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Abstract: The pressure swing adsorption (PSA) process was used to capture carbon dioxide (CO2)
from the flue gas of a coal-fired power plant to reduce CO2 emissions. Herein, CO2 was captured
from flue gas using the PSA process for at least 85 vol% CO2 purity and with the other exit stream
from the process of more than 90 vol% N2 purity. The extended Langmuir–Freundlich isotherm was
used for calculating the equilibrium adsorption capacity, and the linear driving force model was used
to describe the gas adsorption kinetics. We compared the results of breakthrough curves obtained
through experiments and simulations to verify the accuracy of the mass transfer coefficient. The flue
gas obtained after desulphurization and water removal (13.5 vol% CO2 and 86.5 vol% N2) from a
subcritical 1-kW coal-fired power plant served as the feed for the designed three-bed, nine-step PSA
process. To determine optimal operating conditions for the process, the central composite design
(CCD) was used. After CCD analysis, optimal operating conditions with a feed pressure of 3.66 atm
and a vacuum pressure of 0.05 atm were obtained to produce a bottom product with a CO2 purity of
89.20 vol% and a recovery of 88.20%, and a top product with a N2 purity of 98.49 vol% and a recovery
of 93.56%. The mechanical energy consumption was estimated to be 1.17 GJ/t-CO2.

Keywords: pressure swing adsorption; flue gas; carbon capture; breakthrough curve; zeolite 13X

1. Introduction

This study is an improved version of the previously published work [1].
Driven by higher energy demand in 2018, global energy-related CO2 emissions rose

1.7% to a historic high of 33.1 Gt CO2 [2]. The World Meteorological Organization published
the “Greenhouse Gas Bulletin”, which indicates that the average CO2 concentration in the
atmosphere was 405 ppm in 2017, which is considerably higher than the value of 277 ppm
before the industrial revolution [3]. These facts indicate the urgent need to reduce CO2. To
maintain a global temperature rise below 2 ◦C above the pre-industrial level by the end of
this century, the European Union has set a target of reducing at least 40% CO2 emissions
by 2030 compared with the emissions reported in 1990. The goal is to move toward a
climate-neutral economy (i.e., an economy with zero net greenhouse gas emissions) by
2050 [4]. The Government of the United Kingdom intends to reduce 80% CO2 emissions by
2050, compared to 1990 levels [5].

CO2 can be captured from flue gas after combustion or syngas before combustion
using carbon capture methods. The CO2 concentration in the flue gas from coal-fired and
gas-fired power plants is approximately 10–18 vol% and 3–8 vol%, respectively. Because
the CO2 concentration in the flue gas emitted after combustion is not high, CO2 separation
becomes difficult [6]. Three typical approaches for capturing CO2 from power plants
include postcombustion, precombustion, and oxyfuel combustion [7]. The postcombustion
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capture technology does not affect the existing combustion process. Therefore, currently, it
is the main CO2 capture technology. Adsorbents and the PSA process for postcombustion
capture have advanced considerably, and zeolite is a commonly used adsorbent [8]. In
the precombustion capture method, CO2 is captured before combustion, which separates
CO2 from the synthesis gas produced from coal gasification in an integrated gasification
combined cycle (IGCC) power plant. [9]. In oxyfuel combustion, fossil fuels are burned
in an oxygen-enriched gas, which mainly produces CO2 and steam, thereby making the
CO2 capture process easier. However, a significant amount of energy is required for
separating O2 from air. Among the aforementioned three methods, in terms of maturity,
both postcombustion and precombustion capture technologies are economically feasible
under certain conditions [10].

