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Abstract: This work attempts to address the quest of removing carbon dioxide from flue gas streams
to help preserve the environment. It is based on a model that is able to describe the solid-liquid-
vapour and solid-vapour phase equilibria for the ternary system of N2-O2-CO2 at pressures from 5 to
130 bar and over a wide range of temperature (140 to 220 K). Furthermore, a corresponding state-of-the
art solid-vapor (SV) CO2 capture/separation unit is developed and introduced in this work. The SV
unit was modeled using the Aspen Custom Modeler software by implementing the thermodynamic
model developed before. It was then simulated using the Aspen Plus simulator; its performance was
studied and analyzed. Moreover, the performance of the unit was optimized and compared to the
most conventional corresponding technology used by the industry (i.e., amine-scrubbing). Results
proved that for the same output clean gas composition, which contains only 0.3% CO2, the developed
state-of-the-art SV unit consumes almost half of the energy required by the conventional process.
Other advantages of the novel SV separation unit include the lower requirement of capital equipment,
no need of additional agents (such as solvents) and the avoidance of product contamination with
such additional agents.

Keywords: carbon capture; cryogenic CO2 separation; solid phase formation; solid–liquid–vapor
equilibrium; freezing prediction

1. Introduction

Flue gases resulting from the combustion of fossil fuels are among the major sources
of carbon dioxide (CO2) and other greenhouse gases emitted into the atmosphere [1]. Flue
gases are mixtures of water vapor (H2O), nitrogen (N2), particulates, heavy metals, and
acid gases (such as CO2 and H2S). Additionally, in the case of incomplete combustion, flue
gases contain carbon monoxide (CO) and volatile organic compounds (VOCs) [2]. The
typical composition of flue gases emitted from natural gas-fired power plants is 8–10%
CO2, 18–20% H2O, 2–3% O2, and 67–72% N2 [3].

Generally, there are three main techniques for carbon capture: post-combustion, oxy-
combustion, and pre-combustion [4]. Figure 1 illustrates the three approaches toward
carbon capture in energy industry [5]. In the pre-combustion approach, a fossil fuel is
converted to syngas (a mixture of H2 and CO gases) by the means of gasification or
reforming processes [6]. Advantages of pre-combustion include the high concentration
of CO2, hence the process equipment can be smaller and different solvents may be used;
which makes the process less energy intensive compared to post-combustion techniques [7].
However, it requires high capital costs for the fossil-fuel-conversion equipment [8]. In the
oxy-fuel combustion process, fuel in combusted in a pure oxygen environment instead of
using atmospheric air, therefore the resulted flue gas would have higher CO2 concentrations
since there is no nitrogen to dilute it [9]. On one hand, this technology significantly reduces
the cost and the energy needed for carbon capture. On the other hand, the need for an air
separation unit needed to produce an oxygen-rich atmosphere sharply increases the overall
capital cost [6].
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In the post-combustion approach, CO2 is sequestrated from the flue gas stream after
the complete combustion of fuels [10]. Post-combustion technologies can be easily inte-
grated with most existing fossil-fuel operated plants. However, the main drawback of
this approach is the relatively low CO2 concentration in the flue gas, which increases the
separation difficulty [4]. There are many post-combustion carbon capture technologies
such as [11], sorbents [12–14], membrane-separation [15] and solvent-based absorption [16].
The most widely used post-combustion carbon capture technology in the industry is the
solvent (e.g., amine)-based absorption technology. Nonetheless, this technology suffers
from the high-energy requirements to regenerate and reuse the required solvent and the
high maintenance and operation costs [17]. The cryogenic separation technologies have
caught the attention of engineers and scientists as a new alternative technology to cap-
ture CO2 from flue gas mixtures. The cryogenic separation offers few advantages over
the solvent-based absorption technology; including the lower environmental footprint,
eliminating the need for solvents (which eliminates the possibilities of product contam-
inations) and the lower cost to build and operate [18]. The cryogenic separation is a
physical process, which relies on the differences in volatility between CO2 and the other
gases in flue gas to separate the carbon dioxide in a different phase at very low tempera-
tures [5]. The cryogenic separation techniques could be divided into conventional methods
(e.g., liquid–vapor separation), nonconventional methods (e.g., solid–vapor separation) [19],
and hybrid methods [20]. Depending on the technology utilized, the solid formation could
be desirable or avoidable. For example, the Controlled Freezing Zone (CFZ)TM technology
depends on the solid formation to improve the separation process [21]. Therefore, it is
important to determine accurately the corresponding phase envelopes and the thermo-
dynamic phase equilibrium data to model, design and size the units and equipment of
cryogenic separation processes. The thermodynamic equilibrium data needed include
vapor-liquid equilibrium (VLE), solid-liquid equilibrium (SLE), solid-vapor equilibrium
(SVE), and solid-liquid-vapor equilibrium (SLVE).

