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Abstract−An efficient design for pressure swing adsorption (PSA) operations is introduced for CO2 capture in the
pre-combustion process to improve H2 recovery and CO2 purity at a low energy consumption. The proposed PSA
sequence increases the H2 recovery by introducing a purge step which uses a recycle of CO2-rich stream and a pres-
sure equalizing step. The H2 recovery from the syngas can be increased over 98% by providing a sufficient purge flow
of 48.8% of the initial syngas feeding rate. The bed size (375 m3/(kmol CO2/s)) and the energy consumption for the
compression of recycled CO2-rich gas (6 kW/(mol CO2/s)) are much smaller than those of other PSA processes that
have a CO2 compression system to increase the product purity and recovery.
Keywords: CO2 Capture, Pre-combustion Process, Pressure Swing Adsorption (PSA), H2 Recovery, Purge Step, Pres-

sure Equalizing Step

INTRODUCTION

Greenhouse gases such as CO2 are well known for the main
cause of global warming and there are various efforts for reducing
greenhouse emissions [1]. The separation of CO2 from the flue gas
generated at the power plant can be applied to either post- or pre-
combustion, depending on where the separation process is placed,
as shown in Fig. 1 [2,3]. So far, more studies have been conducted
on the separation of CO2 from the post-combustion gas mixture
than from the pre-combustion gas mixture, because the separation
of CO2 occurs after the final product of flue gas is collected; there-
fore, it does not affect the pre-existing operation unit. Contrary to

this process, the pre-combustion method employs a water gas shift
(WGS) reactor first, and it produces H2 and CO2 from the shift
reaction of water and CO. The next step is the separation of CO2

from the fuel gas before the gas enters into a combustion cham-
ber so that the resultant, H2-rich gas can be supplied to a combus-
tion chamber.

Due to the difference in the separation of the CO2 process, main
components of the post-combustion gas are N2 and CO2, whereas
those of the pre-combustion syngas are H2 and CO2. The post-
combustion flue gas has atmospheric pressure or slightly higher
pressure than 1 bar, while the pre-combustion gas stream has a
pressure range of 20-30 bars. The low CO2 partial pressure of flue

Fig. 1. Comparison of post-combustion and pre-combustion processes for carbon capture and sequestration (CCS).
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gas (0.05-0.25 bar) in the post-combustion process could impose
difficulties on developing new adsorbent-based CO2 capture pro-
cesses. In contrast, CO2 has a high partial pressure (5-15 bars) in
the pre-combustion syngas and this pressure range could be a suf-
ficient driving force to apply a pressure swing adsorption (PSA)
method for the separation of CO2. However, the main disadvan-
tage of CO2 capture from the pre-combustion process is H2 loss
due to the incomplete recovery of H2 in the CO2 rich stream [4,5].
If we improved the H2 recovery from the pre-combustion gas stream,
it would be more beneficial for CO2 capture in the pressure swing
adsorption (PSA) process, while gaining additional power from
the H2 recovery in the plant. Various PSA operation schemes have
been developed for improving the performance of gas adsorption
and desorption, such as introduction of a purge step and/or pres-
sure equalizing (EQ) step between beds. The PSA process is equipped
with several beds in one group because there are transfers of gas
between beds. Smith and Westerberg [6,7] suggested various PSA
processes which consisted of two to five beds in a group and sub-
divided EQ steps. For each case, operating conditions such as pres-
sure and step time were optimized. Doong and Yang [8] proposed
a PSA process which includes EQ and purge steps for H2 purifica-
tion, and analyzed the PSA performance by varying the purge rate.
Distinct characteristic of the PSA process sequence suggested in
their study is that the H2-rich gas stream was used not only for the
purge step of the bed, but also for the pressurization step. Jiang et
al. [9] introduced a PSA process for H2 purification by optimizing
operation conditions of time intervals of each step and flow rate.

Most of the PSA processes for CCS from the post-combustion
gas stream are based on vacuum swing adsorption (VSA), where
desorption of CO2 occurs under a vacuum condition. Chaffe et al.
[10] and Zhang et al. [11] carried out nine-step VSA operations hav-
ing purge steps and six-step VSA operations without purge steps
by using zeolite 13X as an adsorbent, and evaluated the VSA per-
formance of the two design schemes. Kikkinides et al. [12] employed
activated carbon (AC) as an adsorbent for the removal of CO2 and
utilized the separated CO2-rich gas to purge another column by pres-
surizing the gas stream. Chue et al. [13] studied AC and zeolite 13X
as adsorbents and evaluated the performance of the two adsorbents.
They also used a purge step using the recycled CO2 gas. Reynolds
et al. [14,15] proposed complex PSA sequences having light and
heavy reflux streams and carried out sensitivity analyses to find
optimal operating conditions. Chou and Chen [16] proposed a PSA
operation sequence using the CO2-rich stream to purge the adsorp-
tion bed and compared the experimental and simulation results of
the PSA operation. The PSA sequence introduced by Gomes and
Yee [17] also used a purge step using the N2-rich gas after the CO2

