainty analysis, using the bootstrapping method, has been 

pplied as described in the methodology section (3.3). Histograms 

re shown for the 4F association scheme in this section (see Fig. 8 

 9 ). Given the similar results for the newly regressed parameter 

ets, the graphical results for the 5C, 5F and 6F schemes are only 

rovided in the Supplementary Material. 

The parameter distributions for the TEG-4F parameters ( Fig. 8 ) 

re mostly normally distributed around the regression optimum. 

o bimodal distributions are observed, indicating that there is a 

ow likelihood of multiple solution clusters, and only slight skew- 

ess is exhibited in some cases. Most of the pure component pa- 

ameters have narrow distributions, with notable exceptions being 

 1 and β , which both have wide distributions relative to their re- 

pective magnitudes, with rCI equal to 6.2% and 5.1% respectively. 

he distributions for the binary interaction parameters ( Fig. 9 ) for 
11 
EG - CH 4 and TEG - n C 7 are relatively wide, indicating high un- 

ertainty, whereas the distribution for TEG - H 2 O and TEG - CO 2 

inary interaction parameters are narrow. The highest degree of 

ncertainty is found for the temperature-dependent term (k ij,3 ) of 

he TEG - CH 4 binary interaction correlation with rCI = 61%. Due to 

agnitude of k i j, 3 however, the variance in this parameter would 

nly influence the calculated binary interaction coefficient by ca. 

0%. 

Fig. 10 provides a visual indication of the relative uncertainty of 

he 95% confidence interval of each parameter distribution for each 

ssociation scheme the uncertainty is expressed as a relative confi- 

ence interval, defined as rCI = abs ( 95% lb − 95% ub ) /Set . This rela- 

ive confidence interval is typically well below 10%, indicating that 

arameter distributions (and by extension the selected parameter 

et) have been found with a high degree of certainty. A notable 

xception to this is the uncertainty of k i j for the TEG – CH 4 sys- 

em, where both the constant and temperature-dependent terms 

ave a much higher uncertainty in the range of rCI ∈ [ 15% ; 60% ] . 

onsidering this finding, a temperature independent BIP (i.e., sin- 

le k i j value) may be more appropriate for the TEG – CH 4 , at least 

or the experimental data currently available. The measurement of 

 consistent data set, quantifying both the liquid and vapor phases, 

ould be extremely useful in this regard. 
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Fig. 9. Distribution of bootstrapped binary interaction parameters. Relative Confidence Interval, rCI = abs ( 95% lb−95% ub 
Set 

) × 100% , represent the size of the confidence interval 

relative to the absolute size of the optimized parameter. PRINT COLOR NEEDED, 2 Columns. 

Fig. 10. Relative confidence interval (rCI) for each combination of association scheme and parameter, calculated as rCI = abs ( 95% lb−95% ub 
μ ) × 100% . PRINT COLOR NEEDED, 2 

Columns. 

12 
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Fig. 11. Correlation between k i j, 1 ( C H 4 ) vs b (left) and correlation between c 1 and � (right). Circle corresponds to the set values. PRINT COLOR NOT NEEDED, 2.0 Columns. 
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.3.2. Parameter correlation 

A total of 10 input variables have been subjected to the objec- 

ive function, and 1500 sets of optimized input parameters have 

een found during bootstrapping. All input variables are plotted 

gainst each other, to determine the degree of parameter corre- 

ation through the shape of the graph (i.e., if any pair of parame- 

ers exhibit linear dependency on one another). Significant corela- 

ion between the regressed parameters is indicative of model over- 

t and may also occur when property corelations are used in fit- 

ing data. In this work it was found that the parameters are not 

trongly linearly dependent on one another, and this is the case 

or all four proposed association schemes. However, there are two 

otable exceptions; the c 1 parameter is highly negatively corre- 

ated with the � parameter, which is the case for all four associa- 

ion schemes. For the TEG-4F association scheme the correlation is 

 = -0.956. A similar trend is observed with the temperature inde- 

endent k i j term for TEG - CH 4 , which is highly correlated with the 

parameter. These correlations may be seen graphically on Fig. 11 . 