The equilibrium data involving a solid phase for the binary system N2-CO2 are few
and limited. The SVE of this binary system was studied experimentally by Sonntag and Van
Wilen [22] and Smith et al. [23], while SLE studies included those of Rest et al. [24], Yaki-
menko et al. [25], and Fedorova [26]. SLVE experiments were conducted by Schweitzer [27]
and Fandino et al. [28]. To the best of our knowledge, no published SVE or SLVE experimen-
tal data are availasble the binary system O2-CO2; whereas the only available equilibrium
data that involves a solid phase is SLE data [24,26,29,30]. On the other hand, no solid
formation is anticipated within practical operating conditions for the binary system O2-N2.
Thus, only VLE data of this system are considered.
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A recent study by De Guido and Pellegrini [31] has attempted to predict the SVE for
flue gas mixtures using an approach based on the Peng Robinson equation of state [32].
Their proposed model was validated for the SVE data for the binary system N2-CO2, and
was later utilized to predict the SVE for the ternary system N2-O2-CO2. While the model
proved successful, the study has not discussed SLVE for the systems, and it only considered
one mixture of the ternary system (14.0% CO2, 83.0% N2 and 3.0% O2 by mole). In a
different study by Baxter et al. [33], a cryogenic CO2 capture (CCC) process from flue
gas was proposed by reaching the CO2 anti-sublimation temperatures (−100 to −135 ◦C),
hence converting CO2 from the vapor phase into a solid phase. The process proved effective
(with CO2 recovery levels reaching 99%) while being energy-efficient. However, this study
has not dealt with the SLVE nor attempted to construct the phase envelope for the ternary
mixture N2-O2-CO2. Moreover, it only reported the results of one composition of this
ternary mixture. Maqsood et al. [34] developed a hybrid cryogenic network for separating
CO2 from a CH4-CO2 mixture. The network consists of a packed bed and a cryogenic
separator. The study was conducted in the phase regions of vapor–solid (VS) (in a packed
bed), vapor–liquid (VL) (in a cryogenic separator) and vapor–liquid–solid (VLS) (in a
combination of the two units). Their results indicated that energy consumption in the
packed bed- cryogenic separator combined unit was about 37% of the energy required by
the conventional cryogenic distillation network. However, their study dealt only with the
CH4-CO2 binary mixture; and was not expanded to include the binary mixture of CH4-H2S
nor the ternary mixture of CH4-CO2-H2S. Furthermore, the results were not compared to
the industry-common amine sweetening process. Tuinier et al. [35] have developed a cyclic
process to capture CO2 from flue using cryogenically cooled packed beds. However, in their
study, the flue gas mixture consists of H2O, N2, and O2; but have not studied the impact of
oxygen in the flue in the mixture. They estimated that cooling duty to recover >99% CO2
from a flue gas (10% CO2, 1% H2O, and 89% N2) is 1.8 MJ/kg CO2. They further developed
their process in a different study [36], and used cryogenic packed beds to capture CO2 from
biogas stream. Their study [36] focused on the CH4/CO2; and their results indicated that
the energy duty (to recover one kg of methane from a feed consisting of 45 vol % CO2 and
55 vol % CH4) is 2.9 MJ. Unfortunately, these studies do not discuss the liquid and solid
formation during the process, nor cover the thermodynamic sides of the process.

This study contributes to the field by two important points. The first important contri-
bution is developing an empirical correlation model based on the Peng–Robinson equation
of state (PR EoS), with fugacity expressions, that is able to describe the SLVE and SVE
behaviors for the ternary system of N2-O2-CO2 at wide ranges of pressures and temper-
atures.The model predictions will be compared to the experimental data available in the
literature to confirm its accuracy and reliability. While the second important contribution
of this study is that; for the first time; a carbon capture separation unit from flue gas is
modeled and simulated based on the thermodynamic models suggested in this study. The
carbon capture unit would operate in the SVE region to separate CO2 by anti-sublimation.
Ultimately, this study aims to compare the performance and energy consumption of this
state-of-the-art SV separation unit with the traditional amine-based CO2 capture unit. The
importance of this study is that it will provide researchers and the industry with a novel
tool to predict the ternary solid-fluid phase equilibrium behavior of flue gases (represented
by N2-O2-CO2) as well as the separation of carbon dioxide from this mixture without the
need for experimental data, thus saving cost and time. Additionally, it lays the basis for the
development of SV separation for CO2 capture from flue gases.

2. Methodology

The first stage of this study was to develop a suitable mathematical model to predict
and describe the SVE, SLE and SLVE behaviors for binary and ternary system of N2, O2
and CO2. Following that, the model was optimized by fitting its interaction parameter
to provide the best match of the experimental data of the corresponding binary systems
available in the literature. Then, the model was used with the optimized interaction pa-



Processes 2022, 10, 2406 4 of 22

rameters to predict the corresponding equilibrium data and simulate an SV separation
unit that is able to capture CO2 from flue gas stream and collect it in liquid phase. The
modelling work was completed using the Aspen Custom Modeler® (ACM) software, which
is a process and equipment model development and simulation tool that is compatible with
the simulation software packages of Aspen Plus and Aspen Hysys. The ACM has built-in
codes, which are specific to chemical engineering applications involving thermodynamic
properties such as fugacity and activity coefficients. The ACM has access to Aspen compo-
nents and properties databases, which makes the software suitable for various chemical
engineering applications.