blow down step. Different from the conventional type of processes,
Hirose [18] and Leavitt [19] suggested a duplex PSA process be
introduced. In this duplex process, two columns consist of a group
of columns, having improved separation efficiency despite the low
pressure difference between the two columns. Sivakumar and Rao
[20] proposed a modified duplex PSA process that can separate
main components of the post-combustion gas, CO2 and N2, with
both high purity and recovery. Agarwal et al. [21] developed a two-
bed PSA superstructure composing of co-current and counter-cur-
rent beds. Each bed performed adsorption of CO2 at a high pres-

sure and desorption at a vacuum condition.
Our aim was to design new PSA operation sequences for the

pre-combustion CO2 capture process for the purpose of improving
the H2 recovery as well as minimizing the energy consumption.
The proposed PSA operation sequences contain pressure equaliz-
ing and purge steps for the pre-combustion CO2 capture process.
A dynamic model was developed to predict the performance of
the PSA process by adopting mass and heat balances implemented
with effective porosity, and dynamic simulations of the proposed
sequences were performed to find the most efficient PSA opera-
tion sequence for the enhanced H2 recovery with a low energy
input. Finally, the simulation results were compared with other
results from the previous works [13,20,21], by mainly focusing on
the energy consumption and bed size.

DYNAMIC MODELING WITH AN EFFECTIVE 
POROSITY

The modeling conditions such as adsorbent specification, col-
umn dimension, and feed flow rates were adopted from Schell et al.
[22]. Thermodynamic properties of H2 and CO2 gases were obtained
with the SR-POLAR method from ASPEN PropertiesTM. The mass
balance for each component in Eq. (2) is given by ignoring the
radial dispersion,

(1)

where ci is a molar concentration of component i in the gas phase,
εi is the inter-particle porosity and Ji is a mass transfer rate of com-
ponent i. The linear driving force (LDF) model is used for the mass
transfer rate as written below:

(2)

where ρB is an adsorbent bulk density, ki is a mass transfer coeffi-
cient of component i, qi is the concentration in the adsorbed phase
and qi

* is the concentration of each component at equilibrium
state. The values of the model parameters including isotherm data
are available from Casas et al. [23]. Further detailed information
for these data is attached in the Supporting Information.

The energy balance equation for each component is given below:

(3)

where Cvg is the specific gas phase heat capacity at the constant vol-
ume, vg and ρg are velocity and density of gas, respectively, ρs is a
bulk density of a sorbent, Cps is a specific heat capacity of the ad-
sorbent, εB is the total bed porosity, Tg is the temperature of gas
phase, P is the total pressure of the system, ΔHi is the heat of adsorp-
tion of component i, HI is a heat transfer coefficient between gas
phase and wall, DI is a tube inner diameter and TW is the tempera-
ture of cooling agent. The mass transfer coefficients of H2 and CO2

are kCO2=0.15 s−1 and kH2=1.0 s−1, respectively, with the heat trans-
fer coefficient of (HI) equal to 5 W/m2K [23,24].
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The total bed porosity (εB) in Eq. (4) can be defined by consid-
ering both inter-particle porosity (εi) and intra-particle porosity (εp)
[24,25].

εB=εi+εp(1−εi) (4)

Therefore, the bed density (ρB) can be calculated as follows:

ρB=(1−εi)(1−εp)ρs+[εi+(1−εi)εp]ρgMw (5)

where ρB is the bed density, ρs is the structural solid density, ρg is
the gas density and Mw is the mean molecular weight of the gas
phase. Here, the effective bed porosity was used (εb, effective) by intro-
ducing Kd, the fraction of the pore volume that is accessible to the
gas molecule.

