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A systematic analysis of several vacuum swing adsorption (VSA) cycles with Zeochem zeolite 13X as the adsorbent to
capture CO2 from dry, flue gas containing 15% CO2 in N2 is reported. Full optimization of the analyzed VSA cycles
using genetic algorithm has been performed to obtain purity-recovery and energy-productivity Pareto fronts. These
cycles are assessed for their ability to produce high-purity CO2 at high recovery. Configurations satisfying 90% purity-
recovery constraints are ranked according to their energy-productivity Pareto fronts. It is shown that a 4-step VSA cycle
with light product pressurization gives the minimum energy penalty of 131 kWh/tonne CO2 captured at a productivity of
0.57 mol CO2/m3 adsorbent/s. The minimum energy consumption required to achieve 95 and 97% purities, both at 90%
recoveries, are 154 and 186 kWh/tonne CO2 captured, respectively. For the proposed cycle, it is shown that significant
increase in productivity can be achieved with a marginal increase in energy consumption. VC 2013 American Institute of

Chemical Engineers AIChE J, 59: 4735–4748, 2013
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Introduction

The importance of mitigating anthropogenic climate
change has been intensely pursued since the later part of the
last century, leading to the formation of the Intergovernmen-
tal Panel on Climate Change by the United Nations. There is
now a general consensus that the emission of greenhouse
gases, which is predominantly CO2 from the combustion of
fossil fuel, contributes to global warming.1 Despite that, the
energy sectors worldwide are still overwhelmingly dependent
on fossil fuels to meet about 85% of the global energy
demand.2 In the absence of economically viable renewable
energy sources at present, and with the abundance of low-
cost fuel such as coal, it is likely that fossil fuels will con-
tinue to be the dominant source of energy for decades to
come. Thus, technologies that allow the continued use of
fossil fuel while reducing the amount of CO2 released into
the atmosphere are urgently needed.

To mitigate the release of CO2 into the atmosphere, it has
to be captured from emission sources. The captured CO2

then can be stored in the ocean or underground, or utilized

for enhanced oil recovery or enhanced coal bed methane
recovery. There are four main approaches to separate CO2

from flue gas, namely, absorption (chemical or physical),
adsorption, membranes, and cryogenic processes.3 Among
these, absorption is the most mature technique and the bulk
of CO2 separation is performed using this process. However,
regeneration of solvents in absorption is energy intensive
thereby contributing to a high cost of capture.3,4 With the
emergence of various adsorbent materials, adsorption-based
separation processes for CO2 capture are receiving increasing
attention as a potential low-energy option.5,6 There are two
main modes of adsorption process: pressure swing adsorption
(PSA)7 and thermal swing adsorption (TSA).8 Between these
two modes, PSA enjoys faster regeneration over TSA. Mem-
brane separation is another promising technology that has
gained attention for separation of CO2 in recent years.4,9

This process is attractive for CO2 separation due to its favor-
able permeation over the other components in the emis-
sions.3 Cryogenic distillation is energy intensive and heavily
relies on the removal of water and many trace components
prior to cooling.

A PSA process with operations at both above atmospheric
and vacuum pressures is called a pressure-vacuum swing
adsorption (PVSA) cycle. Vacuum swing adsorption (VSA)
refers to cycling between atmospheric and vacuum pressures.
A variety of PVSA/VSA cycles have been developed for the
capture and concentration of CO2 from flue gas. To design
an appropriate cycle, it is essential to understand the nature
of the separation problem. A typical flue gas from a
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postcombustion power plant is at 25–50�C, 1 bar, and con-
sists of �15% CO2 in a predominantly N2 mixture. While
the recovery target set by various regulatory bodies (such as
US Department of Energy, DOE) for CO2 capture and con-
centration is 90%,10 the purity targets depend on the type of
applications. Typically, CO2 purities in excess of 90% are
expected from these processes. Considering the low concen-
tration of CO2 in the flue gas, it is important to realize that
pressurizing the entire flue gas stream can be expensive. Fig-
ure 1a shows the high-and low-pressure levels of different
PSA cycles with various adsorbents. It can be seen from this
figure that in all studies, the low pressure was below atmos-
pheric and most studies considered 1.1–1.5 bar or nearly
atmospheric pressures as the highest pressure, although sig-
nificantly higher pressures have also been used. The small
increase in feed pressure above atmospheric pressure is pri-

marily to overcome the frictional pressure drop in the col-
umn, and such cycles are categorized here as VSA cycles.
The performances of these cycles are listed in the Supporting
Information5,6,11–27 and the values of CO2 purity and recov-
ery are shown in Figure 1b. Some of the best cycles with the
highest CO2 purity are discussed below.