he fact that these parameter pairs exhibit high correlation sug- 

ests that the model may be over-parameterized, thereby reduc- 

ng the reliability of the obtained parameters. Furthermore, since 

he correlation is high between these pairs, the physical interpre- 

ation of the model parameters could also be lost. This correlation 

ay also simply be a spurious artefact of the large uncertainty in- 

roduced by the inconsistency between the vapor and liquid phase 

ata for this parameter system. The measurement of a system, con- 

istent data set quantifying both phases may resolve this issue. The 

emaining parameter pairs exhibit no significant correlation, and 

ig.s containing scatter plots for all the parameter pairs for all four 

roposed association schemes may be found in the supplementary 

aterial. 

.3.3. Sensitivity analysis 

Sensitivity analysis was then applied to all four sets, and the re- 

ults for 4F association scheme are shown in this section. All four 

ets behaved similarly. Fig. 12 shows the sensitivity of the param- 

ters in determining the pure component properties of TEG; P SAT 

nd ρSAT . Fig. 13 shows the sensitivity analysis for the binary mix- 

ure predictions and ternary mixture predictions. Here are the key 

essages for the multicomponent sensitivity analysis: 

- • Pure component parameters and binary interaction parameters 

seem stable for all studied systems, except for the vapor phase 

for TEG - CH . 
4 

13 
• The ε 
R parameter seems to have no impact on the studied sys- 

tems, aside from TEG - n C 7 , where a slight impact is observed. 
• There is little sensitivity for k i j, 3 in the TEG - CH 4 system, which 

can be explained as k i j, 3 is rather small for all four sets. 

For data sets included in the regression, the sensitivity analy- 

is shows that the vapor pressure ( Fig. 12 , left) and LLE ( Fig. 13 ,

op-right) errors have been effectively minimized (i.e. a symmet- 

ical minimum is observed for each parameter) in the regression, 

hile the mild asymmetry is observed for liquid density ( Fig. 12 , 

ight). Given the overall sensitivity of the vapor pressure predic- 

ion, as highlighted by the y -scale of the graph in Fig. 12 (left),

learly the optimization algorithm has favoured the minimization 

f these errors. The experimental difficulties in accurately measur- 

ng TEG in vapor phase, especially at lower temperatures, have cer- 

ainly played a role in deviations observed here. Without more ex- 

erimental data (low temperature vapor pressure and LLE), further 

mprovement in the parameter sets is unlikely and at this point 

t is also not possible to say whether a single association scheme 

ould describe all three data types quasi-perfectly i.e., a sensitivity 

nalysis with a symmetrical minimum for each parameter in each 

ata type. By combining the overall errors ( 

Table 8 ) and the shapes of the pure component sensitivity anal- 

sis ( Fig.s 4 , 6 & 12 ) it can be seen that the 4F scheme provides

 generally more stable (i.e. less sensitive, more symmetrical) re- 

ult. Very pleasingly also, we observe (in Fig. 13 ) sensitivity min- 

mums for several data types not included in the regression pro- 

edure. This is of course apart from the TEG in CH 4 (vapor) data 

63] for which only the 6D parameter set worked (at the cost of 

he pure component vapor pressure prediction). The overall im- 

rovement in the error sensitivity for several data not included in 

he regression indicates that the new 4F scheme provides a funda- 

ental improvement in the description of the TEG molecule. 

.4. Application to available phase equilibria data 

In this section the model will be evaluated for its ability to pre- 

ict phase equilibria data found in literature. The work presented 

ere includes both data that were used in the regression as well as 

everal data that were not. 

.4.1. Pure component properties 

The pure component parameters found in this work have 

een fitted to pure component data, consisting of saturated va- 

or pressure data and saturated liquid density data from the DIPPR 
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Fig. 12. Sensitivity analysis for 4F parameters in determining pure component properties; Vapor pressure and liquid density. PRINT COLOR NEEDED, 2 Columns. 

Fig. 13. Sensitivity analysis for 4F parameters in binary and ternary mixture predictions. PRINT COLOR NEEDED, 2 Columns. 
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atabase [47] . Fig. 14 depicts model predictions for TEG saturated 

apor pressure and saturated liquid density for the literature asso- 

iation schemes 4C and 6D against the proposed scheme 4F. The 

erformance of 4F, 5F, 6F and 5C are visually similar, and therefore 

nly 4F is plotted. 