εB, effective=εi+Kdεp(1−εi) (6)

Kd is equal to 1, when the size of an adsorbent is sufficiently small
and the adsorbate penetrates all pores of the adsorbent, while Kd is
0 when the size of the adsorbent is large and the adsorbate can
penetrate none of the pores [25]. To solve the energy balance in Eq.
(4), the insertion of an additional term considering the effective
porosity is required. Using the model above with the varying Kd,

we compared the previous experiment data [22] with our simula-
tion results in terms of H2/CO2 recovery and purity defined as fol-
lows:

(7)

To conduct statistical analyses, we adopted the least square method
(LSM) to determine the summation of square of errors (SSE) as in
Table 1. The model had the highest accuracy with a value of Kd

CO2 Recovery = 
Amount of CO2 in the CO2-rich gas

Amount of total CO2 in the feed
---------------------------------------------------------------------------------------

CO2 Purity = CO2 mole fraction of the CO2-rich gas

H2 Recovery = 
Amount of H2 in the H2-rich gas
Amount of total H2 in the feed
-------------------------------------------------------------------------------

H2 Purity = H2 mole fraction of the H2-rich gas

Fig. 2. Dynamic simulation results with the fraction of accessible pore volumes (Kd): (a) CO2 purity, (b) CO2 recovery, (c) H2 purity and (d)
H2 recovery. The prior simulation and experimental results were employed from Schell et al. [22] for the comparison purpose.

Table 1. Results from the least square method (LSM)

Results of this study Previous
simulation
results [22]Kd 0 0.2 0.4 0.6 1

SSE 0.0258 0.0195 0.0209 0.0324 0.0727 0.0497
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equal to 0.2, which case provided the closest estimation to the ex-
perimental data.

DESIGN OF PSA SEQUENCES FOR CCS FROM THE 
PRE-COMBUSTION PROCESS

Loss of H2 deteriorates the total efficiency of the combined cycle
process because H2 is the valuable fuel in the combustion chamber

and it releases 286 kJ per mole by the following reaction,

H2+0.5 O2→H2O ΔH=−286 kJ/mol (8)

Thus, improving the recovery of H2 is one of the important fac-
tors to increase the efficiency in the CCS in the pre-combustion
process. The other important factor is to achieve a high CO2 purity
because CO2 recovered from the PSA process should be used as a
feedstock to other chemical processes or to be captured and stored.

Fig. 3. Five PSA design alternatives for CCS from the pre-combustion process. The high pressure condition (PH) was set to 21 bars and the
low pressure condition (PL) was set to 1 bar for all of the cases. After the EQ step, the equalizing pressure (PM) is around 7-9 bars and
its variation is dependent on the desorbed gas composition.
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Since the major gaseous components in the pre-combustion pro-
cess are H2 and CO2, the more H2 that is recovered in the H2-rich
stream from the bed, the higher CO2 purity will be achieved. Gen-
erally, the range of the syngas pressure is between 20 and 30 bars

and by varying the pressure, the adsorption of the syngas is as-
sumed to occur at 21 bars using the pressure of the syngas, while
the desorption process occurs at 1 bar. As a result, some portion of
the gas will remain in the bed because the desorption process does

Fig. 3. Continued.
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not take place at a perfect vacuum condition. Therefore, to improve
the H2 recovery, we introduced both a purge step at 21 bars and
pressure equalizing (EQ) step at 7-9 bars to the cyclic operation for
the CO2 capture of the pre-combustion process.

In Fig. 3, we propose several PSA design alternatives for the CO2

capture of the pre-combustion process and account for a cyclic
operation sequence of one column. One exception is that the bed
of dotted line represents another column connected with the bed
of solid line at the EQ step. Descriptions of each step are as fol-
lows: 1) The pressurization before the adsorption step is to increase
the bed pressure to a preset value for a desired adsorption condi-
tion by utilizing the syngas pressure. 2) The adsorption step involves
CO2 adsorption of the syngas in the column bed. 3) The drain
step is to vent out the CO2-rich gas stream as a product from the
bed. The gas pressure must be released in the counter-current di-
rection to prevent break-through of impurities existing at the top
of the adsorber. 4) The EQ step brings pressure synchronization by
opening the valve which connects one column having a high pres-
sure with the other column having an atmospheric pressure after
the drain step. 5) The purge step is to send residual H2 in the bed
after the adsorption step to the combustion chamber. In this step,
the separated CO2-rich stream is compressed and recycled to the
column as a purge stream. 6) The repressurization for the purge
step is used only in Case 4 (as explained below) to increase the bed
pressure by recycling the CO2-rich stream.

Case 1 is the simplest PSA operation where a single column con-
tinuously repeats the sequence including the pressurization, the ad-
sorption and the drain steps [26]. Cases 2-5 are the alternative PSA
designs to evaluate the effect of the additional EQ and purge steps.
Only either the EQ step or the purge step is added to case 2 or 3,
respectively. Both EQ and purge steps are employed in cases 4 and

5. The sequence of EQ-then-Purge in case 4 is almost identical to
the sequence in Na et al. [27] but the sequence in case 5 is changed
to purge-then-EQ. For cases 3-5, the CO2 rich gas product is recy-
cled as a purge gas instead of the H2-rich gas stream. It aims to
prevent the H2 loss in the purge step and to enhance both H2 recov-
ery from the bed and additional CO2 adsorption onto the bed.
The detailed explanation for this choice of CO-rich gas heavy reflux
is given in the Supporting Information.