The four main gas separation processes used in industrial CO2 capture are absorption,
cryogenic separation, membrane separation, and adsorption. In chemical absorption, the
monoethanolamine (MEA) solvent is the commercialized mature technology for postcom-
bustion capture and is widely used in the industry. However, the absorption process has
drawbacks such as the generation of chemical solvent waste, the requirement of significant
amounts of energy for solvent regeneration, and the need for amine stability improve-
ments [10–12]. For membrane separation, large-scale membrane processes are superior to
other processes because lower operation costs are required [13]. However, at this moment,
a sufficiently high selectivity membrane combined with a large flux is not realistic [14]
and compared with other technologies, this technology requires a higher manufacturing
cost [15]. Further, cryogenic separation requires more energy than PSA, although PSA even
has a larger plant capacity [16,17]. The disadvantages of this technology are high energy
consumption and low efficiency. Furthermore, solidified CO2 may accumulate on the heat
exchanger surface [18,19]. In addition to the absorption method, adsorption is considered
a viable method for capturing CO2 on an industrial scale [20]. Adsorption exhibits many
advantages over absorption, including lower energy requirements, lower waste generation,
and faster regeneration [8,11]. It consumed less power than the post combustion MEA
absorption method [21]. However, Riboldi et al. stated that the power required for CO2
compression increases in the case of PSA process compared with an absorption plant [22].
For adsorption, some commonly used adsorbents, such as zeolite and metal–organic frame-
works (MOFs), show a high adsorption CO2 capacity. Therefore, PSA is expected to play
an important role in CO2 capture in the future. In our study, zeolite 13X was used as an
adsorbent, which provides operational flexibility and cost-effectiveness [23]. The main
limitation of zeolites is their sensitivity to moisture, resulting in a significant reduction in
CO2 uptake. Thus, the flue gas must be dewatered before the PSA process [24].

Wang et al. [25] compared different carbon capture procedures, showing that the
energy consumption of the adsorption method is better than that of the absorption method.
Patil et al. [26] used an 2-amino-2-methyl-1-propanol (AMP)/piperazine (PZ)/water mix-
ture in a closed-loop adsorber–desorber system to separate CO2 from the postcombustion
gas (CO2–N2 mixture, CO2 12 vol%), achieving a removability of 85 vol% and an energy
consumption of 3.78 MJ/kg-CO2. Shen et al. [27] used activated carbon in a two-stage vac-
uum PSA (VPSA) process to separate a flue gas of 15 vol% CO2. For the second-stage VPSA
experiments, optimal experimental results of a CO2 purity of 94.14 vol% with a recovery of
85.08% and a productivity of 1.139 × 10−3 mol/kg s were achieved. Alternatively, for the
integrated two-stage VPSA experiments, optimal simulation results involved a CO2 purity
of 96.34 vol% with a recovery of 80.72%, productivity of 2.58 × 10−4 mol/kg s, and energy
consumption of 829.28 kJ/kg-CO2. Wang et al. [28] simulated a modified two-stage VPSA
process to capture CO2 in a flue gas with 15 vol% CO2. The first stage involved a three-bed
five-step process, and the second-stage involved a two-bed six-step process. Both stages
used zeolite 13X-APG as the adsorbent, and the results indicated that a CO2 purity of
96.54 vol% was obtained, with a recovery of 93.35%, energy consumption of 528.39 kJ/kg-
CO2, and productivity of 8.61 × 10−6 kg CO2/kg s. Xiao et al. [29] conducted three-bed
nine-step and three-bed twelve-step PSA processes (both used zeolite 13X as the adsorbent
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and 12 vol% CO2 balanced by dry air as the feed), obtaining a CO2 purity of 95 vol% with
70% recovery. Additionally, this study indicated that the vacuum pressure is the most im-
portant factor affecting the purity, recovery, and energy consumption. Alibolandi et al. [30]
used zeolite 13X and carbon molecular sieve as adsorbents in a four-bed eight-step PSA
process to separate 80 vol% nitrogen and 20 vol% CO2, showing that the performance of
zeolite 13X was better than that of the carbon molecular sieve. They achieved optimal
results involving a CO2 purity of 97.6 vol% in a cycle time of 560 s and an adsorption
pressure of 3.66 atm. Zhang et al. [31] compared six-step and nine-step processes and used
zeolite 13X as the adsorbent, indicating that the nine-step cycle can produce high purity
gas and obtain a CO2 purity of more than 90 vol% with recovery exceeding 60% from a
feed stream of 12 vol% CO2.