While there are many approaches to model and describe the SLVE behavior [37–39],
Ababneh and Al-Muhtaseb have successfully developed an empirical model based on the
Peng-Robinson equation of state (PR EoS) to model the SLVE for the binary and ternary
systems of CH4-CO2-H2S [17] and N2-Kr-Xe [40]. The same model will be applied to the
system of consideration in this study. This model aims to provide a good description of the
SVE and SLVE region of systems involving binary and ternary mixtures involving CO2, N2
and O2. The details of the model are described in the following sections.

2.1. The Proposed Model

At the phase equilibrium of mixtures, the chemical potential of each component in
each coexisting phase has to be equal. For example, at the SLVE, the chemical potential
equation will be

µS
i (T, P) = µF

i

(
T, P, xF

)
(1)

where µS
i and µF

i are the chemical potentials of the component i in a solid phase (which
typically consists of a single component—such as CO2) and in the coexisting fluid (vapor
or liquid) phase, respectively; at the system’s temperature (T), pressure (P); and the molar
composition of component i in the fluid phase (xF). In the case of the reference state being
the ideal gas, Equation (1) can be dealt with in terms of fugacities as [41]:

ˆ
f

S

i (T, P) =
ˆ
f

F

i

(
T, P, xF

)
(2)

The solid phase and fluid phase fugacities of component i (
ˆ
f

S

i and
ˆ
f

F

i , respectively)
can be calculated from [42]

ˆ
f

S

i (T, P) =
ˆ
ϕ

Sat

0i

(
T, PSub

i

)
PSat

0i (T) exp
[

vs
0i

RT

(
P − PSat

0i (T)
)]

(3)

ˆ
f

F

i

(
T, P, xF

)
= xF

i
ˆ
ϕ

F

i

(
T, P, xF

)
P (4)

where PSat
0i (T) is the saturation (sublimation) pressure of the solid-forming component

at T, and
ˆ
ϕ

Sat

0i

(
T, PSub

i

)
is the fugacity coefficient of the solid component at T and PSat

0i .

Furthermore,
ˆ
ϕ

F

i
(
T, P, xF) is the fugacity coefficient of the component i in the fluid (vapor

or liquid) mixture (of molar composition xF at T and P), and vs
0i is solid molar volume of

the component i at the given conditions.
To calculate the fugacity terms of the liquid and vapour phases in Equations (2)–(4),

a suitable equation of state (EoS) is used. Furthermore, the sublimation pressure of the
solid-forming component at the given temperature has to be found. In this study, it is
assumed that the solid phase is incompressible, and the Peng-Robinson equation of state

(PR EoS) [32] is used to estimate the fugacity coefficients in the fluid phases (
ˆ
ϕ

V

i and
ˆ
ϕ

L

i ) as
described in our previous study [17]. The details of PR EoS and the corresponding fugacity
expressions can be found elsewhere [32].
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2.2. SLVE Modelling of the Binary System N2-CO2

At the SLVE for the binary system N2-CO2, the solid phase will consist of pure CO2.
Therefore, the equilibrium equations for CO2 are represented in Equations (5) and (6), and
that for N2 is found in Equation (7).

ˆ
f

V

CO2
=

ˆ
f

L

CO2
(5)

ˆ
f

V

CO2
=

ˆ
f

S

CO2
(6)

ˆ
f

V

N2
=

ˆ
f

L

N2
(7)

The fugacity terms
ˆ
f

V

CO2
,

ˆ
f

L

CO2
,

ˆ
f

V

N2
and

ˆ
f

L

N2
could be found using Equations (8)–(11).

ˆ
f

V

CO2
= yCO2

ˆ
ϕ

V

CO2
P (8)

ˆ
f

L

CO2
= xCO2

ˆ
ϕ

L

CO2
P (9)

ˆ
f

V

N2
= yN2

ˆ
ϕ

V

N2
P (10)

ˆ
f

L

N2
= xN2

ˆ
ϕ

L

N2
P (11)

On the other hand, the solid phase fugacity for CO2 is found from

ˆ
f

S

CO2
= xCO2

ˆ
ϕ

Sub

CO2

(
T, PSub

CO2

)
PSub

CO2
exp
[

vs
o

RT
(P − PSub

CO2

]
(12)

The sublimation pressure PSub
CO2

can be calculated in terms of temperature (T) from

ln

(
PSub

CO2

Pt

)
=

Tt

T

[
−14.740846

(
1 − T

Tt

)
+ 2.4327015

(
1 − T

Tt

)1.9
± 5.3061778

(
1 − T

Tt

)2.9
]

(13)

where (Tt =216.592 K, Pt =0.51795 MPa) are the triple point conditions of pure CO2.