To carry out comparative studies on the performance of each
case under the same conditions, the following initial conditions are
assumed: each design alternative has 12.3 mmol/s of syngas feed
having an equimolar mixture of H2 and CO2. All beds have identi-
cal dimensions of 1.2 m in the length and 0.025 m in the internal
diameter. The Kd value is set to equal to 0.2, which is the same as
that obtained from the previous section. Durations of the adsorp-
tion and EQ steps are as 60 s and 5 s for each case, respectively.
The pressurization step for adsorption takes 25 s with the EQ step
but 45 s is required to increase pressure without the EQ step. The
duration of pressurization in case 4 varies according to the flow-
rate of the purge gas stream. For example, if the flowrates of the
recycled CO2 rich-gas are 4, 5 are 7 mmol/s, the duration of pres-
surization for purge are 85, 65 and 50 s, respectively. Figs. 4-6
show the simulation results that both CO2 purity and H2 recovery
are improved with EQ and purge steps, respectively. Both purge
and EQ steps increase the H2 recovery, but there are significant
differences of their effect on the recovery depending on the sequence
of these two steps applied. With an additional EQ step, the H2 gas
remaining within the pore of the high pressure bed is transferred
to another low pressure column. In this process, the amount of the
transferred H2 is proportional to the pressure change of the bed
and the H2 removal is rapidly done throughout the entire bed as

Fig. 3. Continued.
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shown in Fig. 4(a).
However, the purge step uses the recycled CO2-rich gas contain-

ing a relatively high fraction of H2 (15%) at a total pressure of 21
bars, which can contribute to the high H2 concentration at the end
of the bed. Furthermore, the H2 removal is conducted gradually
from the bottom part of the column where the purge gas enters.
Although the feeding rate of the recycled CO2-rich gas is high
(5 mmol/s), the H2 concentration near the outlet is still high even
after the purge step as shown in Fig. 4(b). If both EQ and purge
steps are employed, then the operation sequence of these two steps
significantly affects the H2 recovery. For this reason, cases 4 (EQ-
then-purge) and 5 (purge-then-EQ) have in the different sequence.

The H2 concentration after both steps does not get lower in
case 4 in comparison to case 5 as shown in Fig. 5. However, the
H2 concentration is further reduced after the EQ step in case 5 be-
cause H2 is first desorbed and emitted by the CO2-rich gas stream
at the purge step and then its concentration gets again lowered by
the pressure drop at the EQ step. The differences of both CO2 purity
and H2 recovery are reflected in Fig. 6 for the five cases. If only

one step is applied between EQ and purge steps such as in cases 2
and 3, the EQ step has greater influence on improving the H2

Fig. 4. H2 concentration along the bed height, z (z=0 at the bottom and z=1.2 at the top) before and after the EQ or the purge step. (a) H2
concentration before and after the EQ step in Case 2. (b) H2 concentration before and after the purge step in Case 3.

Fig. 5. H2 concentration in the bed from different sequences of EQ and purge steps. (a) H2 concentration according to the bed position in
Case 4. (b) H2 concentration according to the bed position in Case 5.

Fig. 6. CO2 purity and H2 recovery for each PSA design.
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recovery. If both EQ and purge steps are employed, the purge-EQ
sequence in case 5 shows much higher CO2 purity and H2 recovery
than the EQ-purge sequence in case 4. More complex PSA sequences
with multiple reflux purge streams [14,15] were proposed to im-
prove the performance, but the complex design can lead to increasing
bed sizes, investment and operating costs. The detailed analyses for
the bed size calculation are given in the Supporting Information.

The total energy consumption of each case is determined as
shown in Fig. 7 in terms of H2 loss and CO2 compression energy.
Approximately, 11.8 kJ is required to compress 1 mole of CO2. The
H2 loss is translated into a heat loss that is equal to 286 kJ per mole
of H2. Additionally, the PSA sequences of cases 3-5 use the recy-
cled CO2-rich gas as the purge gas and need its compression to
increase the purge gas pressure. With conditions suggested in Table
2, the required CO2 compression energy for the purge step was
calculated. As shown in Fig. 7, case 5 is the most energy efficient
PSA operation sequence. The following section provides further
sensitivity analyses for case 5 alone.