In this study, we used EIKME zeolite 13X as the adsorbent and 13.5 vol% CO2 balanced
by N2 as the feed. The feed flow rate of flue gas entering PSA from a subcritical 1-kW coal-
fired power plant was adopted according to the National Energy Technology Laboratory
(NETL) report [32]. To determine optimal operating conditions, the central composite
design (CCD) was used for analysis. Before this study, there was no PSA process used for
carbon capture in Taiwan’s power plants. Herein, a PSA process was developed to capture
CO2 from a subcritical 1-kW coal-fired power plant in the Taiwan Power Company and the
developed PSA process is now operating at the Taichung Power Plant.

2. Materials and Methods
2.1. Mathematical Model

A PSA dynamic model is established using several partial differential equations, and
the following assumptions are made:

1. The mass transfer resistance between the gas and solid phases is considered, and a
linear driving force (LDF) model is used.

2. The extended Langmuir–Freundlich equation is used to calculate the equilibrium
adsorption capacity.

3. Only axial concentration and temperature gradient are considered.
4. The ideal gas law is employed.
5. The non-isothermal system is assumed.
6. The pressure drop along the bed can be neglected owing to the large size of the particle.

The above assumptions are used in the following equations [33].
Overall mass balance:

− ∂q
∂z

=
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R
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∂t
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Energy balance:
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(3)

The corresponding boundary conditions are provided in the literature [34]. The LDF
model and extended Langmuir–Freundlich isotherm are used in the simulation.

Extended Langmuir–Freundlich isotherm equation:

q∗
i =

n∗
i
ρS

=
qm,ibiy

mi
i Pmi

1 + Σn
i=1biy

mi
i Pmi , (4)
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where

qm,i = ai,1 + (ai,2T), bi = bi,0 exp (
bi,1

T
), mi = mi,1 +

mi,2

T
. (5)

In Equation (4), q∗i represents the equilibrium adsorption capacity of component i per
unit adsorbent mass, n∗

i represents the equilibrium adsorption capacity of component i per
unit adsorbent volume, ρS is the density of the adsorbent, p is the pressure, yi is the mole
fraction of component i, and T is the temperature. The parameters ai,1, ai,2, bi,0, bi,1, mi,1,
and mi,2 used in Equation (5) are all adsorption isotherm parameters.

LDF model:
∂ni

∂t
= kLDF,i(n∗

i − ni). (6)

In Equation (6), ni represents the adsorption capacity of component i per unit adsor-
bent volume.

The parameters of the adsorption bed used in the simulation are described in
Section 2.3. The simulation program accuracy is verified by performing a comparative
analysis between simulation and experimental data and discussed in Sections 3.2 and 3.3.

2.2. Gases and Adsorbent

The flue gas after desulphurization and water removal (13.5 vol% CO2 and 86.5 vol%
N2) from the subcritical 1-kW coal-fired power plant was provided as the feed for the
designed three-bed nine-step PSA process. Moreover, the heat capacities of CO2 and N2
were estimated from the book by Smith and Ness [35].

In this study, we used the zeolite 13X as the adsorbent, which is often used for carbon
capture [28–30]. Zeolite 13X shows good adsorption capacity and selectivity. Therefore, it
has an excellent effect on CO2 separation. The parameters of the adsorbent are presented
in Table 1.

Table 1. Characteristic properties of EIKME zeolite 13X.

Parameters Values

Radius of the pellet (m) 4.12 × 10−3

Pellet density (kg/m3) 2314.4 a

Mean macropore diameter (m) 3.55 × 10−8 b

Macropore porosity (-) 0.2867 b

Specific Heat Capacity (J/kg K) 1.42 × 103 c

a Determined by He pycnometry (Accupyc® II1340, Norcross, GA, USA). b Determined by mercury porosimetry
(micromeritics AutoPore® IV 9520, Bedfordshire, UK). c Determined by differential scanning calorimeter.

