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Nomenclature

a molar Helmholtz free energy, J-mol ™
Lo specific heat at constant pressure, kJ-kg~1.K~!
h specific enthalpy, kJ-kg™*

N number of points

p pressure, MPa

De critical pressure, MPa

Dr reduced pressure; (p/pc)

R universal gas constant, J-mol 1.K~?

r pressure ratio

s specific entropy, kJ-kg~1.K™?

T temperature, K

T. critical temperature, K

T: reduced temperature; (T/T.)

v specific volume, m‘o’-kg*1

Vm molar volume, m®-mol !

Ve reduced volume; (%ﬂ)

specific work, kJ-kg™!

mole fraction in the liquid phase
molar composition of the mixture
mole fraction in the gas phase
compressibility factor

n R ORI R T

Greek letters

“maximume-likelihood” objective function
alpha function

volumetric expansivity, K~}

dynamic viscosity, Pa-s

mass density, kg-m—>

molar density, mol-mL™*

standard deviation

TE ™R 8

SRS
3

@ acentric factor
Subscripts

c critical

cal calculated

exp experimental

i,j Component index
in inlet

out outlet
Superscripts

0 simple fluid
assoc association

disp dispersion

he hard-chain

hs hard-sphere

R reference

res residual
Acronyms

AARD  average of absolute relative deviation, %

BWRS  Benedict-Webb-Rubin-Starling

CPA Cubic-Plus-Association

EOS-CG equation of state of combustion gases
LKP Lee-Kesler-Plocker

PC-SAFT perturbed chain - statistical associating fluid theory
PR Peng-Robinson

RHE recuperative heat exchanger

SAFT statistical associating fluid theory
sCO, supercritical CO,

SRK Soave-Redlich-Kwong

VLE vapor-liquid equilibrium

1. Introduction

The NET Power cycle uses an oxy-combustion process of natural gas
and oxygen to produce emission-free energy with high efficiency, ~
55.8 % [1], capturing essentially 100 % of the CO, emissions [2]. Fig. 1
shows a process flow diagram of the most up-to-date NET Power cycle
embodiment [3]. In the oxy-combustor, natural gas (fuel) is introduced
with an oxidizing stream (OX-3) to carry out the combustion process at
near stoichiometric conditions [4]. The pressurized sCO,-rich recircu-
lating stream RE-7 moderates the combustion temperature. The result-
ing CO2-rich flue gases (FG-1), at 30 MPa and 1423.15 K, are expanded
to 3.4 MPa to produce electrical energy. Then, the gases (FG-2) are
cooled below the dew point in a recuperative heat exchanger (RHE) to
preheat the recirculating TC-1, RE-6 and OX-2 streams [3,5]. After
condensation and water removal (FG-4), the COy produced in the
combustion is captured and the remainder (RE-1) is compressed up to
8 MPa [1]. The fluid is further cooled to the supercritical liquid-like
phase (RE-2), which is characterized by liquid-like densities (p ~ 10°
kg m~3) and gas-like viscosities (4 ~ 10> Pas). The resulting dense
gases are further compressed to 30 MPa by the REP-1-2 and OXP pumps
before being introduced into the RHE and recirculated back to the
combustor.

Compressing the RE and OX mixtures near the critical point is
beneficial because the specific volume of the fluid is reduced, resulting

in low compression work flows and high cycle efficiencies. Thus, with
the aim of conducting reliable performance assessments of the NET
Power cycle, accurately modeling the volumetric and phase behavior of
the sCOy-rich working fluid, in particular near the critical point, is
essential. However, in the region close to the critical point, strong non-
idealities appear in the fluid behavior. A pressure — specific enthalpy (h)
diagram for pure CO, around the critical point is shown in Fig. 2. Iso-
contours of the compressibility factor (z), and the product of the volu-
metric expansivity (4) and temperature, 5T, were included. z denotes the
deviation of a real gas from the ideal gas behavior, and it is defined as:

%
2= g—T. )

In addition, a general relation for the specific enthalpy change of real
gases is written in Eq. (2), with g defined in Eq. (3).

dh = c,dT +v(1 — BT)dp, @

1 /ov

The isotherm lines depicted in Fig. 2 are derived from Eq. (2) as
follows:
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FGC: fuel gas compressor
BPC: bypass compressor
C: gas-phase compressor
REP-1: recirculation pump

REP-2: recirculation pump
OXP: oxidant pump
ASU: air separation unit

Fig. 1. Process flow diagram of the NET Power cycle.
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ap

The CO5 at high temperatures approaches the ideal gas behavior,
with values of z close to unity. For ideal gases, fT = 1, and thus (oh/dp),
= 0, which implies that the enthalpy is a function of the temperature
only, so the isotherm lines become vertical lines. As the critical tem-
perature of CO; (=~ 304 K) is approached, the fluid departs from the ideal
gas behavior, as noticed by a dramatic change of z. As the CO2 ap-
proaches the critical point, T > 1, which means that, according to Eq.
(4), there is a deflection of the isotherm lines to lower enthalpy values as
the pressure increases. This leads to a sharp change in the enthalpy for a
slight change in temperature, as a subcritical phase change, but without
phase coexistence. The line formed by connecting the points where
(0z/0T), reaches maximum values is called the discontinuity line [6]. In
this supercritical phase change, the fluid exhibits strong variations in the
thermo-physical properties, which indicates that the discontinuity line
separates two regions where the fluid presents liquid-like and gas-like
properties. The change of properties is not radical, but occurs in a
continuous manner within the discontinuity band. The higher the
pressure, the smoother these variations are and occur over a wider
temperature range.

In addition to the strong non-idealities, to predict the physical
properties of the NET Power cycle working fluid, it should be noted that
the impurities present in the sCO; streams, Ho0, CO, Hg, O3, N, Ar, CHy,
significantly vary the thermo-physical properties of CO in a non-linear
fashion [7,8]. To characterize these sCOy-rich mixtures, several ap-
proaches can be applied: (i) cubic EoSs [9,10]; (ii) theoretical models
based on statistical mechanics theories, such as Statistical Associating
Fluid Theory (SAFT) and Cubic-Plus-Association (CPA) [11] [12], [8];
and (iii) multiparametric EoSs formulated in terms of the Helmholtz free
energy, such as GERG-2008 EoS [13].