SENSITIVITY ANALYSIS ABOUT THE PSA 
PERFORMANCE WITH VARYING PURGING RATES

The performance of the PSA operation (case 5) was estimated
by changing the purge rate with the fixed time duration for all steps
in the operation sequence. The recycle purge rate and CO2 purity
of the CO2-rich gas are given in Table 3. The purge rate varies
from 0.5 to 4.0 mmol/s and it corresponds to 8.1% to 65.5% of the
CO2 molar flow rate in the syngas feed. Fig. 8 shows the H2 frac-
tion of the gas phase at different column positions during the purge

step when the purge rate is 3 mmol/s. The H2 fraction decreases
rapidly at the inlet position of the bed (0m). However, there is almost
no change in the concentration at the outlet of the bed (1.2 m).

When we calculate the H2 mole fraction of the entire bed, it is
0.3 after the completion of the purge step with the purge rate of
3 mmol/s in Fig. 9. Fig. 9 indicates that the H2 concentration at the
gas phase decreases with the time, but the CO2 concentration at
the gas phase increases as the purge rate is rising. The H2 fraction
decreases below 0.2 when the purge rate increases to 4 mmol/s.
Also, almost no change in the H2 fraction is observed when the
purge rate is 0.5 mmol/s. However, the H2 purity gets lower with

Table 2. Conditions for recycled CO2-rich gas compression
Value

Number of inter-cooled stages 3
Inter-cooling temperature (oC) 60
Inter-coolers pressure loss (%) 1
First compressor inlet pressure (bar) 1
Last compressor outlet pressure (bar) 22
Isentropic/Mech.-electric efficiency of compressors (%) 82/94

Fig. 7. Energy consumption for each PSA sequence design.

Table 3. Purge rate and CO2 purity of the CO2-rich gas
Purge gas rates (mmol/s) and purge gas CO2 purity (mole fraction)

0.5 1.0 2.0 3.0 4.0
0.91 0.93 0.96 0.98 0.99

Fig. 8. H2 fraction in the gas phase depending on the column bed
position (Purge rate=3 mmol/sec).

Fig. 9. Changes of H2 fraction in the gas phase depending on the
purge rate.
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the increasing purge rate due to the influx of CO2 into the H2-rich
gas even if both H2 recovery and CO2 purity can be improved by
the purge step.

Fig. 10 shows the calculation result of CO2 purity and H2 recov-
ery with various purge rates. There is a tendency that increasing the
purge rate leads to higher CO2 purity (Fig. 10(a)) and H2 recovery
(Fig. 10(b)) while lowering both CO2 recovery and H2 purity. When
the purge rate is above 3 mmol/s, the H2 recovery is improved to
higher than 0.98 and the loss of H2 fuel decreases remarkably. How-
ever, further increasing the purge rate causes more energy consump-
tion for the compression of recycled CO2-rich gas. Therefore, for
the following economic assessment section, the calculation of the
compression energy consumption and the H2 fuel loss was per-
formed by converting both compression work and H2 loss into the
energy requirement. When the purge rate is 0.5 mmol/s, 25.7 kJ of
heat/energy is lost to separate 1 mole of CO2 which is equivalent
to 8% of entire H2 fuel (Fig. 11). When the purge rate increases to
3 mmol/s, the electrical energy of 6 kJ/mol CO2 is required but the
H2 fuel loss decreases drastically down to 5 kJ/mol CO2. Increas-
ing the purge rate above this level causes the compression energy
consumption to become larger than the energy gain from the reduc-
tion of H2 fuel loss.

ECONOMIC ASSESSMENT

Table 4 presents both energy consumption and bed volume,

which are the main factors for determining investment and oper-
ating costs. Because there have been very few studies for CO2 cap-
ture from the pre-combustion process, we compared the results
with the prior studies [13,20,21] regarding the post-combustion pro-
cess. For a fair comparison, however, we took an additional energy
penalty of 5 kJ/mol CO2 into account in the assessment due to the
H2 fuel loss that was the optimal case with a purge rate of 3 mmol/

Fig. 10. Sensitivity analyses of (a) CO2 recovery and purity, (b) H2 recovery and purity in Case 5 with the varying purge rate.

Fig. 11. Energy requirement for the compression of CO2-rich gas
and the heat energy loss (H2 loss) for CCS in the pre-com-
bustion process.