In terms of vapor pressure predictions, the 4C, 4F, 5F, 6F 

nd 5C seem visually indistinguishable. The 6D scheme predic- 

ions diverge quite rapidly from the other association schemes at 

elow 400 K. The 4C scheme predicts liquid density data very 

ell at high temperatures (500 – 660 K), but performance sig- 
14 
ificantly drops at lower temperatures ( < 500 K). On the other 

and, the 6D scheme and the four schemes investigated in this 

ork provide better predictions of the liquid density at lower 

emperatures. In general, the 4F, 5F, 6F and 5C schemes out- 

erform the 6D scheme at all temperatures for liquid density 

redictions. None of the schemes can very accurately reproduce 

he curvature of the density-temperature relationship, although 

as was discussed during the sensitivity analysis) this problem 

ay be due to the dominance of vapor pressure errors in the 

arameterization. 
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Fig. 14. Pure component data with 4F compared against literature parameters for 4C and 6D. a) Saturated vapor pressure of TEG. B) Saturated liquid density. Temperature 

range is 0 . 35 < T r < 0 . 9 . PRINT COLOR NEEDED, 2 Columns 

Fig. 15. VLE of TEG - Methane, experimental data by Jerinic et al. [63] and Jou et al. [61] . Obtained parameters for the 4F association scheme are compared against parameters 

for the 4C scheme and 6D scheme. Temperatures are given for the 6D lines to help match prediction with experimental data. PRINT COLOR NEEDED, 2 Columns. 
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.4.2. TEG - Methane VLE 

Vapor phase data by Jerinic et al. [63] were compared to model 

redictions. Producing model predictions for the data has proven 

ifficult, however Breil et al. [35] managed to predict the data 

easonably well. In doing so, a strong temperature dependence 

as been included in the binary interaction parameter. However, 

n doing so the model lost its capability at predicting the liquid 

hase data by Jou et al. [61] for most temperatures – with the 

odel (incorrectly) predicting an inverse temperature-dependence 

or the liquid phase solubility of methane in TEG (see Fig. 15 , 

ight). Therefore, binary interaction parameters for TEG – CH 4 pro- 

osed in this work have been fitted exclusively to liquid phase VLE 

ata. 

Fig. 15 shows the performance of the 6D scheme, 4C scheme 

nd 4F scheme in predicting VLE data for TEG – CH 4 . The 4C 

cheme and 4F scheme provide similar resultss for TEG - CH 4 . It is

een that while the 6D scheme predicts the vapor phase quite well, 

he performance is not at all satisfactory for the liquid phase. This 

s experimentally however quite challenging: given the low volatil- 

ty of TEG, values in the low ppm range need to be measured with

 high degree of certainty. Such measurements have been success- 

ully performed for ternary and multicomponent MEG-systems us- 

ng an experimental apparatus and methods developed at Equinor 

 72 , 73 ]. 
i

15 
Fig. 16 further highlights the discrepancy in the 6D parameter- 

zation implemented using the data of Jerinic et al [63] . From the 

iquid phase data of Wilson et al [62] (also Jou et al [61] . Fig. 15 ,

ight), it is clearly shown that solubility of methane increases with 

emperature. The problem is further exacerbated by the apparent 

ver-prediction of TEG vapor pressure (see Fig. 14 , left). 

.4.3. TEG - n -heptane 

The four obtained parameter sets are used to model LLE for the 

inary mixture TEG – n C 7 . Data by Rawat et al. [60] and Derawi

t al. [58] are used in this work. Both authors present LLE data 

or the heptane-rich phase, while only Derawi et al have measured 

ata for the TEG-rich phase. Model predictions at the correspond- 

ng physical conditions are shown in Fig. 17 . 

From the Fig., it is evident that both phases of the LLE are pre- 

icted well by all the tested association schemes, and no signifi- 

ant difference between each scheme is observed. However, at high 

emperatures the 4C scheme appears to overpredict the TEG con- 

ent in the x I phase, while the 6D scheme provides the best de- 

cription of the heptane content in the x II phase at higher temper- 

tures well. 