2.3. PSA Process

In this study, a three-bed, nine-step PSA process (Figure 1) is used to capture CO2
via a simulation study. The process involved adsorption (AD), pressure equalization
(PE), cocurrent depressurization (CD), vacuum (VA), and idle (ID), and EIKME 13X was
used as the adsorbent. The feed composition of the process is adopted from the study
by Wawrzyńczak et al. [36]. The flue gas emitted by the power plant is first desulfurized.
Then, the water is removed, resulting in 13.5 vol% CO2 and 86.5 vol% N2. The goal is to
obtain CO2 and N2 purities of 85 and 90 vol% in two streams, respectively.

The sequence of the cycle steps for the three-bed nine-step PSA process is shown in
Figure 1. Steps 1, 2, and 9 are adsorption steps: feed gas is fed to the bottom of the bed at a
high pressure, adsorption occurs in the bed, and a N2-rich product is obtained from the top
of the bed. Steps 3 and 6 are PE steps: the high- and low-pressure beds are connected to
increase the pressure of the low-pressure bed, thus preparing the low-pressure bed for the
next adsorption step. Step 4 involves CD: the exhaust end of the top of the bed is opened
to decrease the pressure, thus reducing the weak adsorption adsorbate concentration and
increasing the strong adsorption adsorbate concentration in the gas phase for recovery
in Step 5. Step 5 involves VA: the exhaust end of the bottom of the bed is opened, thus
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decreasing the bed pressure and allowing the strongly adsorbed gas component to be
desorbed and the CO2-rich product to be obtained from the bottom of the bed. Steps 7 and
8 are idle steps with both ends of the bed closed.

To confirm the accuracy of the parameters used in the simulation, 100-h experimental
data from the three-bed nine-step PSA process for the subcritical 1-kW coal-fired power
plant were used. The step time of the process and parameters of the bed are presented in
Tables 2 and 3.
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Figure 1. Procedure of the three-bed nine-step PSA process.

Table 2. Step time of three-bed nine-step PSA process.

Steps 1 2 3 4 5 6 7 8 9

Process AD AD PE CD VA PE ID ID AD
Time (s) 80 300 50 80 300 50 80 300 50

Table 3. Parameters of the adsorption bed.

Parameters Values

Feed composition 13.5 vol% CO2 and 86.5 vol% N2
Feed flow rate (m3/s, NTP) 9.70 × 10−4

Bed length (m) 0.4
Bed inner diameter (m) 0.16

Bed volume (L) 8.04
Bed porosity (-) 0.6937

Fluid viscosity (kg/m·s) 1.87 × 10−5

Overall heat transfer coefficient (J/K·m2·s) 10.8 a

Axial dispersion coefficient (m2/s) 1.3976 × 10−5

Feed temperature (K) 303.14
Surrounding temperature (K) 303.14

Feed pressure (atm) 3
Vacuum pressure (atm) 0.07

Cocurrent depressurization pressure (atm) 0.25
Step time (s) 80, 300, 50, 80, 300, 50, 80, 300, and 50

a Estimated from McCabe et al. [37].

2.4. Experimental Setup

In this study, we conducted three experiments: equilibrium adsorption experiment,
breakthrough curve experiment, and 100-h three-bed nine-step PSA process experiment.
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Herein, the adsorption isotherm experiment was conducted using microbalance
Thermo D-200 (Figure 2) and the weight of the adsorbent was measured at different
pressures and at a specified temperature for each experimental run. The weight change
of the adsorbent was recorded at different pressures, and its isotherm curve was plotted.
Additionally, the schematic of the breakthrough curve experimental device is shown in
Figure 3. The breakthrough curve experiment was conducted at a certain operating pres-
sure and temperature, and the mixed gas at a fixed flow rate was fed into the adsorption
bed. Moreover, we observed the adsorbate concentration at the outlet end. The adsorption
bed reached a breakthrough state when the outlet end concentration was the same as the
feed concentration. The last experiment was the three-bed, nine-step PSA process, and the
schematic of the experimental device is shown in Figure 4.
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3. Results and Discussion
3.1. Adsorption Isotherms