2.3. SLVE Modelling of the Binary System O2-CO2

Similar to the binary system N2-CO2, the solid phase at the SLVE of the binary system
O2-CO2 consists of pure carbon dioxide. Therefore, the phase equilibrium equations for
CO2 are described by Equations (5) and (6); whereas that for O2 is given by

ˆ
f

V

O2
=

ˆ
f

L

O2
(14)

The fugacities of CO2 can be estimated using Equations (8),(9) and (12), whereas those
of O2 are estimated from

ˆ
f

V

O2
= yO2

ˆ
ϕ

V

O2
P (15)

ˆ
f

L

O2
= xO2

ˆ
ϕ

L

O2
P (16)

2.4. SLVE Modelling of the Binary System N2-O2

For the binary system N2-O2, no solid phase is present within the studied range of
temperature. Therefore, only the vapour and liquid phases are present; and hence no
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need to optimize the model for the SVE or SLVE of this system. The PR EoS is capable of
describing the vapour-liquid equilibria (VLE) of this system; and is already optimized with
the interaction parameter kij value of −0.0119 [43].

2.5. SLVE Modelling of the Ternary System N2-O2-CO2

As per the degrees of freedom rule [44] when three components and three coexisting
phases are present, the degree of freedom would be 2. Therefore, to study the SLVE locus
for the ternary system N2-O2-CO2, an equilibrium stage separation unit was modeled
and used to construct the SLVE locus for three different mixtures of the ternary system
(i.e., the solid, liquid and vapor phase mixtures). The temperature and pressure of the
equilibrium stage separation unit are to be determined in order to determine the state of
the corresponding system. The feed stream to the unit is separated at a certain temperature
and pressure into either three phases (vapor, liquid and solid) or two phases (vapor and
solid) depending on the corresponding conditions. In each case, the solid phase is assumed
to consist of pure CO2.

The system is modeled as an equilibrium stage separation unit, while assuming that
the feed stream (F) consists of the feed compositions (Zi). The material balance equations
used for the first case (SLVE) are:

Total Material Balance:
F = V + L + SCO2 (17)

Material Balance on CO2:

ZCO2 F = yCO2 V + xCO2 L + SCO2 (18)

Material Balance on N2:
ZN2 F = yN2 V + xN2 L (19)

The corresponding phase equilibrium equations for CO2 are given in Equations (5) and (6),
that for N2 is given in Equation (7); and that for O2 is given in Equation (14). Addition-
ally, the fugacity terms can be obtained from Equations (8), (9) and (12) for CO2, from
Equations (10) and (11) for N2 and from Equations (15) and (16) for O2.

For the second case (VSE), the vapour phase will be present with the absence of liquid
phase; the corresponding material balance equations are:

Total Material Balance:
F = V + SCO2 (20)

Material Balance on CO2:

ZCO2 F = yCO2 V + SCO2 (21)

Material Balance on N2:
ZN2 F = yN2 V (22)

The corresponding equilibrium equations for CO2 is given by Equation (6). Fur-
thermore, the fugacity values of CO2 in vapour and solid phases can be obtained from
Equations (8) and (12), respectively; and those of N2 and O2 in the vapour phase can be
obtained from Equations (10) and (15), respectively.

2.6. Modelling of the Solid-Vapour (SV) Separation Unit

Figure 2 shows a schematic diagram of the SV separation unit. The separation unit
consists of a solid-vapor equilibrium (SVE) separation zone and a heated melting tray
underneath the equilibrium zone to melt the solid phase to be collected as a liquid.
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Figure 2. Schematic diagram for the suggested SV separation unit.

The feed stream enters the unit at its operating pressure and at a low temperature (in
the range of 200–230 K), so it will be close the solidification temperature, which is usually
from 200–215 K. In the SVE zone (where only CO2 solidifies; and nitrogen, oxygen and
traces of CO2 remain in the vapor phase). The temperature is further dropped by cooling
(with a cooling rate of

.
Q1) to ensure that the unit is operating in the SVE zone. The solid

CO2 would descend down due to its higher density, reaching the melting tray, at which a
heating rate (

.
Q2) is supplied to melt the solid CO2 into a liquid stream. The formed liquid

stream can be collected at the bottom of the unit, while the top vapor stream will consist
mostly of N2 and O2. A similar unit was successfully simulated in our previous study for
natural gas sweetening [45], and it showed excellent energy savings when compared to
industry-common gas sweetening units.

In the SVE solidification zone, the equilibrium equations were discussed in the pre-
vious section. Furthermore, the material balance equations for the SV separation unit are
given by

Total Material Balance:
.
nFeed =

.
nVapor +

.
nLiquid (23)

Material Balance on N2:
ZN2

.
nFeed = yN2

.
nVapor (24)

Material Balance on CO2:

ZCO2

.
nFeed = yCO2

.
nVapor + xCO2

.
nLiquid (25)

where
.
nLiquid =

.
nSolid =

.
nSolid−CO2 (26)

xCO2 = 1 (27)

yN2 + yCO2 + yO2 = 1 (28)
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.
nFeed,

.
nVapor and

.
nSolid are the total molar flow rates of the feed stream, vapour stream

and solid (or liquid) streams, respectively; and Zi is the mole fraction of the component i in
the feed.

The separation unit has two heat utility streams:
.

Q1 and
.

Q2.
.