The performance tables (-A6) indicate a very low performance 

n predicting Rawat et al. [60] data. This is due to two data points

n the x phase in the low temperature range, which seem to be 
I 
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Fig. 16. VLE of TEG-Methane, experimental data by and Wilson et al. [62] . Obtained 

parameters for the 4F association scheme are compared against parameters for the 

4C scheme and 6D scheme. Temperatures are given for the 6D lines to help match 

prediction with experimental data. PRINT COLOR NEEDED, 1 Column. 

o

r

m

5

 

h

t  

f

i  

d

a

a

s

T

p

w

d

Fig. 18. VLE of TEG-H 2 O, experimental data by Herskowitz et al. [64] . PRINT COLOR 

NEEDED, 1 Column. 
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ffset from the Derawi et al. [58] data in the similar temperature 

ange. However, for the rest of Rawat et al. [60] data the perfor- 

ance is excellent. 

.4.4. TEG - Water 

Many VLE data sets exist in literature for the TEG - H 2 O system,

owever few exist in the low temperature ranges in which the in- 

erest of this paper is ( < 350 K). Herskowitz et al. [64] show data

or the liquid phase at 333K. This system is particularly interest- 

ng to study, as the BIP’s fitted to these data are also used in the

escription of the ternary mixture TEG - H 2 O - CO 2 . 

Fig. 18 shows the Herskowitz et al. [64] experimental data, 

long with model predictions for the literature association schemes 

nd the four proposed association schemes in this work. The 6D 

cheme performs worst of all, underpredicting the concentration of 

EG across the whole pressure range. The 4C scheme tends to over- 

redict the TEG concentration, especially at lower pressures. Mean- 

hile, the 4F scheme provides the best overall description of the 

ata, with only a slight underprediction at lower pressures (below 
ig. 17. LLE of TEG-Heptane, experimental data by Derawi et al. [58] and Rawat et al. [

EEDED, 2 Columns. 

16 
.1 bar). The 5C, 5F and 6F schemes exhibit similar, but in general 

lightly worse/lower, predictions to 4F. 

.4.5. Solubility of CO 2 in TEG - H 2 O 

The authors Takahashi et al. [65] have produced VLE measure- 

ents on the ternary mixture containing dissolved CO 2 in TEG and 

 2 O. They tested the solubility of CO 2 in three different mixtures; 

ne containing pure TEG, another containing TEG and H 2 O with 

.5wt% H 2 O, and another with 7.0wt% H 2 O. 

Fig. 19 shows model predictions for the ternary system us- 

ng the literature 4C association scheme, compared to the pro- 

osed 4F association scheme. Significant improvements are found, 

here the 4F association scheme captures all elements of the data: 

oncentration-pressure, as well as temperature effects. 

In the work by Petropoulou et al. [74] , the same ternary sys- 

em has been modelled using two different models; UMR-PRU and 

ST/NRTL. The model UMR-PRU resides in the EoS/G 

E class of mod- 

ls and is a combination of Peng Robinson [ 75 , 76 ] EoS combined

ith the UNIFAC [77] activity coefficient model using the Universal 

ixing Rules (UMR). The TST/NRTL [ 78,79 ] model is a combination 

f the TST [80] EoS and NRTL model through zero-pressure mixing 

ules [81] . 
60] Found parameter sets are compared with literature parameters. PRINT COLOR 
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Fig. 19. Solubility of CO 2 in pure TEG (left graph), TEG-3.5 wt% H 2 O (middle graph), and TEG-7.0 wt% H 2 O (right graph). Experimental data by Takahashi et al. [65] . Three 

isotherms for each mixture. PRINT COLOR NEEDED, 2 Columns. 

Fig. 20. a) Experimental data by Wise et al. [66] and Jou et al. [61] at 298.15 K. b) Experimental data at 343.15 K by Wise et al. [66] . PRINT COLOR NEEDED, 2 Columns. 