Zhang et al. performed VSA experiments using a 3-bed,

9-step cycle, cycling between 1 and 0.05 bar incorporating

heavy reflux (HR) and light-end pressure equalization (PE)

steps. Further, they also reported results from a 3-bed, 6-step

cycle without HR and with two light-end PE steps. For both

configurations, they used zeolite 13X and dry flue gas with

12% CO2 and 88% N2.14 CO2 purity and recovery of 83%

was achieved and a power consumption of 124 kWh/tonne

CO2 captured was reported from the 3-bed, 6-step cycle

without HR. For the 3-bed, 9-step cycle with HR a purity of

95% and a recovery of 70% was achieved. In another study,

they reported the experimental study of a 3-bed, 6-step cycle

with a HR step.13 For this cycle, they achieved 95.2% purity

and 66.9% recovery with a power consumption of 290.4

kWh/tonne CO2 captured. Xiao et al. simulated a 3-bed, 9-

step cycle with two PE steps with an evacuation pressure of

0.03 bar. For this configuration, a purity of 92.5% and recov-

ery of 75% with power consumption of 152 kWh/tonne CO2

captured were reported.5 Agarwal et al. proposed 2-bed, 6-

step and 2-bed, 8-step cycles with light and heavy refluxes

(dual reflux) using zeolite 13X.6 They optimized the 2-bed,

6-step cycle to maximize CO2 recovery using a

superstructure-based approach. The optimum cycle resulted

in a CO2 purity of 95% and a recovery of 80% with a power

consumption of 637 kWh/tonne CO2 captured. They

restricted the evacuation pressure to 0.5 bar, which resulted

in pressurizing the flue gas up to 6 bar. The 2-bed, 8-step

cycle gave the minimum power consumption of 465 kWh/

tonne CO2 captured at 90% purity and 85% recovery.
Reynolds et al. have studied complex cycles involving HR

step using K-promoted Hydrotalcite (HTlc) as the adsorbent
for CO2 capture from flue gas containing 15% CO2, 75% N2,
and 10% H2O.12 They considered a stripping VSA that con-
sisted of the following steps: high-pressure adsorption (F),
cocurrent purge with heavy product as HR, reverse blow-
down or countercurrent depressurization (CnD) from high
pressure (PH) to vacuum pressure (PL), countercurrent low-
pressure purge with light product as light reflux (LR), and
light product pressurization (LPP) from PL to PH. The best
performance was from a 5-bed, 5-step cycle with LR and
HR resulting in CO2 purity and recovery of 98.7%. How-
ever, the feed throughput for this cycle was low. Recently,
Liu et al.27 simulated a two-stage VSA process using 5A
zeolite for CO2 capture from a dry flue gas with 15% CO2

and 85% N2. They considered a 3-bed, 5-step cycle with HR
and LR steps for the first stage and 2-bed, 6-step with LR
and PE steps for the second stage. A CO2 purity of 96% and
a recovery of 91% with power consumption of 179.4 kWh/
tonne CO2 captured and productivity of 0.1 mol CO2/m3

adsorbent/s were obtained.
Several challenges exist in designing an adsorption-based

process for CO2 capture. First, the high CO2 purity and
recovery (both � 90%) required from a feed with low con-
centration of CO2 makes the capture process challenging.
Second, in all existing adsorbents, CO2 adsorbs more strongly
than N2 owing to its higher polarity. Thus, enriched CO2 is
recovered as the extract product. Designing PSA cycles for

Figure 1. Summary of adsorptive CO2 capture proc-
esses from the literature.