Q1 is for cooling the
feed stream to achieve the needed temperature of the SVE zone, whereas

.
Q2 is for heating

required to melt the solid CO2 formed in the SVE zone. Figure 3 better explains the mass
and energy flow schemes for the SV separation unit.
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These cooling and heating rates can be estimated from the following steady-state
energy balances on the two subsystems illustrated in Figure 3:

.
Q1 =

.
HFeed − (

.
HVapor +

.
HSolids) (29)

.
Q2 =

.
Hliquid −

.
HSolids (30)

where .
HFeed =

.
nFeedhLiquid(TFeed, PFeed) (31)

.
HVapor =

.
nVapor hVapor(T, P) (32)

.
Hliquid =

.
nLiquidhLiquid(T, P) (33)

and .
HSolids =

.
nSolid_CO2 hSolid_CO2 (34)

where
.

H is the enthalpy flow rate, h is the molar enthalpy of the component/stream.
Specifically, hVapor is the molar enthalpy of the vapor stream emerging from the SVE unit;
whereas hLiquid and hSolid are, respectively, the molar enthalpies of pure CO2 in the liquid
stream emerging from the melting tray and the solid stream entering to the melting tray at
T and P. The enthalpies hVapor and hLiquid are determined at the corresponding conditions
by the built-in Aspen Plus models. Furthermore, the molar enthalpy of the solid phase can
be estimated from

hSolid_CO2(T, P) = hVapor_CO2(T, P)− ∆hsub
CO2

(35)

where ∆hsub
CO2

is the enthalpy of sublimation of CO2; which equals 28.83 kJ/mol [46].
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3. Results and Discussion
3.1. Correlation of the Binary System of N2-CO2

To the authors’ knowledge, the data available by Schweitzer [27] and Fandino et al. [28]
are the only experimental data available in the literature for SLVE of the N2-CO2 binary
system. The data by Fandino et al. [28] is limited and only include only four points, while
the data by Schweitzer include 14 points in the range of 12–130 bar. The studies discussing
the SVE of the N2-CO2 binary system include those by Sonntag and Wylen [22], and
Smith et al. [23]. The latter study covers the pressure range of 51–200 bar, while that of
Sonntag and Wylen [22] was conducted in the pressure range between 5 and 101 bar. Both
studies reported the mole fraction of CO2 in the vapor phase at temperatures between
140 K and 190 K. Due to their convenient ranges of conditions, our model will be optimized
based on the SVE dataset by Sonntag and Wylen [22] in addition to the SLVE data by
Schweitzer [27]. Therefore the optimized interaction parameter to be obtained would be
applicable for both the SLVE locus and SVE regions. To optimize the model, it was first
exported into the Aspen Plus simulator, where the Aspen Plus regression tool was used.
The target was to better match the model predictions with data by Schweitzer for the SLVE
locus [27] and Sonntag and Wylen [22] for the SVE region by manipulating the interaction
parameter kij. The target was to minimize the value of the objective function as built in the
Aspen Plus simulator. The objective function equation is described elsewhere [47].

The interaction parameter was varied between −0.1000 and +0.1000; and the results
showed that the optimum interaction parameter kij was +0.0405. Figure 4 shows the opti-
mum model predictions versus the experimental data for the SLVE pressure-temperature
(PT) locus, while Figure 5 is comparing the model predictions for the mole fraction of
carbon dioxide in the vapor phase in the SVE region to laboratory data reported by Sonntag
and Wylen [22].
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It could be noticed from Figure 4 that the model has successfully generated the
SLVE locus for the binary N2-CO2 binary system, and it was accurate in matching the
experimental results as optimized by Aspen Plus. Figure 5 confirms the suitability of the
model to represent this binary system in the SVE region; the model predictions for yCO2
was accurate and matched the data reported by Sonntag and Wylen [22], especially at high
temperatures (>170 K) or at low temperatures (140–160 K) and low pressures (<50 atm).

3.2. Correlation of the Binary System of O2-CO2

In the absence of experimental SLVE or SVE data for the binary O2-CO2 system,
there is no reliable way to optimize the model to better predict this system behavior.
However, to the authors’ knowledge, only experimental SLE data is available for this binary
system [24,29,30]. Riva [48] has regressed these SLE data to find the best value for the
interaction parameter. The PR EoS model was used for estimating the fugacities of vapor
and liquid phases. Furthermore, the Zabaloy equation was used for the fugacity of the solid
phase [49], but the Zabaloy equation was slightly modified as described therein [48]. This
approach, which is almost similar to the approach used in this study, has been used model
to the CH4-CO2 system, and the optimum value found by Riva et al. [50] was 0.119, which
is very close to the corresponding results in our previous study [17], where the optimum
interaction parameter value for the same system using the PR EoS was 0.120. Therefore, it
is believed to be safe to use the optimum interaction parameter (kij) found by Riva [48] for
the O2-CO2 system, which was 0.160 using the Zabaloy equation, in this study (which uses
the PR EoS). Figure 6 shows the SLVE locus predicted by the model described in Section 2.3
using this interaction parameter value (kij = 0.160).
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3.3. Predictions of the Ternary System N2-O2-CO2