Li et al. [14] studied the reliability of the Peng-Robinson (PR),
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Fig. 2. Pressure - specific enthalpy diagram for pure CO, in the region close to
the critical point, including constant value lines for temperature, compress-
ibility factor and fT.

Patel-Teja, Redlich-Kwong, Soave-Redlich-Kwong (SRK), modified SRK,
modified PR, and improved SRK, in predicting the gas and liquid vol-
umes of supercritical CO, binary mixtures, containing CHy, HsS, SO, Ar
and N», for temperature and pressure ranges of 89 — 511 K and 0.1 —
69 MPa. The authors concluded that the PR and the Patel-Teja EoSs are
generally superior to the rest of EoSs. Xiong et al. [15] presented a novel
general cross-association explicit formulation for different bonding
types with the aim of increasing the computational efficiency of the CPA
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EoS. The new formulation resulted in a CPU time decrease of 70 %.
Mazzoccoli et al. [16] selected for comparison the Advanced PR, CPA
and GERG-2008 EoSs. Density data for 27 CO, mixtures and
Vapor-Liquid Equilibrium (VLE) data for 20 different CO5 mixtures were
collected. GERG-2008 EoS reported more accurate results for density
and bubble point. However, the GERG-2008 EoS, which was developed
for natural gas mixtures, presents shortcomings concerning the
modeling of the phase behavior of CO, mixtures, underestimating the
solubility of gases in the aqueous phase [17]. The equation of state of
combustion gases (EOS-CG), developed by Gernert et al. [17], addresses
the deficiencies of the GERG-2008 EoS, proposing new adapted depar-
ture functions while maintaining the mathematical formulation of the
GERG-2008 EoS. The authors compared the performance of the EOS-CG
with the GERG-2008, based on experimental data of binary and multi-
component mixtures with high CO; content, including H,0, No, O, Ar,
and CO. The results indicated a clear superiority of the EOS-CG. The
EOS-CG model was recently updated and extended into a new model
EOS-CG-2021 [18]. Ke et al. [19] experimentally measured the density
of the CO; — Ar — N ternary mixture (with a mole fraction of Ar and Ny of
0.05) in a temperature range between 293.15 - 333.15K, up to a
pressure of 23 MPa. Then, authors conducted a comparative study of the
GERG-2008, EOS-CG, gSAFT and PR EoSs. The EOS-CG gave the lowest
relative deviation for both phase equilibrium and density. McKay et al.
[20] analyzed the capability of the PR, SRK, PC-SAFT, GERG-2008 and
EOS-CG models to characterize CO,-rich mixtures. Results revealed
relative errors of the PR and SRK EoSs predicting the CO3 solubility in
H20 of 88.6 % and 89.9 %, respectively. GERG-2008 and EOS-CG re-
ported an error of less than 1 % computing the density of multicompo-
nent COy-rich systems over a temperature and pressure range of 273.15
—423.15K and 1.1 — 126 MPa. PR and SRK EoSs, with the Peneloux
volume shift, reported deviations of 2.8 % and 4.8 % within the super-
critical phase. SAFT models demonstrated similar performance to the
cubic EoSs.

The performance of the EoSs under the specific operating conditions
of the NET Power cycle has not been previously evaluated. Therefore, in
this paper the interaction parameters of the PR, SRK, Lee-Kesler-Plocker
(LKP), BWRS, PC-SAFT and CPA EoSs were calibrated based on experi-
mental density and VLE data of sCOy-rich mixtures collected from the
literature. As a novelty, the p, T, X optimization conditions were chosen
to be close to those found in the NET Power cycle. The performance of
the calibrated EoSs, and the GERG-2008 EoS, was then compared, and
their influence on a compression process was evaluated. The method-
ology for performing the EoSs calibration and the compression modeling
approach are discussed in Section 2. Then, results are discussed in Sec-
tion 3. Finally, Section 4 presents the main conclusions and findings of
this study.

2. Methodology and assumptions

The methodology for the calibration of the interaction parameters of
the EoSs is presented in Section 2.1. Then, Section 2.2 describes the
modeling approach of the compression process for supercritical sCO»-
rich mixtures, which is used to evaluate the influence of the EoSs.

2.1. Optimization of the interaction parameters of the equations of state

2.1.1. Selected equations of state: mathematical formulation and mixing
rules
Six EoSs were selected as candidates to accurately predict the
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volumetric behavior of sCO, mixtures within the NET Power cycle:

e Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK) cubic-type
EoSs.

e Lee-Kesler-Plocker (LKP) and Benedict-Webb-Rubin-Starling (BWRS)
virial-type EoSs.

e Perturbed Chain — Statistical Associating Fluid Theory (PC-SAFT)
and Cubic-Plus-Association (CPA) SAFT-type EoSs.

The mathematical formulation, parameters and mixing rules of these
EoSs are given in Table 1. The binary interaction parameters that are
calibrated in this work were highlighted in bold in Table 1. These EoSs
were chosen because: (i) they are the most widely used EoSs for
modeling purposes of CO2 capture and use systems [21], as found after
the thorough literature survey; and (ii) they are integrated in the Aspen
Plus software. The former is fundamental, since Aspen Plus is the most
widely employed process simulation software for conducting thermo-
dynamic studies of the NET Power cycle. Therefore, authors can easily
apply the calibrated EoSs proposed in this work for their research. It is
worth noting that Aspen Plus contains the formulation of the EoSs pre-
sented in Table 1, which ensures that the results presented in this work
can be reproduced without the need to use the computational package.
In Table 1, x; represents the mole fraction of component i in the mixture,
with the summations running over all components. Pure component
parameters, required for the computation of the EoSs, such as critical
parameters (pci, Tc;i, p.;), acentric factors (w;), number of spherical
segments in a chain (m;), segment diameters (o;), dispersion energies
(&1/k), number of sites (N;), and association volume parameters (f;), for
the components CO2, HyO, CO, Hy, Oy, Ny, Ar and CHy, are provided in
the Appendix A of the supplementary material. Moreover, specific ex-
pressions and constants required by the LKP, BWRS and PC-SAFT EoSs
are given in Appendix B, C, and D, respectively. The PC-SAFT EoS is
expressed in terms of the molar residual Helmholtz free energy, a™. a is
one of the fundamental state functions in thermodynamics. Therefore,
all thermodynamic properties can be calculated easily from derivatives
of a with respect to the density and temperature. For more details on the
derivation of the properties from a see [13]. The performance of these
EoSs was compared with the multiparametric GERG-2008 EoS. The
detailed mathematical formulation of the GERG-2008 EoS can be found
in [13].