Table 4. Comparative performance of each PSA sequence design
Duration time CO2

flow rate
PSA performance Required

volume
Energy

consumptionTotal Feeding CO2 purity CO2 recovery
s s mmol/s - - m3/(kmol CO2/s) kW/(mol CO2/s)

This study 0255 0255 6.15 0.984 0.766 0375 6 (+5 H2 loss)
Chue et al. [10] 0420 0417 2.71 0.999 0.740 0751 -
Original Duplex [20] 0050 0040 1.00 0.770 0.770 1594 031.2
Modified Duplex [20] 0054 0040 1.00 0.995 0.995 1332 107.8
Agarwal et al. [21] 2400 2343 - 0.900 0.850 0554 073.6
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s as shown in Fig. 11.
Chue et al. [13] used a discharging pressure of CO2 equal to

50 mmHg (~0.065 bar) because of their use of the post-combus-
tion gas as a feed gas for the PSA process, and this condition can
be viewed as a vacuum condition. Their PSA sequence has a dis-
tinct form where the CO2-rich product gas is recycled as a purg-
ing gas of the following columns. In line with the result of the
current study, they showed that the purge brought about the incre-
ment of CO2 purity but did not improve the CO2 recovery. For a
higher purity of CO2 (0.999) than that (0.984) in this study, a larger
size of bed is necessary to separate the same amount of CO2 in the
PSA process using the post-combustion gas (751 m3/(kmol CO2/s))
than in the PSA process using the pre-combustion gas (375 m3/
(kmol CO2/s)) as shown in Table 4.

The original duplex PSA process has a pair of columns that have
adsorption at one column with a high pressure and desorption
with the other column simultaneously with a low pressure. The flue
gas feed is injected to the middle of the high pressure column. Also,
both outlets of one column become the inlet of the other, so enor-
mous compression energy is required when the outlet of a low pres-
sure column is going to be the inlet of a high pressure column.
The modified duplex PSA is proposed by Sivakumar and Rao [20]
to separate the gas product sharply. Different from the original
duplex PSA operation sequence, adsorption and desorption pro-
cess do not occur simultaneously, which improves both CO2 purity
and CO2 recovery. But both duplex processes still require high
energy consumption and bed size. For example, in the original
duplex case, both energy requirement and bed size are 31.2 kW/
(mol CO2/s) and 1,594 m3/(kmol CO2/s), respectively, as shown in
Table 4 for the same CO2 recovery (0.77) and lower CO2 purity
(0.77) compared to those (0.766 and 0.984) in this study.

A comprehensive study for increasing the volumetric flow rate
of CO2 with the same bed size [21] showed a significant reduction
in the bed size and energy consumption (554 m3/(kmol CO2/s)
and 73.6 kW/(mol CO2/s)) compared to the modified duplex case.
The energy consumption is still large for higher CO2 recovery (0.85)
and lower CO2 purity (0.90) than those (0.766 and 0.984) in this
study. Hence, although the PSA process in this study has low CO2

recovery, the proposed design shows advantages in having both
low energy consumption with the high H2 recovery (98% in Fig.
10(b)) and the small bed size when compared to the other PSA
processes as shown in Table 4.

CONCLUSION

We have proposed design alternatives of the PSA operation se-
quence to capture CO2 from the pre-combustion process. Particu-
larly, we focused on improving the H2 recovery of the fuel gas and
the CO2 purity of the separated CO2-rich gas to be transported or
stored after the compression. Several design alternatives of the
PSA operation sequence were generated and the performance of
each alternative was compared. Introducing both purge step and
pressure equalizing step is essential to improve both the H2 recov-
ery and CO2 purity, and the performance is even much better when
the sequence of purge and pressure equalizing steps is applied
than the reverse sequence of the two steps. As a result, H2 recov-

ery can be achieved above 98%. The new PSA operation provides
both smaller bed size and less energy for compression than the
other PSA designs for CCS from the post-combustion process.
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NOMENCLATURE

ap : the specific particle surface area per unit volume bed [m2

particle/m3 bed]
ci : molar concentration of component i [kmol/m3]
Cps : specific heat capacity of the adsorbent [MJ/kg·K]
Cvg : specific gas phase heat capacity at the constant volume [MJ/

kmol·K]
ΔHi : heat of adsorption of component i [MJ/kmol]
HI : heat transfer coefficient between the gas phase and wall [MW/

m2·K]
HS : heat transfer coefficient between the solid phase and gas

phase [MW/m2·K]
Ji : mass transfer rate of component I to adsorbent [kmol/m3

bed·s]
ki : mass transfer coefficient of component i [1/s]
Kd : fraction of volume of pores which a molecule can penetrates

[-]
Mw : mean molecular weight [kg/kmol]
P : total pressure of this system [bars]
qi
* : pure component loading of component i [kmol/kg]

qi : loading of component i [kmol/kg]
Tg : gas phase temperature [K]
Ts : solid phase temperature [K]
vg : gas velocity [m/s]