Table 9 

Average absolute deviation, AAD = 

∑ 

i 

abs ( X exp 

i 
− X calc 

i 
) . ∗

Model predictions by [74] . ∗∗ Model predictions by this 

work. ∗∗∗ Model predictions by this work with literature 4C 

parameters. PRINT COLOR NOT NEEDED, 1 Column 

Model 10 0 0 × AAD 

UMR-PRU 

∗ 28.6 

TST/NRTL ∗ 28.6 

CPA (4F) ∗∗ 8.65 

CPA (5F) ∗∗ 10.0 

CPA (6F) ∗∗ 14.2 

CPA (5C) ∗∗ 9.77 

CPA (4C) ∗∗∗ 26.0 

p

d

a

a

i

i

a

a

s  

e

b  

m

b

p

p

m

s

T

t

s

5

d

p

c

s

m

r

c

a

i

–

In the work by Petropoulou et al. [74] the accuracy of the model 

redictions in this system was reported as an absolute average 

eviation (AAD), so the comparison between CPA and UMR-PRU 

nd TST/NRTL will utilize this quantity. The comparison between 

ll models including CPA with all association schemes is provided 

n Table 9 . It is seen that all four proposed association schemes 

n combination with CPA provide higher accuracy than UMR-PRU 

nd TST/NRTL. Furthermore, the accuracy for the proposed associ- 

tion schemes in this work are also better than the 4C association 

cheme using parameters by Derawi et al. [ 34 , 46 ] and Tsivintzelis

t al. [43] . 
17 
CO 2 solubility in TEG - H 2 O of various feed compositions has 

een measured by Wise et al. [66] and Jou et al. [61] . The CPA

odel predictions for these data are shown in Fig. 20 . In the work 

y Petropoulou et al. the same data were used to investigate the 

erformance of their model; however, no table of deviations was 

rovided. For this reason, only a visual comparison between their 

odel and CPA can be made in this work. The UMR-PRU model 

eems to slightly underpredict CO 2 solubility at 343 K, while the 

ST/NRTL overpredicts the CO 2 solubility. The CPA models from 

his work all overpredict the CO 2 solubility, also including the as- 

ociation schemes from literature. 

.4.6. Overall performance 

The model and parameter sets have been evaluated for several 

ifferent categories, making a tabular review of the comparative 

erformance rather cumbersome. For this reason, Fig. 21 has been 

onstructed to compare the performance of the various association 

chemes. The AARD for each parameter set (4C, 4F, 5C, 5F, 6F) are 

apped onto a scale of 0 to 1, where 1 represents the largest er- 

or for the given category (vapor pressure, liquid density, etc.). By 

omparing the relative footprint (i.e. fractional sum) of each associ- 

tion, an quantitative visual indication of the overall best perform- 

ng scheme can be found. 

Vapor pressure predictions and liquid phase predictions for TEG 

CH are omitted for the 6D scheme of Breil et al. [35] in Fig. 21 , 
4 
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Fig. 21. Bar chart with AARD’s in every category where model performance is evaluated. The y-axis unit is fraction of highest AARD in the category and the highest AARD 

in the category. FP = Footprint (calculated as sum of fraction of maximum), lower is better. FP omitted from TEG-6D from some categories, due to being very different from 

remaining association schemes, thus ruining the visual interpretation. PRINT COLOR NEEDED, 2 Columns. 
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ince they deviate drastically in error predictions from the other 

arameter sets. However, the 6D performance in each prediction 

ategory may be reviewed on and Table A6 . From Fig. 21 the 4F

cheme has the smallest overall footprint with a footprint of 5.89. 

ompared to the 4C association scheme, this represents a 20% de- 

rease. The largest contribution to the improvement is due the su- 

erior modelling performance of 4F versus 4C for the TEG – CO 2 

inary system. Applying the solvation approach for CO 2 lead to no 

easurable improvement the TEG – CO 2 system. As Tsivintzelis et 

l. [43] showed good results for CO 2 modelled with the 4C associ- 

tion scheme, it was decided to use this approach in this work. 