2.1.2. Experimental data: pressure, temperature and composition ranges

In the NET Power cycle, the most prominent real gas effects appear in
the mixtures RE and OX (see Fig. 1) during the liquid-like compression
stages within the discontinuity band. Consequently, the p, T ranges
found in such compression, and the composition of the mixtures RE and
OX, are the conditions under which the calibration procedure of the EoSs
was performed. The mixtures RE and OX are compressed in the REP-1,
REP-2 and OXP pumps (see Fig. 1) from 8 MPa to 30 MPa [1]. During
the compression, the temperature of the mixtures increases from about
299.15 K to 318.15 K [33], which is close to the critical temperature of
CO,. The molar composition of the RE and OX streams, which were
obtained from a NET Power cycle numerical model developed in Aspen
Plus, are shown in Table 2.

Experimental density and VLE data for sCO,-rich binary mixtures
were used to perform the calibration of the binary interaction parame-
ters of the EoSs mixing rules. Table 3 presents the p, T, X ranges, and the
number of experimental data points used during the numerical fitting.

Experimental data were collected over the widest possible pressure
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Table 1

Mathematical formulation, parameters, and mixing rules of the selected EoSs. The adjustable binary interaction parameters are highlighted in bold.
EoS Functional form Parameters and mixing rules of the EoSs
PR[22] _ RT a a =33 (1 -ky) @

Vm —b  Vm(Vm +b) +b(vm — b)

b= Zix‘b‘;
(3)

k
kj = kﬁj + k (ku = kii);

where g; and b; are calculated based on p.j, Tci, wi, and the alpha function «o;:
2T2
a; = ;0.45724 » b =0. 077808

c.i c.i

’al =

[1+ (0.37464 + 1.54226m; — 0.2699202) (1 — T;°%) ],

SRK _ _RT a a =Y xx(1-ky)/ada;
[23] p= Vm —b  Vm(Vm +b) Z]ZJ ! ’
b= Zix;b;;
(3)

K
ki =k + kT + - (ki = K);

Where q; and b; are calculated based on p., Tci, wi, and the alpha function a;:
272

R°T:
@ = ;0.42747 —L by = 008664RT =
Dei i
[1 + (0.48508 + 1.55171w; — 0.15613w?) (1 — T;°%) |*.
LK[P | z=2° +% (2R —2°)  2° and z® rely on the functional form of the B =by — byt — bs7* - by7¥;
24 C =c¢1 — cot + c37%
BWR EoS. 2° is an EoS for simple fluids and z® is an EoS for a reference D dl 4 dz‘:: 3t
fluid (n-octane): where? 25
B C D c4r 4 y :
(0 or R) v _r D 2 S " s
z W V5 (IH—V%)eXp( V2 v = RT T =T:/T; 6 =p/p,.
The mixing rules are the following:
T, = P?'zsZizjxixjvg_’i?sTc.ij;
1
l’j = Zizjxiijc,ij;
Pr = (0.2905 —0.0850)RT;p,;
with:
. 3/8 RT;
Teij = (1+ki) (Tei @ Tc.j)os, (kij = kji); veyy = ( 2(3 +V2_§3) Vei = (0.2905 *0~085‘Ui)ﬁ3
(N}
® = Zixi‘”i;COHStantS b1, by, b, by, c1, 2, €3, Ca, d1, do, p and y are given in Table B.1
(Appendix B) [25].
BWRS Co Do E d
[26] p = pnRT + <BQRT —Ag 7ﬁ0+ﬁ0 - F?)/’rzn + (bRT—a 7?)/),3,] + By = Z XiBoi; Ao = Z z xlxJ OJ 1 li)
d 4,
a(a +—)pm + % (1 +7p%)exp(—rp2) Co = Zizjx;xjcgvicgj (- ku ;Do = Z Z xixD3 J(1 =)
Eo =3 ) xixE —ky)°s (ki = Ki);
where:
3 3 3 3 3

1 1 1 1 1
3 -p — 3| - — 3| .4 — 3 - — 31 .., —
E xial| s b= E ixibi ;c= E Xici d = g ],xidi sa = E x| sy =

2

1
ijiyiz ;sParameters Ao, Boj, Coi, Do, Eoj, ai, bi, ¢i, di, @i and y; for component i are

calculated by using Egs. (C.1) - (C.11), with A;j and B; listed in Table C.1 (Appendix C) [27].
PC-SAFT ares _ ahc  qdisp  gassoc  gpolar

RT RT RT ' RT ' RT

hs
a*/(RT) = ﬁ%f Zixi (m; —1)Ingl¥, is the hard-chain term.

9 )
28] a¥*? /(RT) = — 27p, L X — npmﬁCIIZY is the dispersion term.
1\ . P
a*°¢ /(RT) = E X E A ( _— + 2) is the association term.
RT
@ /(RT) [a2/(RT) | is the polar term.