Greek Letters
εi : interparticle porosity [-]
εp : intraparticle porosity [-]
εB : bed porosity [-]
ρB : bed density [kg/m3]
ρg : gas density [kmol/m3]
ρs : structural solid density [kg/m3]
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S1. Summary of Modeling Basis and Parameters
To calculate an adsorbed amount of H2 and CO2 gas on AC, we

used the following adsorption model. The model is Sips equation
and adopted from Casas et al. [23] with the parameters shown in
Table S1

qi
*

 = 
qsi Kipi( )

si

1+ Σj=1
n Kjpi( )

sj
--------------------------------

qsi = ω i
− θi

RT
--------

⎝ ⎠
⎛ ⎞exp

Table S2. Column dimension and physical properties of adsorbent
Symbol Unit Value

Column length L m 1.2
Internal diameter DI m 0.025
External diameter Do m 0.04
Heat capacity of wall Cpw J/K∙m3 4×106

Structural density ρs kg/m3 1965
Particle density ρp kg/m3 850
Bed density ρB kg/m3 480
Particle diameter dp m 0.003
Heat capacity of adsorbent Cps J/K∙kg 1000

Table S1. Parameters for Sips isotherm model
Unit CO2 H2

qsi [mol/kg] ωi [mol/kg] 1.38 6.66
θi [J/mol] −5628 0

Ki [1/Pa] Ωi [1/Pa] 16.80×10−9 0.70×10−9

Θi [J/mol] −9159 −9826

si [-]

s1i [-] 0.072 0
s2i [1/K] 0.106 0
Tref, i [K] 329 273
Sref, i [-] 0.827 0.9556

Fig. S1. PSA operation sequence proposed by Schell et al. [22].

where qi
* is the solid phase concentration of i component at equi-

librium, pi is the partial pressure of component i, T is the tempera-
ture, qsi and Ki are the saturation capacity and the adsorption equi-
librium constant of component i and Si is the homogeneity index
of component i.

Schell et al. [22] experimentally constructed PSA operation se-

Ki = Ωi
− θi

RT
--------

⎝ ⎠
⎛ ⎞exp

si = s1itan−1 s2i T − Tref, i( )( ) + sref, i
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quences as follows. More particularly, the process operates with one
group of column consisting of 2 columns as a pair. The column
dimension and physical properties of adsorbent are summarized
in Table S2. Their PSA operation sequence is described in Fig. S1.
Each column performs a sequence of re-pressurization, adsorp-
tion, pressure equalization, drain, purge and pressure equalization
step repeatedly. From their experiment, the time required for each
step is 24 s for re-pressurization, 3 s for pressure equalization, 50 s
for drain, 15 s for purge, and varies from 20 to 100 s for the adsorp-
tion step.
S2. Choice of Heavy Gas (CO2-rich Gas) as a Recycle Purge in
the Pre-combustion CCS

There were two ways of purge by using a light gas [14,15], which
could be an external purge or a reflux stream to another bed. Both

are not effective in case of CCS for the pre-combustion process.
First, if H2-rich gas is used as a purge gas (blue line in Fig. S2) at
the drain step like the external purge [14], it causes a serious H2

loss in the pre-combustion CCS process.
If the light component gas (blue line in Fig. S3) is intended to

be reused as a purge gas (red line) to another bed as shown in Fig.
S3 [15], the CO2 fraction of heavy reflux gas (red line) should be
higher than that of original feed gas at the adsorption step. Only in
this case, more CO2 can be adsorbed and the other gas (H2 in the
pre-combustion CCS process) is desorbed from the bed after the
adsorption step. Our proposed design uses the CO2-rich gas whose
CO2 purity is above 95% as a heavy reflux purge gas and is higher
than the CO2 fraction in the feed gas (30-50%), thus the heavy reflux
gas can make H2 component more desorbed and CO2 more ad-

Fig. S2. Light gas external purge (modified from Fig. 1(d) in Reynolds et al. [14]).

Fig. S3. Light gas recycle purge (modified from Reynolds et al. [15]).
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sorbed at the purge step, which leads to higher H2 recovery.
S3. The Minimum Bed Size Required for the Drain Step and
the Feeding Step

To the best of our knowledge, there have been limited studies
on determining the bed size in the PSA design. Here, we proposed
the following method to calculate the minimum bed size required
for the drain step and the feeding step. From the calculations, we
can figure out which factor is a main contributor to the bed size
increase.

First, the maximum discharge capacity at the drain step is larger
than the actual discharge quantity as follows.

(Actual CO2 discharge quantity per a cycle)< (S1)
(maximum CO2 discharge capacity per volume)(total bed volume)

Each term in Eq. (S1) is given

(Actual CO2 discharge quantity per a cycle)
=(mean CO2 discharge flow)(total cycle time) (S2)

(maximum CO2 discharge capacity per volume)
=ρB(qCO2 at the start of drain step
−qCO2 at the end of drain step) (S3)
+εB(CCO2 at the start of drain step
−CCO2 at the end of drain step)

where ρB is the bed density, qCO2 is the adsorption amount of CO2,
εB is bed porosity and CCO2 is the molar concentration of CO2.