(a) High-pressure and low-pressure levels in different

PVSA/VSA cycles reported in the literature for post-

combustion CO2 capture. (b) CO2 purity/recovery per-

formance. The open and closed symbols represent

simulation and experimental studies, respectively. [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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extract purification has not received much attention in the lit-
erature as most cycles focus on purifying the raffinate. Third,
the flue gas emissions from existing power plants are signifi-
cantly larger than what existing gas separation plants can
handle. For example, a 500 MW postcombustion coal-fired
power plant produces approximately 10,000 tonne CO2 per
day, which makes CO2 productivity and equipment size (such
as columns, vacuum pumps, and compressors) critical factors.
To increase the CO2 productivity and reduce plant size,
shorter cycle times are needed. Finally, the presence of mois-
ture poses a significant challenge as most commercial adsorb-
ents with high selectivity of CO2 over N2 also adsorb water
strongly. This reduces the effective adsorbent capacity of
CO2 and lowers process performance.

To evaluate the true potential of PVSA/VSA processes for

CO2 capture with different adsorbents, rigorous cycle synthe-

sis, and optimization are required. In this work, we focus on

determining the optimal operating conditions for VSA proc-

esses for cost effective separation of CO2. Despite consider-

able growth in the practical applications of cyclic adsorption

processes, the design and optimization of these processes are

still predominantly done by experimental techniques28 or

parametric studies11–13 It is important to note that by per-

forming a parametric study, it is not possible to arrive at the

optimal condition of all process parameters that will maxi-

mize/minimize the desired objective(s) while fully meeting

the design and operational constraints. The challenge in sim-

ulation and optimization of VSA processes lies in the cyclic

nature of its operation. The cyclic operation goes through

transient states and the process ultimately reaches a cyclic

steady state (CSS) in which the state variables at the begin-

ning of each cycle match with those at the end of the cycle.

The governing equations describing such processes are a sys-

tem of coupled partial differential and algebraic equations

which often involve sharp fronts moving in space. The nonli-

nearities and ill-conditioned matrices due to multiple adsorb-

ent layers, nonisothermal effects, and stringent product

specifications may lead to the failure of numerical solvers.29

In addition, the transient operation yields dense constrained

Jacobians, which pose heavy computational burden on

gradient-based optimization techniques.29

The optimization studies available in the literature mostly
consider single objective, for example, minimizing energy
consumption, maximizing productivity, and so forth.6,30–34

However, in most real-life industrial processes, the design
problem of a PSA/VSA process involves simultaneous
achievement of multiple objectives, for example, maximiza-
tion of productivity and minimization of energy consump-
tion. Often, these objectives are conflicting and cannot be
accommodated meaningfully in a single function. Thus, a
true multiobjective optimization showing the trade-off
among the objectives would be very valuable to engineers
for design and operation purposes. Despite its usefulness,
multiobjective optimization of PSA/VSA processes has not
received much attention in the literature. Ko et al.35 pre-
sented the modified form of the summation of a weighted
objective function method for multiobjective optimization of
TSA and rapid PSA processes. This method is based on the
idea of forming a single objective function by convex com-
bination of the original objectives and solving a series of sin-
gle objective optimization problems. Sankararao and Gupta36

applied multiobjective optimization for PSA air separation
using simulated annealing with a jumping gene (MOSA-aJG)

algorithm for stochastic search of the decision variables.
Recently, Fiandaca et al.37 reported multiobjective optimiza-
tion using genetic algorithm (GA), also for PSA air separa-
tion, where the objectives were to maximize the purity and
recovery of N2. GA has also been used for optimizing vari-
ety of other processes38,39 including chromatography.40 The
main goal of this study is to synthesize a VSA cycle that
yields 90% purity and recovery with lower energy consump-
tion than a basic 4-step cycle, which was optimized in our
previous publication,41 by neither going to deep vacuum
(PL50:02 bar) nor pressurizing the flue gas. We systemati-
cally analyze a variety of VSA cycles with Zeochem zeolite
13X as the adsorbent to capture CO2 from dry, postcombus-
tion flue gas containing 15% CO2 in N2. We achieve full
multiobjective purity-recovery and energy-productivity Par-
eto fronts of the analyzed VSA cycles using GA without
compromising the rigor of the simulation model.