1 [as/(RT)]/[ax/ (RT)T
All the details for the calculation of the contribution terms and the formulation of the adjustable
interaction parameters k;; are provided in the Appendix D [28-30].
CPA p= RT @ GRT() 01ng S xY, (1-x%) a= Z;ij‘xj(l —k;j) /@a;
[31], Vm—b  Vm(Vm +Db) Vi A b b
[11] The cubic (physical) term is calculated by the SRK EoS. - Z Xibi3
kij =k + kY=, Tt = 208.15K, (k,J =ki);
Tret
RTZ;
a; = 0;0.42748 ’ i by = 0.08664 p

ci

ai =
[1+ (0.48 +1.574w; — 0.17602) (1 — T;* ”2.g =(1-1.97)7", where y = (bp,,)/4;
-1
XA = (14 ppd %D X0 AN )
iB;
ANB = gpriBip, [exp (E;T> }, with by = (b; +b;) /2.

b; are defined as for the cubic term.
Parameters f; are given in Table A.1 (Appendix A) [32].
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Table 2
Composition of the sCO,-rich mixtures RE and OX.

Component Mixture RE (% mol) Mixture OX (% mol)
CO, 97.9336 75.4445
H,0 0.1195 0.0920
Cco 0.0002 0.0001
H, 0.0000 0.0000
0O, 0.1963 23.0000
N2 1.1827 0.9571
Ar 0.5678 0.5063
CH4 0.0000 0.0000

range, covering the supercritical operating regime, 8 — 30 MPa, where
the major real gas effects occur in the NET Power cycle. The temperature
range was chosen close to the critical temperature of CO,. For the CO5 —
O, system, the density regression was performed for an Oy mole fraction
of 0.274, which corresponds, approximately, with the typical composi-
tion of the mixture OX of the NET Power cycle, as can be found in
Table 2. For the remaining mixtures, small values of the impurity mole
fraction were selected from the literature, with the aim of mimicking the
composition of the mixture RE provided in Table 2.

2.1.3. Equations of state numerical fitting and performance assessment
procedures

The softwares Aspen Plus V12.1 [58] and Matlab R2022b [59] were
used to calibrate and evaluate the binary interaction parameters of the
EoSs of Table 1, from the density and VLE experimental data of
sCO9-rich binary mixtures collected from the literature (Table 3). To this
end, a communication between Matlab and Aspen Plus was established
through an ActiveX server. A schematic diagram of the numerical pro-
cedure for calibration is presented in Fig. 3 [60].
:
parameters of the EoS, is first initialized to 1 in Matlab. The experi-
mental data of the binary mixture are stored in the Matlab code as
vectors of pressure (p), temperature (T), molar composition (x), density
(p), equilibrium composition (VLE), and standard deviation (¢). The p,
!
ij2

In the first iteration (I = 0) a vector k;;, containing the interaction

T, x vectors, together with k;;, are sent to Aspen Plus, which contains the
formulation of the EoSs shown in Table 1, and calculates the density and
equilibrium composition vectors. With the experimental and calculated
data, Matlab executes the maximum-likelihood objective function [61],
defined in Eq. (5), which is minimized by the optimization algorithm. In
Eq. (5), the definition of the maximum-likelihood function is given for
either density or VLE regression cases, with N denoting the number of
experimental data points. The regression convergence tolerance was set
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Fig. 3. Flow diagram of the numerical procedure for calibration of the inter-
action parameters of the EoSs presented in Table 1.

to 10~*. Therefore, when the convergence criterion is satisfied, the
optimization procedure is finished. Otherwise, the Britt-Luecke’s
generalized Least-Square method based optimization algorithm gener-
ates an updated set of interaction parameters. For further details about
the algorithm refer to [62]. The experimental data and the updated

Table 3
p, T, X ranges and number of points of the density and VLE experimental data used for the EoSs numerical calibration.
Mixture p (MPa) T (K) Mole fraction of the impurity Number of points References
CO, - H,0 (VLE) 1-17 298.15 - 423.15 - 197 [34-38]
CO, - H20 (p) 5-45 307.00 - 398.15 0.002 51
[39-44]
CO, - CO (p) 2-49 303.15 - 373.15 0.050 120 [45]
CO, - H3 (p) 2-22 303.15 - 333.15 0.020 122
[46,47]
CO2-02(p) 1-20 293.18 - 373.46 0.274 180 [48]
CO2 - N3 (p) 2-30 293.15 - 330.00 0.018 60
[49-55]
CO, - Ar (p) 1-20 303.22 - 363.15 0.030 80 [55]
CO, - CH4 (p) 1-20 304.15 - 353.00 0.004 955
[56,571
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interaction parameters are sent to Aspen Plus and the optimization
procedure is repeated until the convergence tolerance is achieved.

1 al i~ Pexp,i 2
N ; (%) , for p regression;

b =

2 2
1J X0, ,cali — Xco. i CO,cali — Yco. i .
N Z 208 2epi | (Y00 cali — YCOz expi , for VLE regression.
i=1

Oxco, i Oyco, i

Once the calibrated interaction coefficients were obtained, they are
introduced into the formulation of the EoSs. A quantitative comparison
between the results provided by the EoSs and the experimental data was
performed to determine the EoS that captures most reliably the experi-
mental data. To carry out this comparison, in the Simulation section of
Aspen Plus, a material stream was created whose temperature, pressure
and composition were established under the same conditions as the
experimental data from a code implemented in Matlab. This code con-
tains all the experimental source data and triggers the Aspen model to
share the material stream results under the same operational conditions
as the source data. As a result, the density and VLE compositions
response can be compared between the different EoSs as the deviation
towards the source data. To quantify the deviations between the EoSs
predictions and the data, the AARD, whose definition is presented in Eq.
(6) for density and VLE in the liquid and gas phases cases, was used.