The CO2 and N2 adsorption capacities on EIKME 13X zeolite were measured using
the microbalance Thermo D-200. The results show that the CO2 adsorption capacity on
the adsorbent was considerably greater than the N2 adsorption capacity on the adsorbent,
implying that zeolite 13X can separate these two gas components. The extended Langmuir–
Freundlich isotherm (Equation (4)) was used as the equilibrium adsorption model, and
the parameters were fitted using MATLAB Curve Fitting Toolbox. All the parameters
are presented in Table 4. We can use the isotherm equation to calculate and predict the
adsorption capacity of each component under different temperatures and pressures. The
isotherm curves and the error bars of 95% confidence intervals are shown in Figure 5.
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Table 4. Extended Langmuir–Freundlich isotherm parameters of CO2 and N2 on zeolite 13X.

Components CO2 N2

ai,1 (mol/kg) 6.507 1.185 × 103

ai,2 (mol/K·kg) −3 × 10−3 −1.022 × 10−1

bi,0 (1/atm) 8 × 10−3 4.842 × 10−4

bi,1 (K) 1.722 × 103 6.215 × 102

mi,1 (-) 6.013 × 10−1 1.182
mi,2 (K) −2.4 × 101 −1.2 × 102

3.2. Breakthrough and Desorption Curve Verification

To verify the reliability of the LDF coefficient, kLDF, and simulation program, the
breakthrough curve and desorption curve experiments were performed. The operating
conditions are presented in Table 5, and the results are shown in Figure 6. These results
show that our simulation data are close to the experimental data. Therefore, the accuracy
of the mass transfer coefficient was verified.
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Table 5. Operating parameters of the breakthrough and desorption curves.

Breakthrough Curve
Experiment

Desorption Curve
Experiment

Feed composition 15.0 vol% CO2 Pure He
Bed length (m) 1 1

Bed diameter (m) 2.32 × 10−2 2.32 × 10−2

Bed volume (L) 0.42 0.42
Feed pressure (atm) 2.5 2.5

Feed temperature (K) 298 298
Surrounding temperature (K) 298 298

Feed flow rate (m3/s) 1.67 × 10−5 1.00 × 10−5

3.3. Three-Bed Nine-Step PSA Process Verification

In this section, the average experimental data of the last 40 cycles of the onsite 100-h
three-bed nine-step PSA process experiment at a power plant are used for the simulation
verification. The cyclic-steady-state feed concentration of CO2 is 15.36 vol% and the
concentration of N2 is 84.64 vol%, the feed flow rate, feed pressure, vacuum pressure, vent
pressure, surrounding temperature, and feed temperature are 9.703 × 10−4 m3/s, 3 atm,
0.07 atm, 0.25 atm, 303.14 K, and 303.14 K, respectively. The experimental and simulation
results are presented in Table 6, and the simulation results are close to the experimental
results. Based on Figure 7, the temperature and pressure profiles of both the simulation
and experiment follow the same trend, confirming the accuracy of the simulation program.
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Table 6. Results of the three-bed nine-step PSA process.

Variables Experiment Simulation

Top vent flow rate (m3/s, NTP) 4.77 × 10−5 7.03 × 10−5

CO2 purity (vol%)/recovery (%) 12.23/3.91 29.12/13.75
N2 purity (vol%)/recovery (%) - 70.88/6.08

Bottom product flow rate (m3/s, NTP) 8.92 × 10−5 8.92 × 10−5

CO2 purity (vol%)/recovery (%) 91.70/54.83 91.69/54.81
N2 purity (vol%)/recovery (%) - 8.31/0.90

Top product flow rate (m3/s, NTP) 8.05 × 10−4 8.11 × 10−4

CO2 purity (vol%)/recovery (%) 5.79/31.26 5.78/31.43

3.4. Basic Case of the Three-Bed Nine-Step PSA Process

In this section and the next section, the flue gas from a subcritical 1-kW coal-fired
power plant is considered as the feed and its composition comprises 13.5 vol% CO2 and
86.5 vol% N2. The operating conditions of the basic case are presented in Tables 2 and 3. The
feed flow rate in Table 2 for the subcritical 1-kW coal-fired power plant is estimated from the
NETL report [33]. The simulation results for the basic case are presented in Table 7.