To predict the SLVE and the SVE data for this ternary system as described in Section 2.4,
the interaction parameters for the constituting binary systems (N2-CO2, O2-CO2 and N2-O2)
are required. As described in the previous sections, the optimum interaction parameters
chosen for the N2-CO2 and O2-CO2 binary systems were 0.0405 and 0.160, respectively.
Moreover, since the discussed range of temperature in this study (>140 K) is well above the
triple point temperatures for N2 (63.14 K [51]) and O2 (54.33K [52]), it is not expected to
exhibit a solid phase of wither nitrogen or oxygen in the binary system of N2-O2. Therefore,
only the VLE of this system is exhibited, where the corresponding optimum interaction
parameter (kij = −0.0119) is used as already found by Sandler [43].

To construct the phase envelope for this ternary system three different feed composi-
tion were tested as shown in Table 1. Figure 7 shows the model-predicted phase diagrams
for these three cases, where it is clear that the three different mixtures have almost the same
SLVE line. However, the point where the SLVE line meets that of the SVE is quite different
for different compositions. This meeting point will shift up or down (in pressure and
temperature) depending on the ratio of ZCO2/ZN2 in the mixture. As this ratio increases,
the meeting point will move down (lower pressure), moving towards the SVE for pure
CO2. On the other hand, increasing ZO2 within the mixture would move SLVE line for the
ternary system towards the SLVE line for binary system of O2-CO2. In general having more
concentrations of the O2 and N2 gases would result in having “smaller” vapor-solid region,
therefore in the systems where the CO2 concentration is low, extra care should be taken in
order to ensure operating within the SVE region.

Table 1. Compositions of the feed mixtures utilized to construct the ternary system phase diagrams.

Case ZN2 ZO2 ZCO2 ZCO2/ZN2 ZCO2/ZO2 ZO2/ZN2

A 0.80 0.05 0.15 0.1875 3.000 0.0625

B 0.75 0.05 0.20 0.2667 4.000 0.0667

C 0.67 0.08 0.25 0.3731 3.125 0.1194
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The results of this model were compared and validated against those obtained by
De Guido and Pellegrini [31]. As mentioned in the introduction, the study by De Guido
and Pellegrini has developed a model similar to the one adopted in this work to study
the ternary system N2-O2-CO2; and they studied one mixture of this system (with a molar
composition of 83% N2, 3% O2, and 14% CO2). They predicted pressure-temperature (PT)
locus data for the CO2 recoveries of 0% (the frost line), 90%, 95%, and 99%; where the CO2
recovery is defined by the amount of CO2 separated in the solid phase relative to that in
the feed.

The frost line predicted in this work is compared to that predicted by De Guido and
Pellegrini in Figure 8a. In this study, it was found that a part of the frost line (at pressures
above 65.4 bar) would be an SLVE locus, while at lower pressures it exhibits an SVE locus
line. This result is confirmed by the model as well as the experimental results of the binary



Processes 2022, 10, 2406 13 of 22

system N2-CO2 [27], which is believed to have a similar behavior to this mixture. This
is because the composition studied herein has a minimal concentration of oxygen (3%),
hence its behavior will not deviate much from that of the binary system N2-CO2. Figure 8b
compares the PT loci data corresponding to various recoveries of CO2 in the solid phase
as predicted by this work (solid line) and by De Guido and Pellegrini (dashed lines). The
results prove that both models behave in very similar ways, especially at lower recoveries
(90% and 95%). Nonetheless, a noticeable difference between the two models is noticed
for the 99% recovery at high pressures. However, in the study of De Guido and Pellegrini,
no attempts have been made to optimize the interaction parameters and their interaction
parameter values were taken as-is from the Aspen HYSYS® V9.0 process simulator. Therefore,
we believe that the results of this study are more accurate since the interaction parameters
were optimized, and the frost line is a better representative of similar systems.
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3.4. Simulation of SV Separation Unit and Sensitivity Analyses

The SV separation unit model discussed in Section 2.5 was exported from the ACM
to Aspen Plus environment for simulation. The following two feed compositions (mole%)
were tested:

• Case 1 (86.9% N2, 11.0% CO2, 2.1% O2)
• Case 2 (71.8% N2, 24.7% CO2, 3.5% O2)

These flue gas compositions represent typical dry-basis gas compositions found in the
energy industry [3]; where Cases 1 and 2 represent relatively low and high concentrations
of CO2 in the feed, respectively. Table 2 summarizes the feed properties for the two cases.

Table 2. Dry-basis compositions and specifications of the tested flue gas feeds.