Modeling of the Adsorption Process

In this article, the adsorption column dynamics are
described by a set of partial differential equations. The fluid-
phase component balance assumes that the gas is ideal and
is at local thermal equilibrium with the solid. The overall
gas-phase balance is written to account for the variation of
velocity owing to bulk adsorption. The energy balance con-
siders both convective and dispersive transfer of heat along
the axial direction and across the column wall. The transport
across the wall is described by taking into account both the
inside (hin ) and outside (hout ) heat-transfer coefficients. The
adsorbent chosen in this study is zeolite 13X due to its abil-
ity to provide high selectivity for CO2. The equilibrium data
for CO2 and N2 are measured in our laboratory42 and a dual-
site Langmuir model is fitted to the data

q�i 5
qsb;ibici

11
Xncomp

i51

bici

1
qsd;idici

11
Xncomp

i51

dici

(1)

where qsb;i and qsd;i are the solid-phase saturation loadings of
sites one and two, respectively. The parameters bi and di fol-
low Arrhenius type temperature dependence

bi5b0;ie
2

DUb;i
RT (2)

di5d0;ie
2

DUd;i
RT (3)

The corresponding isotherm parameters are given in
Table 1. The mass-transfer rate is described by the linear
driving force model, and the transport mechanism is assumed
to be controlled by molecular diffusion in the macropores.
The pressure drop along the column is described by the clas-
sical Darcy equation. The use of the Ergun equation,
although accurate in the description of the pressure drop,
was found to have a minor effect on the energy consumption
values calculated. The model equations utilized in this study
are the same as those in Haghpanah et al., (see Ref 41), a
summary of which is made available in the Supporting Infor-
mation. The equations used for the calculation of energy
consumption are based on the assumption of isentropic com-
pression with an inherent efficiency of 72%. The transport
parameters, viscosity, heat capacities are considered to be
invariant over the entire operating range. The solution of
these equations requires suitable initial and boundary
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conditions. For all of the VSA cycles simulated in this study,
the bed is assumed to be initially saturated with pure N2 at 1
bar and 25�C. Subsequently, the final conditions of a step
constitute the initial conditions for the next. The parameters
used in the VSA simulations are listed in Table 2. As dis-
cussed in our previous publication,41 we use a finite volume
technique to solve the system of highly nonlinear partial dif-
ferential equations (PDEs). The PDEs are nondimensional-
ized and discretized into 30 volume elements and the
resulting ordinary differential equations are solved using stiff
solvers available in MATLAB, such as ode23s.41 All per-
formance indicators, for example, purity, recovery, produc-
tivity, and energy consumption are calculated once the
system reaches CSS. A mass-balance error of less than 0.5%
for five consecutive cycles is specified as the criterion for
attainment of CSS. The number of cycles required to reach
CSS varies between 80 and 480 cycles. It is important to
note that in all simulations, only one bed is used. In an
industrial multibed process, all beds undergo identical
sequence of steps. Hence, for cycles constituting uncoupled
steps, simulating one bed is adequate to fully capture the
performance of a multibed process. For cycles involving
steps where two or more beds are coupled, that is, output
from one bed is the input for another; output stream data
from the source bed are stored in buffers and used for feed-
ing these streams to the receiving bed via linear interpola-
tion. As short time intervals are used for data collection,
linear interpolation is found to provide sufficient accuracy.

Optimization Framework

As mentioned earlier, many studies consider CO2 capture as
a single objective problem. However, statutory regulations
impose constraints on the purity and recovery of CO2 and a
capture plant should satisfy two objectives of low-parasitic
energy consumption and a small footprint, which have direct
implications on operating and fixed costs, respectively. As
these two objectives are conflicting, it is desirable to under-
stand the trade-off between them by means of a Pareto curve.
Our choice of GA as an optimization algorithm is driven
mainly by the fact that we use a full model (i.e., no model
reduction) of the VSA process based on spatial discretization
and temporal integration. This allows us to keep sight of the
underlying physics that governs relative improvement from
cycle to cycle in our cycle synthesis study. In this way, in
addition to addressing CO2 capture, we also develop a broader
understanding of the operating issues associated with heavy-
component concentration and recovery in general. Other
advantages of GA include its simplicity of implementation,
likelihood of getting globally best solutions, and prospect of
exploiting parallel computing for speed-up.We use the nondo-
minated sorting genetic algorithm II proposed by Deb et al.,43

available in the MATLAB global optimization toolbox, for the
multiobjective optimization. Furthermore, we utilize the paral-
lelization toolbox in MATLAB for fast processing. All compu-
tations reported were carried out on a desktop workstation
with two quad-core INTEL Xeon 3.66 GHz processors and
48.0 GB RAM.