. Conclusion 

The aim of this study was to investigate the performance of 

our newly proposed association schemes for TEG: 4F, 5F, 5C and 

F. Through a combination of parameter regression and uncertainty 

nalysis methods, quantified parameter ranges have been proposed 

or each of the new association schemes with a 95% confidence in- 

erval. Single parameter sensitivity analyses were conducted, both 

or the identification of and subsequent validation of the optimized 

arameter sets. The newly proposed parameters have been com- 

ared with existing literature association schemes (4C and 6D), 

ith the following conclusions being drawn: 

• In terms of overall error footprint (see Fig. 21 ), the association 

schemes proposed in this work outperform literature parame- 

ters, with the 4F scheme providing the best overall performance 

(i.e., the smallest overall error footprint). 
• The model predictions by Breil et al. [35] 6D parameters differ 

significantly from other investigated parameter (both literature 

and this work), for the categories: P SAT and VLE TEG - CH 4 (liq- 

uid phase and vapor phase). This is due to the fact that the au- 

thors included the vapor phase VLE TEG - CH 4 data by Jerinic 

et al. [63] (which have proved troublesome to model) in their 

regression algorithm. 
• Association schemes proposed in this work have similar or in- 

distinguishable performance in every category aside from sys- 

tems containing TEG and H 2 O, where the 6F association scheme 

performs worst. 
• Among the newly proposed association schemes, the 4F associ- 

ation scheme offers the best predictions in all categories except 

LLE (although not significantly worse). 
• The parameter pairs k i j, 1 ( C H 4 ) vs. b and c 1 vs. � exhibit high 

linear correlations among each other, which is true for all four 

proposed association schemes. While the correlation between 
18 
the two attractive terms certainly makes sense, the correlation 

between the BIP and the repulsive term is less simple to ex- 

plain. Consistent experimental data simultaneously quantifying 

both phases could resolve this correlation. 
• For all association schemes investigated, the parameter uncer- 

tainty of the BIP’s of the TEG – CH 4 system are drastically 

higher than for all other parameters. 

Overall, the performance of the 4C literature parameters [ 34 , 46 ] 

s comparable with that of the association schemes proposed in 

his work. Due to the inclusion of specific experimental data in 

he regression procedure, the 6D literature parameters [35] offer 

oorer performance for the specific applications highlighted in this 

tudy. Considering the performance for several different data (pure 

omponent properties, complex VLE with H 2 O and CO 2 , and LLE) 

he 4F association scheme is recommended for the description of 

EG in the CPA EoS. 
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ppendix A: Data tables 

Parameter sets and confidence intervals found in this work. 

Table A1 

New TEG-4F parameters along with bootstrapped mean, 95% lower b

= abs((95% lb-95% ub)/Set) × 100%, represents the size of the confid

NOT NEEDED, 2 Columns 

Parameters 

b [ c m 
3 

mol 
] � [K] c 1 β × 10 3 ε 

R 
[

TEG-4F 128.41 3186.5 1.3567 22.770 15

Bootstrap μ 128.64 3188.0 1.3562 22.728 15

95% lb 127.60 3145.0 1.3110 22.180 15

95% ub 129.81 3229.9 1.3956 23.340 16

rCI [%] 1.7 2.7 6.2 5.1 1.

Table A2 

New TEG-5F parameters along with bootstrapped mean, 95% lower b

= abs((95% lb-95% ub)/Set) × 100%, represents the size of the confid

NOT NEEDED, 2 Columns 

Parameters 

b [ c m 
3 

mol 
] � [K] c 1 β × 10 3 ε

R 
[

TEG-5F 128.57 3122.2 1.3813 20.992 14

Bootstrap μ 128.96 3122.4 1.3822 20.991 14

95% lb 127.90 3082.6 1.3375 20.386 14

95% ub 130.18 3165.3 1.4200 21.651 14

rCI [%] 1.8 2.7 6.0 6.1 1.

Table A3 

New TEG-6F parameters along with bootstrapped mean, 95% lower b

= abs((95% lb-95% ub)/Set) × 100%, represents the size of the confid

NOT NEEDED, 2 Columns 

Parameters 

b [ c m 
3 

mol 
] � [K] c 1 β × 10 3 ε

R 
[

TEG-6F 128.95 3144.4 1.3576 16.624 14

Bootstrap μ 129.14 3144.9 1.3579 16.587 14

95% lb 128.08 3111.8 1.3167 15.983 14

95% ub 130.30 3178.8 1.3923 17.259 14

rCI [%] 1.7 2.1 5.6 7.7 1.