@ XN: ‘pcal.i 7/)exp.i ‘ . fOI'/)'

N i=1 pexp.i

1 ul i— xp.i . . .
AARD (%) = % M, for VLE in the liquid phase;

i1 xCO2,exp.i

100 N ’yCOZ.cal,i —YcCo,.exp.i .
— » —— for VLE in the gas phase.

N = Ycos.expii

(6)

2.2. Supercritical COy-rich mixtures isentropic compression modeling
approach

To model the isentropic compression of an ideal gas, it is necessary to
establish a relation for the evolution of the gas temperature with the

Table 4
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pressure by using Eq. (7).

oT RT
) === 7
<0p> s pCP ( )

(5)

Therefore, knowing the temperature change with Eq. (7), and given a
pressure ratio, r, the total specific work of compression can be calculated
from the change in specific enthalpies by using Eq. (8).

w= h(rpiny Tout) - h(pin: Tin) (€]

However, Eq. (7) is not suitable for supercritical fluids; which
experience strong real gas effects, especially near the critical point.
Hence, an expression relating the evolution of the temperature with the
pressure at constant entropy, similar to Eq. (7), but appropriate for real
gases, has to be obtained. To this end, the following Maxwell’s equation
is employed:

().~ (3), ©

Considering also the following relation:

611) (63) <0T> )
=) (52) (5) =1, (10)
(65 LT \ov),

Table 5
AARD (%) of the EoSs in the prediction of the VLE composition of CO» — H,O
mixtures within the p, T, X ranges shown in Table 3.

EoS Bubble line Dew line Average
PR 3.83 1.92 2.88
SRK 4.30 1.78 3.04
LKP 2.23 1.83 2.03
BWRS 11.94 1.53 6.74
PC-SAFT 4.95 1.41 3.18
CPA 5.34 1.43 3.39
GERG—2008 8.51 0.25 4.38
Average 15.56 1.45

Calibrated interaction parameters of the PR, SRK, LKP, BWRS, PC-SAFT and CPA EoSs. These interaction parameters correspond to those highlighted in bold in the

formulation of the EoSs given in Table 1.

CO, - H,0 €O, - CO CO,-H, CO, -0, COz - N, CO, - Ar CO, - CHy
VLE P p p p p P P

PR kiﬂ-” -0.4274 —0.0823492 0.0000 0.0000 —0.144269 0.0000 —0.128005 —0.229886

ki(jZ) 0.001 0.00130716 —0.00085152 —0.002656 0.00094759 —0.00109974 0.0000 —0.00093592
SRK kﬁ” —0.4614 0.0000 0.0000 0.0000 0.0603179 0.0000 —0.189057 0.0000

k,-(f) 0.0011 —0.0010648 0.00149822 —0.021956 0.0000 —0.00087398 0.0000 —0.0789253
LKP ki 0.0125 —0.278075 0.114011 0.916455 0.0253371 0.0901669 0.0200776 —0.489781
BWRS ki 0.1053 0.0000 —0.181284 —0.681987 0.0130965 —0.476755 —0.033787 0.0531
PC-SAFT kfjl’ 0.1565 0.0929834 —0.999539 —0.284113 0.205097 —0.96324 0.0000 0.0000

k2 0.1449 0.116352 0.959316 —0.999873 ~0.256288 0.996573 0.0732153 0.99997

KD 0.0228 —0.0494549 —0.0147781 0.0000 0.0000 —0.576246 0.0000 0.998752
CPA KD 0.168 0.285987 —0.211483 0.0000 0.503948 0.567561 0.0000 —0.412014

el 0.269 0.241135 —0.207193 0.0000 —0.455381 -0.011355 —0.037751 0.0000
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the following expression is obtained:

oT ov os
(&l B (w),,/ (?T)p an
The derivative of the numerator of the right hand side expression in
Eq. (11) can be expressed as a function of g from Eq. (3) as fv. The de-

rivative of the denominator is equivalent to ¢, /T [63]. Thus, Eq. (11) can
be written as follows:

T\ _ zRT(pT)
(01))5_ pe, a2

In Eq. (12) a generic real gas EoS relation of the form pv = zRT was
replaced. Eq. (12) represents the isentropic evolution of the temperature
as a function of the pressure for a real gas mixture. For an ideal gas, ST
and z are equal to one, therefore, Eq. (12) becomes Eq. (7) in this case.
Finally, the total specific work of compression is computed using the Eq.
(8).

The compression model was implemented and solved in Matlab. The
differential equation that models the local evolution of the gas tem-
perature with the pressure, Eq. (12), was discretized by using the Euler’s
method. The model was discretized in 100 steps from the fluid inlet
pressure, 7.4 MPa, to the discharge pressure, 30 MPa. The thermody-
namic and transport coefficients of the model are calculated by Aspen
Plus, where the calibrated EoSs are implemented. Matlab sends, through
an ActiveX server, two intensive properties and the mixture composition
to Aspen Plus. Then, Aspen Plus calculates the desired properties and
sends them back to Matlab. f is not available as an output parameter in
Aspen Plus. Thus, f was obtained from Eq. (3), and the derivative was
calculated by finite differences.

3. Results and discussion

The results of the numerical calibration and the performance
assessment of the EoSs are provided in Section 3.1. Then, the influence
of the EoSs on the isentropic compression process, under the operating
conditions of the NET Power cycle, is discussed in Section 3.2.

3.1. Results of the numerical calibration of the equations of state

The adjustable binary interaction parameters of the selected EoSs
(highlighted in bold in the Table 1), that resulted from the numerical
calibration process, are presented in Table 4.

The comparison between the composition of the equilibrium phases
of the CO2 — Hy0 mixture calculated by the calibrated EoSs and the
experimental VLE data is represented in Fig. E.1 (Appendix E) of the
supplementary material. The EoSs predict the solubility of CO; in the
HoO-rich liquid phase with a deviation of less than 10 %. All the EoSs
predict the composition of the CO»-rich gas phase within a deviation of
2 % over the entire calibration range. Table 5 shows the AARD in the
prediction of the bubble line and dew line by the EoSs with respect to the
experimental data. The bubble point prediction, as a function of pres-
sure, by the EoSs presents a larger deviation from the experimental
points than the dew point prediction. The average AARD of the EoSs in
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the bubble line estimation is 15.56 %, while it is 1.45 % for the dew line.
The calibrated LKP EoS reports the lowest AARD in the bubble line
modeling, 2.03 %, while the BWRS EoS gives the highest AARD,
11.94 %. Concerning the dew line prediction, the GERG-2008 EoS pre-
sents the lowest AARD, 0.25 %. The EoS with the lowest average AARD
in the prediction of both bubble and dew lines is the LKP, reporting an
AARD of 2.03 %. The results also reveal that the cubic PR and SRK EoSs,
with an appropriate fitting of the binary interaction parameters, present
a lower AARD than other thermodynamic models with more complex
mathematical formulation within the pressure and temperature ranges
considered in this study [64].