In this work, we use a two-stage optimization procedure.
First, we consider maximizing purity and recovery to iden-
tify cycles that satisfy minimum 90% purity and recovery of
CO2. For the identified cycles, we then consider the minimi-
zation of energy and maximization of productivity with CO2

purity and recovery � 90% as constraints. We define purity
and recovery as follows

Purity; Pu5
Total moles of CO 2 in extract product sð Þ

Total moles of CO 21N2 in extract product sð Þ
(4)

Recovery; Re5
Total moles of CO 2 in extract product sð Þ

Total moles of CO 2 fed in to the cycle
(5)

The total number of moles of CO2 in the above equations
are calculated at CSS. The extract product and feed streams
that have been used to calculate the performance indicators
are shown in the schematic of the synthesized cycles by P
and F, respectively. For the second stage, the two objectives
are defined as follows

Total Energy ;E5Energy required to compress=evacuate CO 21N2

(6)

Table 1. Isotherm Parameters for CO2/N2 on Zeochem

Zeolite 13X

Parameter CO2 N2

b0 [m3 mol21] 8.6531027 2.5031026

d0 [m3 mol21] 2:6331028 0.00
DUb;i [J mol21] 236641.21 21:583104

DUd;i [J mol21] 235690.66 0.00
qsb;i [mmol g21] 3.09 5.84
qsd;i [mmol g21] 2.54 0.00

Table 2. Parameters Used in VSA Simulations

Parameter Value

Column Properties
Column length, L [m] 1
Inner column radius, rin [m] 0.1445
Outer column radius, rout [m] 0.1620
Column void fraction, e [2] 0.37
Particle voidage, ep [2] 0.35
Particle radius, rp[m] 7:531024

Tortuosity, s0 [2] 3
Properties and Constants
Flue gas pressure, Pf [bar] 1
Feed temperature, Tfeed [K] 298.15
Ambient temperature, Ta [K] 298.15
Adsorbent density, qs [kg m23] 1130
Column wall density, qw [kg m23] 7800
Specific heat capacity of gas phase,

Cpg [J mol21 K21]
30.7

Specific heat capacity of adsorbed phase,
Cpa [J mol21 K21]

30.7

Specific heat capacity of adsorbent,
Cps [J kg21 K21]

1070

Specific heat capacity of column wall,
Cpw [J kg21 K21]

502

Fluid viscosity, m [kg m21 s21] 1:7231025

Molecular diffusivity, Dm [m2 s21] 1:3031025

Adiabatic constant, c 1.4
Effective gas thermal conductivity,

Kz [J m21 K21 s21]
0.09

Thermal conductivity of column wall,
Kw [J m21 K21 s21]

16

Inside heat transfer coefficient,
hin [J m22 K21 s21]

8.6

Outside heat transfer coefficient,
hout [J m22 K21 s21]

2.5

Universal gas constant, R [m3 Pa mol21 K21] 8.314
Compression/evacuation efficiency, g 0.72
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Productivity ; Pr5
Total moles of CO 2in extract product sð Þ

Total volume of the adsorbentð Þ3 Cycle timeð Þ
(7)

The energy consumption arises from the vacuum pumps
and compressors that are shown in the process schematics.
In the case of vacuum pumps, the delivery pressure is
assumed to be 1 bar. As the information about purity and
recovery are only available after solving the governing
PDEs, the purity-recovery constraints are incorporated into
the objective functions as penalties. We use 60 generations
and 10 times the number of decision variables as the popula-
tion size.

Maximization of Purity and Recovery

The expected targets for a promising CO2 capture process
are 90–95% purity and 90% recovery of CO2. Obtaining the
complete Pareto front of purity and recovery provides infor-
mation about the operational flexibility of the process and
helps to assess its potential for use in a hybrid configuration,
such as adsorption-membrane combination.

To keep the process as simple as possible, we begin with
a 4-step cycle described in Figure 2. The process consists of
the following steps:

1. Feed pressurization (press, also denoted by “FP” in the
literature): Pressurization from the feed end (z 5 0)
with fresh feed while the other end (z 5 L) remains
closed. The feed is assumed to be at 1 bar and 25�C.
The duration of this step is tpress . During this step, the
column pressure increases from a low (PL) to feed
pressure (PH).