Table A4 

New TEG-5C parameters along with bootstrapped mean, 95% lowe

rCI = abs((95% lb-95% ub)/Set) × 100%, represents the size of the c

COLOR NOT NEEDED, 2 Columns 

Parameters 

b [ c m 
3 

mol 
] � [K] c 1 β × 10 3 ε

R 
[

TEG-5C 129.10 3153.1 1.3486 27.539 14

Bootstrap μ 129.25 3153.4 1.3486 27.550 14

95% lb 128.20 3111.1 1.3020 26.735 14

95% ub 130.43 3196.1 1.3891 28.272 14

rCI [%] 1.7 2.7 6.5 5.6 1.
19 
 and 95% upper bound confidence intervals. Relative magnitude, rCI 

interval relative to the absolute size of the optimum. PRINT COLOR 

k i j = k i j, 1 + 

k i j, 3 

T 

k i j, 1 (CH 4 ) k i j, 3 (CH 4 ) k i j ( n C 7 ) k i j (H 2 O) k i j (CO 2 ) 

0.13395 7.6170 0.090547 -0.19267 0.18876 

0.13343 7.6245 0.091103 -0.19374 0.18912 

0.12363 5.2482 0.088553 -0.19659 0.18618 

0.14411 9.8962 0.094288 -0.19128 0.19240 

15 61 6.4 2.8 3.3 

 and 95% upper bound confidence intervals. Relative magnitude, rCI 

interval relative to the absolute size of the optimum. PRINT COLOR 

k i j = k i j, 1 + 

k i j, 3 

T 

k i j, 1 (CH 4 ) k i j, 3 (CH 4 ) k i j ( n C 7 ) k i j (H 2 O) k i j (CO 2 ) 

0.11710 11.190 0.086190 -0.14780 0.21415 

0.11719 11.158 0.086959 -0.14738 0.21466 

0.10736 8.7361 0.084470 -0.15039 0.21166 

0.12866 13.500 0.090100 -0.14477 0.21813 

18 42 6.5 3.8 3.0 

 and 95% upper bound confidence intervals. Relative magnitude, rCI 

interval relative to the absolute size of the optimum. PRINT COLOR 

k i j = k i j, 1 + 

k i j, 3 

T 

k i j, 1 (CH 4 ) k i j, 3 (CH 4 ) k i j ( n C 7 ) k i j (H 2 O) k i j (CO 2 ) 

0.09836 16.164 0.084502 -0.10278 0.24430 

0.10016 15.828 0.084931 -0.10113 0.24445 

0.09001 13.212 0.082613 -0.10392 0.24166 

0.11111 18.270 0.087773 -0.09871 0.24765 

21 31 6.1 5.1 2.5 

d and 95% upper bound confidence intervals. Relative magnitude, 

nce interval relative to the absolute size of the optimum. PRINT 

k i j = k i j, 1 + 

k i j, 3 

T 

k i j, 1 (CH 4 ) k i j, 3 (CH 4 ) k i j ( n C 7 ) k i j (H 2 O) k i j (CO 2 ) 

0.09200 18.200 0.083875 -0.17968 0.17969 

0.09218 18.185 0.084243 -0.17942 0.17991 

0.08217 15.561 0.081838 -0.18221 0.17700 

0.10326 20.348 0.087144 -0.17691 0.18318 

23.0 26.3 6.3 3.0 3.4 
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Table A5 

Part 1 - Average absolute relative deviations between model predictions and experimental data sets used for parameter regression and model evaluation 

Experimental 

Data 

AARD [%] 

4C 4F 5F 

Ref n p T Range [K] P Range [Bar] Set Set Avg 95% lb 95% ub Set Avg 95% lb 95% ub