(S4)

Therefore, the minimum required volume can be calculated at
the drain step.

(minimum total bed volume)drain

(S5)

(minmimum unit bed volume)drain

(S6)

 
As a result, the larger size bed is required if the cycle time in-

creases or the CO2 discharge capacity decreases. Reynolds et al. [14,
15] reported that the PSA performance was improved as the cycle
time increases. Thus, to improve the PSA performance, the bed
size should increase as well. The CO2 discharge capacity is deter-
mined by the pressure change of the drain step. The complex PSA
sequence having multiple pressure equalization steps [8] and the
drain after the depressurization step [15] causes low pressure drops
at the drain step. Then, the discharge quantity per cycle becomes
smaller and the bed size should be larger for a given design capacity.

The determination of the bed size for the feeding step can be
done in a way similar to the previous calculation for the drain step.
If the repressurization is performed by a feed gas stream, both repres-
surization and adsorption steps are included in the feeding step.

(Actual CO2 adsorption quantity per a bed)< (S7)
(maximum CO2 adsorption capacity per volume)(unit bed volume)

(Actual CO2 adsorption quantity per a bed)
=(mean CO2 adsorption rate)(total feeding time) (S8)
=ηads(flow of CO2 feed)(total feeding time)

ηads is the adsorption efficiency, which is the ratio of the adsorbed
amount of CO2 to the total amount of CO2 injection during the
feeding step. If the purge reflux is not high, ηads is equivalent to CO2

recovery.

(maximum CO2 adsorption capacity per volume)
=ρB(qCO2 at the start of feeding step-qCO2 at the end of feding step) (S9)
+εB(CCO2 at the start of feeding step-CCO2 at the end of feeding step)

(minimum total bed volume)feeding

(S10)

(minimum unit bed volume)feeding

(S11)

The required bed size for the feeding step increases as the total cycle
time increases or the CO2 adsorption capacity decreases. The CO2

influxes prior to the feeding step from the pressure equalization
and reflux purge steps lead to a decline of CO2 adsorption capac-
ity in the feeding step.

The calculation result for Case 5 is summarized in Table S3. The

= 
flow of CO2 feed( ) CO2 recovery( )

Heavy flow recycle ratio( )
---------------------------------------------------------------------------------- total cycle time( )

total bed volume( ) = 
total cycle time

feeding time
------------------------------------

⎝ ⎠
⎛ ⎞ unit bed volume( )

= 
mean CO2 discharge flow( ) total cycle time( )

maximum CO2 discharge capacity per volume( )
-------------------------------------------------------------------------------------------------------------------

= 
mean CO2 discharge flow( ) feeding time( )

maximum CO2 discharge capacity per volume( )
-------------------------------------------------------------------------------------------------------------------

= 
mean CO2 adsorption rate( ) total cycle time( )

maximum CO2 adsorption capacity per volume( )
----------------------------------------------------------------------------------------------------------------------

= 
mean CO2 adsorption rate( ) feeding time( )

maximum CO2 adsorption capacity per volume( )
----------------------------------------------------------------------------------------------------------------------

Table S3. Required bed volumes for the purge-EQ sequence in Case 5

Step
CO2

feed rate
CO2

recovery
Feeding

time
Total cycle

time
Recycle

ratio
CO2 discharge (adsorption)

capacity
Required
volume

Required volume
per CO2 product

mol/s - s s - mol/m3 cm3 m3/(kmol CO2/s)

Feeding 6.15e-3 0.766 85 255 - 085.89

(unit bed)
466

(unit bed)
99

(total bed)
1399

(total bed)
297

Drain 6.15e-3 0.766 85 255 0.61 111.87

(unit bed)
586

(unit bed)
124

(total bed)
1758

(total bed)
373
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required bed size for the drain step is larger than the bed size required
for the feeding. As a result, the bed size is determined by the CO2

discharge amount at the drain step. Our proposed design of each
single step of CO2-rich gas purge and pressure equalization is the
most efficient for pre-combustion CCS. Thus, we may find the best
combination of purge and pressure equalization steps to increase
the PSA performance. It is not certain that more complex processes

improved the PSA performance because complex PSA sequences
cause the increase in the bed size. For example, the bed size re-
quired for the 5-bed and 5-step PSA sequence [15] is about 50,000
m3/(kmol CO2/s) which is much larger than the total bed size re-
quired for our proposed sequence of sequential pressure equaliza-
tion and purge steps (373 m3/(kmol CO2/s) in Table S3).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