Table 7. Results of the basic case process.

Top product N2 purity (vol%) 97.61
Top product N2 recovery (%) 92.05

Bottom product CO2 purity (vol%) 85.96
Bottom product CO2 recovery (%) 82.09

Productivity (kg-CO2/kg-adsorbent · s) 3.5 × 10−5

3.5. Three-Bed Nine-Step PSA Process Optimization

The CCD was used to determine the optimal operating conditions for the process. This
design can be used to explore the interaction between the factors, obtain the most suitable
conditions, and reduce the time and cost of the simulation or experiments. The variables
include the feed pressure, vacuum pressure, CD pressure, ambient temperature, time of CD
step, time of vacuum step, and tower length. The high-, basic-, and low-level setting values
of each factor are presented in Table 8. We set seven factors and perform 27 corner-point
experiments, 14 axial-point experiments, and 10 center-point experiments in the simulation,
achieving 152 sets of data. The data were provided as inputs to Minitab software to conduct
a CCD experiment [38]. The effects of the seven variables on the purity and recovery of
CO2 in the bottom product and energy consumption were discussed, and the importance
of these three responses was set to 1 in Minitab software. Finally, regression analysis was
used to determine the optimal response and operating conditions. The optimal results are
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based on the settings of the maximum CO2 purity, maximum CO2 recovery, and minimum
energy consumption.

Table 8. Operating parameters.

Variables. - 0 +

A: Feed pressure (atm) 2.0 3.0 4.0
B: Vacuum pressure (atm) 0.05 0.075 0.1

C: Vent pressure (atm) 0.2 0.3 0.4
D: Surrounding temperature (K) 288.14 305.64 323.14

E: Step 1/4/7 (cocurrent
depressurization) time (s) 40 80 120

F: Step 2/5/8 (vacuum) time (s) 250 300 350
G: Bed length (m) 0.3 0.4 0.5

Equations (7)–(9) present the regression equations for the bottom product CO2 purity,
bottom product CO2 recovery, and energy consumption, respectively, which can be used
for optimization. The coefficient multiplied by each factor is the regression coefficient, and
the factor multiplication term indicates the interaction between the two factors. When the
coefficient is large, the effect of this term on the response value is significant. In Figure 8,
the red line represents the optimal values of the seven variables. Moreover, these optimal
values are provided as inputs to the simulation program to compare the results. The
optimization results using the setting value from Figure 8 are presented in Tables 9 and 10.

Purity (%) = 208.683 + 8.44694 (1/atm) A − 136.4 (1/atm) B − 10.6067 (1/atm) C
− 1.03797 (1/K) D + 0.254009 (1/s) E + 0.0168206 (1/s) F

+ 0.753353 (1/cm) G − 1.11434 (1/atm2) A · A + 303.611 (1/atm2) B · B
− 14.7843 (1/atm3) C · C + 0.00176753 (1/K2) D · D − 0.00158675 (1/s2) E · E

+ 0.0001 (1/s2) F · F + 0.000643 (1/cm2) G · G − 0.31307 (1/atm2) A · B
+ 12.9433 (1/atm2) A · C + 0.000388 (1/atm·K) A · D + 0.015792 (1/atm · s) A · E
+ 0.00384 (1/atm · s) A · F − 0.08853 (1/atm · cm) A · G − 45.2696 (1/atm2) B · C