Regarding density predictions, Fig. E.2 (Appendix E) of the supple-
mentary material compares the prediction of the density of sCO,-rich
binary mixtures by the EoSs with respect to the experimental data
points. Except for the CO, — H,O and CO; — CH4 mixtures, the EoSs
predict the volumetric behavior of the binary mixtures with a deviation
of less than 10 % over the entire calibration range. For the CO; — CHy4
mixture, all EoSs show significant deviations, up to 126.4 % for CPA,
within the discontinuity band. This indicates that the experimental
source data of the CO, — CH4 mixture may have a larger uncertainty than
expected. Table 6 reports the AARD in the prediction of the density of
sCOo-rich binary mixtures by the EoSs with respect to the experimental
data. The volumetric behavior of the CO2 — H2O mixture is predicted by
the EoSs with an AARD of about two times higher than for the rest of the
binary mixtures. This is because the CO, — HoO mixture is highly non-
ideal due to the different polarity of the COy and HyO molecules [8,
65]. The fact that the BWRS EoS is uncapable of accurately predicting
the density of the CO, — H>0 mixture was the reason for the retirement of
its AARD results for this mixture. The results also pointed out that the
GERG-2008 is the model that, on average, matches the experimental
data with the lowest deviation, presenting an average AARD for all
considered mixtures of 1.34 %. Therefore, it is recommended to use the
combination of GERG-2008 + LKP for modeling purposes of the NET
Power cycle. GERG-2008 is used for volumetric calculations and the
calibrated LKP EoS for predicting the phase behavior of the CO3 — H,O
mixture.

3.1.1. Vapor-liquid equilibrium modeling trends

A pressure-composition diagram for the CO, — HoO mixture, for a
temperature of 298.15 K, is shown in Fig. 4. Fig. 4(a) presents the sol-
ubility of CO3 in the HyO-rich liquid phase and Fig. 4(b) the CO3 mole
fraction in the COy-rich gas phase. All calibrated EoSs demonstrate an
attenuation in their predictive capability as the temperature of the
mixture increases.

PR and SRK EoSs tend to underestimate the solubility of CO3 in the
HyO-rich liquid phase and the amount of water in the CO,-rich gas
phase. Although this deviation is reduced for high pressure. In general,
both cubic EoSs were capable of accurate modeling the VLE of the CO3 —
H,0 mixture. The LKP EoS has fewer discrepancies than the other EoSs
in comparison to the experimental data. BWRS EoS predicts a higher
solubility of CO, in the aqueous phase. LKP and BWRS EoSs present a
similar pattern than PR and SRK EoSs in modeling the composition of the
vapor phase. However, BWRS predicts a lower HoO mole fraction in the
CO, gas phase for pressures above 3.5 MPa. PC-SAFT and CPA EoSs

Table 6

AARD (%) in the density prediction of sCOy-rich binary mixtures in the p, T, X ranges shown in Table 3.
EoS CO, - HO CO, - CO CO, - Hy CO; - Oy CO2 — Ny CO, — Ar CO, -CHy4 Average
PR 3.03 2.30 3.10 1.49 3.17 2.16 3.21 2.98
SRK 18.28 5.65 2.72 3.33 3.50 2.82 2.05 5.30
LKP 2.29 0.62 1.02 1.79 1.82 0.65 0.97 1.78
BWRS - 1.84 3.40 1.66 4.91 2.47 4.10 2.96
PC-SAFT 2.77 2.10 2.93 2.44 2.46 1.70 1.51 2.33
CPA 3.13 2.21 1.89 1.60 3.71 1.98 2.43 2.44
GERG—-2008 2.37 1.51 0.58 1.37 1.10 0.94 0.93 1.34
Average 4.89 2.22 2.03 1.88 2.72 1.71 2.02
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Fig. 4. Pressure-composition phase diagram for the CO, — H,O mixture for a temperature of 298.15 K. (a) H,O-rich liquid phase and (b) CO»-rich liquid phase.
(oo ) Experimental data (A) PR, () SRK, (X) LKP, (=) BWRS, (O) PC-SAFT, () CPA, (A) GERG-2008.

accurately adjust the composition of the phases in equilibrium of the
CO5 — HoO mixture. However, CPA EoS tends to deviate towards lower
values of the gas solubility because of the cubic term contained in its
formulation. In addition, PC-SAFT and CPA EoSs underestimate the H,O
fraction dissolved in the COy-rich gas phase for high mixture pressures.
GERG-2008 shows discrepancies in calculating the solubility of CO5 in
the aqueous phase for pressures below 2 MPa. This deviation is reduced
as the mixture pressure increases.

3.1.2. Density modeling trends

Fig. 5 represents the evolution of the density of the binary mixtures
(a) CO5 - H30, (b) CO5 - CO, (c) CO2 — Hy, (d) CO5 — 04, () CO2— Ny, ()
CO; - Ar and (g) CO, — CHy, estimated by the calibrated EoSs, compared
to the density experimental data, as a function of the pressure and
temperature of the mixture. The density gradient becomes steeper as the
mixture temperature decreases due to an increase of the isothermal
compressibility factor, which intensifies the real gas effects. As a result,
the deviation of the EoSs increases at low temperatures. For pressures far
away from the corresponding ones in the discontinuity band, the devi-
ation between the density estimated by the EoSs and the experimental
data is reduced.