Feed Case 1 Case 2

Dry feed
composition

N2 86.9% 71.8%

O2 2.1% 3.5%

CO2 11.0% 24.7%

Feed flow rate
kg/h 2986 3210

kmol/h 100

Feed conditions
Temperature 280 ◦C (553.15 K)

Pressure 1 atm (1.01325 bar)

Figure 9 illustrates the process flow diagram of the CO2 capture process using the SV
separation unit. The flue gas feed, which is at 1 atm and 553.15 K was compressed to a
pressure between 5 and 50 bar using a compressor. Then, it was cooled down isobarically to
a temperature of about 210 ◦K before entering the SV unit, while the temperature is further
dropped (to 140–190 K) to make sure that the unit is operating in SVE region.
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To study the performance of the SV unit, two sensitivity analysis tests were conducted
on one of the cases, i.e., “Case 1” presented above in Table 2, as an example to study the
effects of the compressor discharge pressure and SV operating temperature on (1) the
composition of CO2 in the effluent output gas stream and (2) the energy requirements for
each of the compressor, cooler, and heater; as well as the overall energy consumption.

The first sensitivity analysis studied the effect of compressor discharge pressure (SV
unit pressure) and the SV unit’s operating temperature on the composition of the CO2 in
the output clean gas stream. Figure 10 illustrates the results of the first sensitivity analysis
tool; where increasing the operating temperature in the SV unit results in increasing the
CO2 composition in clean gas stream emerging from the unit (i.e., reducing CO2 recovery).
Contrary to that is the relationship between the compressor discharge pressure with the
mole fraction of CO2 in the output gas stream; where increasing the discharge pressure
decreases the mole fraction of CO2 in the output gas stream. Nevertheless, the impact of
pressure is less significant than that of temperature. For example, increasing the pressure
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from 10 to 30 bar would decrease the mole fraction of CO2 in the output gas stream from
0.004 to 0.0021 (≈50% reduction). However, raising the operating temperature form 160 to
180 K at 30 bar would increase the CO2 content in the output gas stream by 7 folds.
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The second sensitivity analysis test aims to study the impact of the same manipulated
variables on compressor power, cooling rate in the cooler, cooling rate in the SV unit (

.
Q1),

heating rate needed for melting the solids (
.

Q2), and the overall process energy consumption.
The analysis results are shown in Figures 11 and 12. Figure 11a shows the impact of
compressor discharge pressure on the energy consumption of the SV separation process,
while the unit temperature is fixed at the average value of 160K. It is clear from the figure
that increasing the pressure would increase all of the energy consumption components
(cooler cooling rate, compressor work,

.
Q1 and

.
Q2); and as results, it would significantly

raise the overall energy requirements. Higher discharge pressures would require more
power to compress the flue gas, and more cooling rate in the cooler (since it would raise the
temperature of the flue gas exiting from the compressor). However, the discharge pressure
has a minimal effect on

.
Q1 and

.
Q2 when the SV temperature is fixed. While both cooling

and heating rates (
.

Q1 and
.

Q2) would increase, their change is not significant since the
operating temperature of the unit is more influential on in its energy requirements as to
be observed in Figure 11b. In Figure 11b, the operating temperature was altered while
maintaining the compressor discharge pressure at an average value of 30 bars. No change
was observed in the energy rates consumed by the compressor or the feed cooler at different
SV unit operating temperatures since both of these process components are upstream of
the SV unit. However, both of

.
Q1 and

.
Q2 have slightly dropped with the increase of the

temperature. The drop of
.

Q1 results from the lower cooling rates needed to achieve higher
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Figure 12. Combined impact of compressor discharge pressure and SV unit operating temperature
on the total energy rate consumption of the SV CO2 capture process.

Figure 12 shows the combined impact of both the compressor’s discharge pressure
and SV unit operating temperature on the overall energy rate requirements by the process.
Overall, the discharge pressure has a more significant impact on the overall energy rate
needed for the process when compared to the unit operating temperature. Furthermore,
the overall energy requirement decreases by reducing the compressor discharge pressure
and/or increasing the SV separation process temperature.

3.5. Comparison with Amine-Based CO2 Capture Unit

An industry-common amine-based CO2 capture unit was simulated using the Aspen
Hysys® software. Figure 13 shows the process flow diagram of this CO2 capture process,
which consists of a traditional gas-liquid acid gas absorption process at high pressure that
uses N-methyldiethanolamine (MDEA) as a chemical solvent to remove CO2 from the
flue gas stream. MDEA is a highly selective solvent that is commonly used to treat sour
gases and removes a large proportion of the CO2 in the feed gas from the system [53]. It
is also a key ingredient in many specialty amine formulations designed for deeper CO2
removal in applications such as synthesis gas production and treating high concentrations
of CO2 in natural gases found in various parts of the world [54]. In recent years, however,
attempts have been made to use solvents containing only MDEA for CO2 removal from
high concentration gases, typically at high pressures [54]. In this process, the flue gas is
cooled (to a temperature of 311 K) and pressurized (to a pressure of 57 bar) before being
fed to the high-pressure absorber, where the CO2 gas is removed. Acid gases are then
stripped from amine by a regenerator column operating at low pressure (1.5 bar) and high
temperature (120 ◦C) using MDEA solvent, which is recycled back to the absorber column
with makeup fresh solvent.
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The two processes (the novel SV separation process studied in this work and the
commercial amine absorption process) were compared to each other on the same basis,
using the same feed flow rate, compositions and conditions of the two cases presented in
Table 2. The target was to achieve a clean gas output stream with a CO2 mole fraction that
does not exceed 0.3%, while optimizing each process by minimizing the overall energy
consumption. The optimized results of the traditional amine CO2 capture unit and those
for the optimized SV separation unit are presented in Tables 3 and 4, respectively.