+ 0.436755 (1/atm · K) B · D + 0.499657 (1/atm · s) B · E − 0.239613 (1/atm · s) B · F
− 0.862748 (1/atm · cm) B · G − 0.0234598 (1/atm · K) C · D − 0.323612 (1/atm · s) C · E
− 0.0206273 (1/atm · s) C · F + 0.103386 (1/atm · cm) C · G + 0.0004568 (1/K · s) D · E
− 4.61 · 10−5 (1/K · s) D · F − 0.00292673 (1/K · cm) D · G − 1.59 · 10−4 (1/s2) E · F

+ 0.00148013 (1/s · cm) E · G − 2.7 · 10−4 (1/s·cm) F · G

(7)

Recovery (%) = −54.8248 + 5.70294 (1/atm) A − 290.665 (1/atm) B −
1.79674 (1/atm) C + 0.949833 (1/K) D − 0.100019 (1/s) E −

0.0570018 (1/s) F − 1.02886 (1/cm) G − 1.816 (1/atm2) A · A −
1406.76 (1/atm2) B · B − 29.2673 (1/atm2) C · C − 0.0016378 (1/K2) D · D −

1.65144 · 10−5 (1/s2) E · E − 2.19 · 10−4 (1/s2) F · F − 0.0115602 (1/cm2) G · G
+ 95.1987 (1/atm2) A · B − 4.91901 (1/atm2) A · C − 0.001048 (1/atm·K)

A · D − 0.0285889 (1/atm · s) A · E − 0.00544839 (1/atm · s) A · F +
0.186206 (1/atm · cm) A · G + 163.14 (1/atm2) B · C − 0.403525 (1/atm · K)

B · D − 0.9026 (1/atm · s) B · E − 0.269244 (1/atm · s) B · F +
3.48384 (1/atm · cm) B · G − 0.0252969 (1/atm · K) C · D + 0.240571 (1/atm · s)

C · E + 0.0666479 (1/atm · s) C · F + 0.135799 (1/atm · cm) C · G +
7.99 · 10−5 (1/K · s) D · E + 1.60842 · 10−4 (1/K · s) D · F +

0.00265063 (1/K · cm) D · G − 1.21 · 10−4 (1/s2) E · F + 0.0029009 (1/s · cm)
E · G + 0.0012076 (1/s · cm) F · G

(8)
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Energy consumption (GJ/tonne − CO2) = 1.1382 + 0.714472 (1/atm) A +
1.09506 (1/atm) B + 0.448582 (1/atm) C − 0.0099 (1/K) D +

0.00436957 (1/s) E − 0.00259758 (1/s) F + 0.0097060 (1/cm) G −
0.038474 (1/atm2) A · A + 36.4096 (1/atm2) B · B + 0.0355262 (1/atm2)

C · C + 1.85 · 10−5 (1/K2) D · D + 6.29 · 10−6 (1/s2) E · E +
6.12 · 10−6 (1/s2) F · F + 1.85442 · 10−4 (1/cm2) G · G − 0.0859038 (1/atm2) A · B −

0.00750255 (1/atm2) A · C − 2.83 · 10−4 (1/atm · K) A · D +
0.00132517 (1/atm · s) A · E − 2.33 · 10−4 (1/atm · s) A · F −

0.00373936 (1/atm · cm) A · G − 4.36119 (1/atm2) B · C − 0.00479232 (1/atm · K)
B · D + 0.032285 (1/atm · s) B · E + 0.0011352 (1/atm · s) B · F −
0.08924 (1/atm · cm) B · G + 7.96313 · 10−4 (1/atm · K) C · D −

0.005784 (1/atm · s) C · E − 1.21 · 10−4 (1/atm · s) C · F + 0.00448796 (1/atm · cm)
C · G − 5.44 · 10−6 (1/K · s) D · E − 1.27 · 10−6 (1/K · s) D · F−

1.23 · 10−5 (1/K · cm) D · G − 7.19 · 10−6 (1/s2) E · F − 6.56 · 10−5 (1/s · cm) E · G −
1.20 · 10−5 (1/s · cm) F · G

(9)
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Table 9. Optimal operating conditions for capturing CO2 from flue gas using the three-bed nine-step
PSA process.