PR and SRK EoSs underestimate the density of the mixtures: CO3 —
H»0, in the discontinuity band (as also stated by Ibrahim et al. [66]),
although PR overestimated the density at pressures above 25 MPa; CO5 —
CO, in the pressure ranges between 7 — 27 MPa, although PR over-
estimates it at pressures higher than 25 MPa; CO3 — Hy, in the liquid-like
phase, with the deviation decreasing as the mixture pressure increases;
CO3 — Ny, for pressures above 8 MPa; CO, — Ar, in the liquid-like phase;
and CO; — CHy, from the critical pressure of the mixture up to 18 MPa.
This periodic underestimation of the density by PR and SRK EoSs is
relaxed as the mixture temperature augments. Beyond the p, T, X cali-
bration ranges, results revealed that the deviation of PR and SRK EoSs,
compared to the experimental data, increases more than the rest of EoSs,
demonstrating that their performance is highly dependent on the binary
interaction parameters [12,67]. LKP EoS is able to predict the density
evolution within the discontinuity band close to the experimental data,
without significant deviations. BWRS EoS yield erroneous densities for
the CO5 — Hy0 mixture. However, the rest of the binary mixtures are
accurately predicted, tending to overestimate the density of the CO5 —
Ny, CO2 - Ar and CO; — CH4 mixtures within the liquid-like phase region.
PC-SAFT EoS underestimates the density of the CO; — O mixture for
pressures above 12 MPa. The rest of the EoSs model the density of the

CO4 — Oy mixture accurately since the Oy mole fraction used in the
numerical regression is high, tending to move the mixture away from the
critical point. CPA EoS tends to underestimate the density of the CO3 —
0O, CO3 — N3 and CO; — Ar mixtures, although with less deviation than
PR and SRK. This is because the physical term of the CPA EoS is precisely
the SRK EoS [11]. GERG-2008 accurately matches the experimental
data. The deviation of the EoSs decreases as the pressure and tempera-
ture increase, especially the former. This is because the deflection of the
isotherm lines decreases as the mixture moves away from the critical
point.

3.2. Isentropic compression process

The isentropic compression process modeled in this study was
calculated assuming initial fluid conditions of 303.15 K and 7.4 MPa.
The fluid is compressed up to 30 MPa isentropically. To evaluate the
influence of the EoSs on the compression process, the mixtures RE and
OX were analyzed. The composition of these mixtures was given in
Table 2. The fact that BWRS was not able to accurately predict the
volumetric behavior of the CO, when containing traces of HyO, as
explained in Section 3.1.2, lead to inconsistent results in the evolution of
the fluid during compression. For that reason, results from the BWRS
EoSs were not considered in this study.

Fig. 6 shows the evolution of (a) temperature, (b) compressibility
factor, (c) heat capacity and (d) specific volume as a function of the
pressure during the isentropic compression for the mixture RE. The fluid
temperature increment during the compression process is lower for the
CPA and GERG-2008 EoSs than for the PR, SRK, LKP and PC-SAFT EoSs.
For example, for GERG-2008, the temperature change was 51.6 K, and
for PC-SAFT 102.2 K. CPA and GERG-2008 predict a lower compress-
ibility factor over the entire pression range in which compression takes
place. This means that the fluid is in a denser and less compressible
phase. In addition, only the CPA and GERG-2008 EoSs predicted the
supercritical phase transition between the liquid-like phase and the gas-
like phase, crossing the discontinuity line. This is deduced from Fig. 6(c),
where the steep compressibility factor gradient may be observed. This is
also noted in Fig. 6(d), where the CPA and GERG-2008 EoSs predict the
sharp variation of the specific heat undergone by the fluid during the
supercritical phase transition. This implies that the specific heat pre-
dicted by CPA and GERG-2008 is higher than that predicted by the rest
of EoSs at the beginning of compression, concretely in the pressure range
where the supercritical phase change occurs. A lower value of the fluid
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Table 7
Total specific work of compression from 303.15 K, 7.4 MPa to 30 MPa, for the
mixture RE, as a function of the EoS.

PR SRK LKP PC-SAFT  CPA GERG-2008
w(kJ kg™ 50.82 54.33 50.62 56.19 36.71 33.02
W/WGERG—2008 (-) 1.54 1.65 1.53 1.70 1.11 1.00

compressibility factor during compression and a higher value of the
specific heat at the beginning of the compression predicted by the CPA
and GERG-2008 EoSs result in that, according to Eq. (12), the temper-
ature gradient during compression is lower than that predicted by the
rest of the EoSs.

Table 7 presents the total specific work of compression for the
mixture RE as a function of the EoS. The temperature and compress-
ibility factor predicted by the CPA and GERG-2008 models over the
entire compression range are lower than that computed by the rest of
EoSs. This implies that the specific volume of the fluid is lower in the
compression and, therefore, the specific work of compression for CPA
and GERG-2008 is lower than for the rest of EoSs. Specifically, the
specific work of compression computed by the PR, SRK, LKP and PC-
SAFT EoSs is more than 1.5 times that for GERG-2008.

11

This finding reveals that, despite the low deviations in computing the
physical properties of the sCO, mixtures within the discontinuity band,
notable deviations in the prediction of the NET Power cycle compression
process are found. Thus, calibration the EoSs for the exact p, T, X con-
ditions of the NET Power cycle becomes essential. The compression
work flow of the REP-1 and REP-2 pumps accounts for about the 30 % of
the total power consumed by the NET Power cycle [3]. If the PR EoS is
used instead of the GERG-2008 EoS, the specific compression work of
those pumps would be overestimated by a factor of 1.54, as found in
Table 7. This would result in an underestimation of the cycle efficiency
of about 1.7 %. In addition, the pumps would be oversized, operating
beyond the design point, with a consequent reduction of the hydraulic
efficiency. Moreover, if the PR EoS is used, the predicted temperature of
the RE-6 and TC-1 streams (see Fig. 1) at the recuperator inlet would be
higher. This results in a higher temperature of the exhaust gases, FG-3, at
the recuperator outlet and, hence, a higher moisture content. Conse-
quently, the predicted heat transfer rates would be lower than actual,
leading to an oversized recuperator with higher thermal inertia and cost.