Table 3. Results for the optimized amine-based CO2 capture process.

Case 1 Case 2

Solvent MDEA

Solvent flow rate
kg/h 4168.5 9178.2

kmol/h 143.0 314.5

Output gas composition

N2 97.1% 94.9%

O2 2.4% 4.6%

CO2 0.3% 0.3%

H2O 0.2% 0.2%

CO2 recovery (ratio removed from the feed) CO2 97% 99.1%

Energy requirements (kW)

Flue gas Cooler 1 214.2 226.4

Flue gas Compressor 680.2 657.8

Flue gas Cooler 2 687.2 670.1

Reboiler 259.2 369.4

Condenser 137.0 109.2

Pump 8.4 18.6

Amine cooler 102.0 232.6

Total 2088.1 2284.1

Output cleangas conditions
Temperature (K) 316.93

Pressure (bar) 56.17
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Table 4. Results of the optimized SV separation unit.

Case 1 Case 2

Output clean gas phase composition (mol%)

N2 97.3% 95.1%

O2 2.4% 4.6%

CO2 0.3% 0.3%

CO2 recovery (ratio removed from feed) CO2 97% 99.1%

Energy requirements (kW)

Compressor 350.7 345.3

Cooler 644.1 653.7
.

Q1 134.4 245.8
.

Q2 33.1 75.3

Total 1162.1 1320.4

Output clean gas conditions
Temperature (K) 153.4

Pressure (bar) 5

A comparison of the total energy requirements of the two processes shows that the
novel SV process developed in this work consumes less energy when compared to the
conventional amine-based process. Tables 3 and 4 show that the energy savings by the novel
SV separation process ranges between 42% and 44% for Case 2 and Case 1, respectively.

Overall, we may conclude that CO2 capture using the novel SV separation process
offers many benefits compared to conventional amine-based process. The first benefit is the
lower energy consumption, hence lower operational costs, than the conventional amine-
based process. The second is the elimination of solvent handling equipment, therefore
requiring a lower capital cost. This factor would further help avoid contaminating the
product gas stream with steam or solvent vapors. Also, lower corrosion rates are anticipated
in the units of the novel SV separation process since solvents are no longer required and
due to the lower operating temperature.

4. Conclusions

In this study, a state-of-the-art anti-sublimation CO2 capture unit was developed. This
unit is based on its operation in the solid-vapor equilibrium (SVE) region in order to remove
CO2 from flue gas streams by freezing it.

It was noticed that the researchers and scientific community have not studied the
thermodynamics of the solid-fluid phase equilibrium behavior for the flue gas system
extensively. Noticing this gap in the literature, this study has introduced an empirical
correlation model based on the Peng-Robinson equation of state (PR EoS), with fugacity
expressions that are able to predict and describe the solid-fluid phase equilibria of the
ternary system of the flue gas components (i.e N2-O2-CO2). The study covered wide
ranges of pressure (from 5 to 130 bar) and temperature (140 to 220 K). Then, the model was
optimized by applying it to selected pairs of the binary systems forming the flue gas with a
possibility to form solid CO2 (i.e., N2-CO2 and O2-CO2), where the optimum interaction
parameters were determined to be 0.0405 and 0.1600, respectively. The model proved to
be successful in generating and predicting the phase diagrams for these binary systems
and for the ternary system (N2-O2-CO2). Therefore, it was utilized to model and simulate a
solid-vapor (SV) separation unit for CO2 capture from flue gas mixtures.

Sensitivity analyses were conducted to evaluate the effects of the compressor discharge
pressure and SV process temperature on various key parameters (namely, product gas
composition and energy consumption) of the SV separation process. The SV unit was
further compared to a traditional solvent-based CO2 capture process that utilizes MDEA.
Both processes were optimized to produce clean gas streams with CO2 compositions of
0.3% or less. Simulation results proved that the SV separation unit achieves high removal
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ratios of CO2 and from the flue gas, while consuming less energy when compared to
the industry-popular amine-based technology. Additionally, the SV process requires less
process equipment than the amine-scrubbing process, hence requires a lower capital costs.
Furthermore, and in the absence of the solvents and due to the low operating temperature,
the equipment will not suffer from high corrosion rates; hence lower maintenance and
operational costs are needed. It also results in less contaminated product gas streams.

The thermodynamic model proposed in this work provides a practical tool to study
and predict the solid-fluid phase behavior of the ternary system (N2-O2-CO2) at low
temperatures, at which the solidification of CO2 takes place. This model could be further
developed to model and describe other SLVE of components found in flue gas streams, such
as H2S, CO, and NOx gases. Expanding the model would allow to improve the capabilities
of the corresponding SV separation unit. It is also recommended to build a lab-scale or
pilot-scale of the SV unit to test its performance and compare to it to the simulation results,
hence determining the efficiency of the process.
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