P SAT 39 375 – 719 N/A 4.07 4.58 4.56 4.48 5.12 4.59 4.57 4.48 5.15 

ρsat 61 278 – 666 N/A 3.07 2.13 2.13 2.09 2.25 2.23 2.23 2.19 2.38 

x : TEG – CH 4 [61] 51 298 – 398 1.135 – 189 1.53 1.44 1.37 1.34 1.40 1.49 1.39 1.36 1.41 

x : TEG – CH 4 [62] 16 273 – 298 34 – 173 2.90 4.10 3.72 3.66 3.77 4.17 3.76 3.70 3.81 

y : TEG – CH 4 [63] 12 298 – 317 16 – 87 75.3 74.1 73.9 70.5 76.2 74.1 73.9 70.0 76.2 

x I & x II : TEG – n C7 [58] 12 309 – 351 1.013 4.62 3.59 3.63 3.37 5.30 3.21 3.23 2.97 4.65 

x I : TEG – n C7 [60] 6 321 – 410 1.013 56.1 50.3 50.3 47.6 53.5 49.8 49.8 47.9 52.4 

x : TEG – CO 2 [65] 10 297 – 322 25 – 80 13.3 2.32 2.37 2.27 3.52 2.47 2.47 2.44 3.85 

x : TEG – CO 2 [61] 8 298 4.67 – 202 14.8 2.81 2.81 2.77 3.59 2.26 2.41 1.83 3.69 

x : TEG – H 2 O [64] 14 333 0.08 – 0.18 6.60 3.23 3.23 3.21 3.27 4.69 4.85 4.73 4.96 

x : TEG – H 2 O – CO 2 [65] 20 297 – 322 25 – 80 11.2 5.19 5.23 5.12 5.80 6.58 6.78 6.22 8.63 

x : TEG – H 2 O – CO 2 [66] 73 263 – 343 2.2 - 374 16.5 20.3 20.4 19.6 21.4 23.6 24.0 22.8 25.5 

Table A6 

Part 2 - Average absolute relative deviations between model predictions and experimental data sets used for parameter regression and model evaluation. 

Experimental 

Data 

AARD [%] 

6D 6F 5C 

Ref n p T Range [K] P Range [Bar] Set Set Avg 95% lb 95% ub Set Avg 95% lb 95% ub

P SAT 39 375 – 719 N/A 31.1 4.55 4.54 4.45 5.11 4.56 4.54 4.46 5.08 

ρsat 61 278 – 666 N/A 2.76 2.32 2.31 2.27 2.43 2.35 2.35 2.31 2.50 

x : TEG – CH 4 [61] 51 298 – 398 1.135 – 189 63.6 1.41 1.40 1.37 1.43 1.40 1.41 1.38 1.44 

x : TEG – CH 4 [62] 16 273 – 298 34 – 173 200 3.80 3.80 3.74 3.86 3.95 3.84 3.78 3.89 

y : TEG – CH 4 [63] 12 298 – 317 16 – 87 12.3 73.9 73.9 70.0 76.3 73.9 73.7 69.9 76.1 

x I & x II : TEG – n C7 [58] 12 309 – 351 1.013 3.60 2.96 3.01 2.67 4.48 2.80 2.82 2.55 4.03 

x I : TEG – n C7 [60] 6 321 – 410 1.013 52.2 49.8 49.8 47.7 52.5 49.8 49.8 47.9 52.5 

x : TEG – CO 2 [65] 10 297 – 322 25 – 80 3.72 2.85 2.83 2.81 3.80 2.81 2.83 2.81 3.80 

x : TEG – CO 2 [61] 8 298 4.67 – 202 4.45 2.64 2.68 1.73 4.06 2.41 2.53 1.35 4.64 

x : TEG – H 2 O [64] 14 333 0.08 – 0.18 11.4 6.85 6.91 6.78 7.04 4.17 4.33 4.24 4.42 

x : TEG – H 2 O – CO 2 [65] 20 297 – 322 25 – 80 7.27 9.08 9.23 8.33 10.8 6.04 6.10 5.86 7.19 

x : TEG – H 2 O – CO 2 [66] 73 263 – 343 2.2 - 374 21.0 28.3 28.8 27.4 30.3 20.9 21.1 20.0 22.5 

A

R
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