Fig. 7 shows the evolution of the (a) temperature, (b) compressibility
factor, (c) specific heat and (d) specific volume as a function of the
pressure during the isentropic compression for the mixture OX. The
evolution of the temperature and the thermodynamic properties of the



L. Velazquez et al.

440

420
400
g 380
&~ 360
340

320

300 A I I L 1 L 1 L I L
16.5 21.5 265

p (MPa)

31.5

120 L 1 1 1 L 1 1 1 1
6.5 11,5 165 215 265

p (MPa)

31.5

The Journal of Supercritical Fluids 225 (2025) 106693

0.95

0.90

0.85

z()

0.80

0.75

070 . L 1 L 1 L 1 L 1 L
16.5 215 265

p (MPa)

31.5

6.5

11,5 165 215

p (MPa)

265 315

Fig. 7. Evolution of the (a) temperature, (b) compressibility factor, (c) specific heat at constant pressure and (d) specific volume, as a function of pressure during the
isentropic compression of the mixture OX. (A) PR, (X) SRK, (<) LKP, (Q) PC-SAFT, ([J) CPA, (A) GERG-2008.

Table 8
Total specific work of compression from 303.15 K, 7.4 MPa to 30 MPa, for the
mixture OX, as a function of the EoS.

PR SRK LKP PC-SAFT  CPA GERG-2008
w (kJ kg™ 80.45  83.81 80.52  81.26 81.98 79.33
W/WGERG-2008 (-) 1.01 1.06 1.02 1.02 1.03 1.00

fluid during the compression are similar for all EoSs. This is because the
compressibility factor is higher than 0.7 during compression, so the real
gas effects are less intense than for the RE mixture. The addition of a
high amount of O, moves the critical point of the mixture with respect to
the critical point of pure COs. In essence, the critical temperature is
reduced, and the critical pressure is augmented. Consequently, a higher
compression range takes place when the fluid is in the subcritical su-
perheated gas state, although close to the critical point. The fluid is in
the supercritical gas-like region throughout the entire compression
range. This justifies the high value of the fluid compressibility factor
shown in Fig. 7(b). As the fluid evolves during the compression, the
temperature increase causes the fluid to enter deeper into the super-
critical gas-like region. Hence, the fluid does not cross the discontinuity
line and does not experience the supercritical phase change between the
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liquid-like and gas-like phase. This is observed in Fig. 7(b-d) by a smooth
evolution of the compressibility factor, specific heat and specific volume
as a function of the pressure. A high value of the compressibility factor
and a low value of the specific heat in compression imply that, according
to Eq. (12), the gradient of the temperature rise as a function of pressure
is large.

Table 8 presents the total specific compression work for the mixture
OX as a function of the EoS. Since the gas temperature during
compression increases rapidly due to the high compressibility factor and
low specific heat, the specific volume of the mixture is high. As a result,
the total specific work of compression obtained by GERG-2008 for the
mixture OX is 2.4 times higher than that for the mixture RE. The fact that
the real gas effects are not intense for the mixture OX, for the considered
compression range, justifies that the total specific work of compression
estimated as a function of the EoS is similar.

4. Conclusions

In this paper the interaction parameters of the PR, SRK, LKP, BWRS,
PC-SAFT and CPA EoSs were optimized on the basis of experimental
density and VLE data of binary sCOs-rich mixtures collected from the
literature. The p, T, X ranges for optimization were 1 — 49 MPa, 293.18 —
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423.15 K and 72.6 — 99.8 % mol CO-, which are close to those found in
the working fluid of the NET Power cycle. Thus, the EoSs were calibrated
for their application under the specific conditions of the NET Power
cycle. The accuracy in the volumetric and phase calculations of the
aforementioned EoSs, including the GERG-2008 EoS, was evaluated. In
addition, the influence of the EoS on a compression process from
7.4 MPa to 30 MPa was studied. Outcomes from this study allows
establishing a quantitative criterion for choosing the most reliable EoS
for application in numerical thermodynamic studies of the NET Power
cycle. The key findings of this research are as follows:

— Regarding the VLE of the CO; — HoO mixture, the EoSs predict the
composition of the HoO-rich liquid phase and the CO,-rich gas phase
within a deviation of 10 % and 2 %, respectively, for a temperature
and pressure range of 298.18 — 423.15 K and 1 — 17 MPa. The cali-
brated LKP EoS reported the lowest average deviation, 2.03 %,
computing the bubble and dew lines.

— The calibrated EoSs capture the experimental density of the mixtures
CO, — CO, CO5 — Hy, COy — Oy, CO5 — Ny and CO, — Ar within a de-
viation of less than 10 %. The volumetric calculation of the mixtures
CO; — HyO and CO2 — CH4 by the EoSs reported higher inaccuracies.
GERG-2008 was the EoS that captured the experimental density data
with the highest fidelity, reporting an average AARD of 1.34 %.
Therefore, it is recommended to use the combination of GERG-
2008 + LKP for thermodynamic modeling purposes of the NET
Power cycle. GERG-2008 is used for volumetric calculations, and the
calibrated LKP EoS for predicting the phase behavior of the CO5 —
H>0 mixture.

— Cubic EoSs underestimate the density of the supercritical mixtures. It
was found that, beyond the calibration p, T, X ranges, the deviation
reported by the cubic EoSs was larger than the rest of EoSs. In the
absence of experimental density data, the theoretical predictive
model CPA can be used.

— In the compression process of the mixture sCOy-rich mixture, only
the CPA and GERG-2008 EoSs considered the supercritical phase
change and, thus, the liquid-like properties of the mixture during the
compression onset. This resulted in a lower compressibility factor
and specific volume. The specific compression work calculated by
GERG-2008 was 33.02 kJ kgfl, with the PR, SRK, LKP and PC-SAFT
EoSs reporting a value of up to 1.54, 1.65, 1.53 and 1.70 times
higher, respectively. This finding suggests that an unsuitable choice
of the EoS could: (i) underestimate the cycle efficiency by 1.7 %; (ii)
oversize the supercritical pumps, thus operating beyond the design
point; (iii) oversize the thermal recuperator, which implies higher
thermal inertia and cost. For the oxidizing mixture of the NET Power
cycle, no deviations were found. Hence, all calibrated EoSs could be
employed.

Future research could focus on experimentally measuring thermo-
physical properties of sCO2-rich mixtures under the particular ranges
of pressure, temperature and composition of the NET Power cycle
working fluid. This would improve the predictive accuracy of the ther-
modynamic models.
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