Parameters Values

Feed composition 13.5 vol% CO2 and 86.5 vol% N2
Feed flow rate (m3/s, NTP) 1.21 × 10−3

Bed length (m) 0.46
Bed inner diameter (m) 0.16

Bed volume (L) 9.25
Bed porosity (-) 0.6937

Fluid viscosity (kg/m·s) 1.87 × 10−5

Overall heat transfer coefficient (J/K·m2·s) 10.8
Feed temperature (K) 303.14

Surrounding temperature (K) 323.14
Feed pressure (atm) 3.66

Vacuum pressure (atm) 0.05
Cocurrent depressurization pressure (atm) 0.3

Step time (s) 94, 350, 50, 94, 350, 50, 94, 350, and 50

Table 10. Simulation results before and after the CCD analysis for purity, recovery, and energy consumption.

Results Simulation for Basic Case Prediction from Regression Simulation after CCD

Purity (vol%) 85.96 89.83 89.20
Recovery (%) 82.09 89.78 88.20

Energy consumption
(GJ/t-CO2) 1.06 1.15 1.17

4. Conclusions

In this study, the isotherm parameters were obtained by fitting the CO2 and N2
adsorption data from the experiment. The breakthrough curve and desorption curve
experiments performed at the laboratory scale were used to verify the simulation accuracy,
and the agreement between the experimental data and the simulation results is good. The
three-bed, nine-step PSA process experiment was used to capture the flue gas from the
power plant for the 100-h three-bed nine-step PSA process experiment. The comparison
between the experimental and simulation data shows that the simulation results were
reliable. Finally, this study used the CCD and regression analysis to determine the optimal
purity, recovery, and minimum energy consumption with a feed composition involving
13.5 vol% CO2 and 86.5 vol% N2. The simulation results showed that the purity of the
CO2 in the bottom product could reach 89.20 vol% with a recovery of 88.20%, while the
purity of the N2 in the top product could reach 98.49% with a recovery of 93.56%. When
using the flue gas from a subcritical 1-kW coal-fired power plant as the feed, the power
consumption was 1.17 GJ/t-CO2 under optimal conditions: feed pressure = 3.66 atm,
vacuum pressure = 0.05 atm, CD pressure = 0.3 atm, surrounding temperature = 323.14 K,
step 1/4/7 time = 94 s, step 2/5/8 time = 350 s, and bed length = 0.46 m.
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Nomenclature

ε bed porosity (-)
ρs density of adsorbent (kg/m3)
bi isotherm parameter of component i in Equation (4) (-)
Cp average heat capacity in gas phase (J/mol·K)
Ĉps average heat capacity in solid phase (J/mol·K)
Di bed inner diameter (m)
Daxi axial dispersion coefficient of component i (m2/s)
Hi heat of adsorption for component i (J/mol)
h heat transfer coefficient (J/K·m2·s)
k average thermal conductivity (J/K·m·s)
kLDF linear driving force mass transfer coefficient (1/s)
mi isotherm parameter of component i in Equation (4) (-)
ni adsorbed capacity of component i (mol/m3)

ni
∗ equilibrium adsorbed capacity of component i (mol/m3)

p pressure (atm)
q molar flow rate (mol/s)
qi
∗ adsorbed capacity of component i (mol/kg)

qm,i saturated adsorbed capacity of component i (mol/kg)
R gas constant (m3·Pa/mol·K)
S cross-sectional area (m2)
T temperature (K)
T∞ surrounding temperature (K)
t time (s)
yi molar fraction of component i in gas phase (-)
z axial position (m)
AMP 2-amino-2-methyl-1-propanol
AD adsorption
CD cocurrent depressurization
CCD central composite design
LDF linear driving force
MEA monoethanolamine
MOFs metal-organic frameworks
NETL national energy technology laboratory
PE pressure equalization
PSA pressure swing adsorption
PZ piperazine
ID idle
IGCC integrated gasification combined cycle
VA vacuum
VPSA vacuum pressure swing adsorption
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