2. Adsorption (ads, also denoted by “F” in the literature)
at feed pressure (PH): In this step, the light-product end

at z 5 L is open and at 1 bar, and the inlet pressure is
calculated using Darcy’s equation. The energy required
by a blower to increase the pressure of the feed from 1
bar to the inlet pressure is included in the energy con-
sumption. The inlet velocity, vfeed , and the duration of
the step, tads , are decision variables.

3. Forward blowdown or cocurrent depressurization (bd,
also denoted by “CoD” in the literature): The bed is
depressurized to an intermediate pressure (PI) through
the light-product end while the feed end is closed. It is
called forward blowdown because the gas flows in the
same direction as the feed. The main aim of this step is
to remove as much N2 as possible but retain the CO2

in the bed. Both intermediate pressure (PI) and step
duration (tbd ) are considered as decision variables.

4. Countercurrent evacuation or countercurrent depressuri-
zation (evac, also denoted by “CnD” in the literature):
The column is evacuated from the feed end to a low-
operating pressure (PL) with the other end closed so
that the high-purity extract CO2 product is obtained,
and the adsorbent bed is regenerated. The pressure
level (PL) and step duration (tevac ) are used as decision
variables.

It was shown in our pervious study (see Ref 41; results
reproduced in Figure 3 for convenience) that for the basic
4-step cycle (Figure 2), it is possible to obtain both purity
and recovery greater than 90% only with an evacuation pres-
sure close to 0.02 bar or lower. However, this is often diffi-
cult to achieve in an industrial column. It is also clear that
with PL50:03 bar, considered as an industrially achievable
vacuum level, it is not possible to obtain both the purity and
recovery exceeding 90%. When the evacuation pressure is
increased to PL50:05 bar, the performance of the cycle

Figure 2. Basic 4-step VSA cycle.

Notations commonly used in the literature are provided within brackets. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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drops drastically. In the previous study (see Ref 41), the pos-
sibility of increasing the feed pressure to boost process per-
formance was explored, but it was concluded that this
approach increased energy consumption. The alternative to
pressurizing the feed is to consider more advanced cycles
involving reflux and energy saving measures, which is the
central theme of the current work.

To modify the 4-step cycle to attain the desired purity and
recovery while keeping the vacuum pressure � 0:03 bar, it is
useful to study the axial CO2 concentration profiles in the
gas and solid phases of the column at the end of each step at
CSS. To this end, let us consider an arbitrary point on the
Pareto front for the lower bound of 0.03 bar on PL, in Figure
3, yielding Pu 5 80%, Re 5 88%. This corresponds to the
following operating conditions: tpress 520 s, tads 574:6 s,
tbd 560:1 s, tevac 585:4 s, PI50:17 bar, PL50:03 bar, and
vfeed 50:27 m s21. The column profiles for gas (yCO 2

) and
solid (xCO 2

5qCO 2
=qsb;N2

) phase CO2 concentrations are
shown in Figure 4. From the gas-phase composition profile
at the end of the adsorption and blowdown steps, it is clear
from the long tails in the gas-phase profiles that CO2 is lost
in these steps which results in a loss of recovery. The loss of
CO2 is further evident from the profiles of CO2 molar flow
rate at the exit of the column during these two steps as
shown in Figure 5. The presence of the tail in the CO2 pro-
file prevents the optimizer from choosing a blowdown pres-
sure lower than 0.17 bar that could facilitate more nitrogen
removal during the blowdown step. This could increase CO2

purity in the extract product at the cost of recovery. Simi-
larly, the optimizer chooses neither a higher feed velocity
nor a longer feed duration for the adsorption step, which
also could increase CO2 purity at the expense of its recovery.
Therefore, it would be desirable to reflux the effluent streams
from the adsorption and blowdown steps to reduce the loss
of CO2 thereby increasing its recovery. The effluent from the
adsorption step can be utilized either as LR and/or for LPP.
The effluent from the blowdown step can also be used to
partially repressurize one or more successive columns
through PEs. Hence, additional cycle configurations shown
in Figure 6 are generated, namely, 4-step cycle with LPP

(Figure 6a), 5-step cycle with LPP and LR (Figure 6b), and
6-step cycle with both light and heavy reflux (Figure 6c).
Further, the addition of PE yields three more configurations,

Figure 4. CO2 gas and solid-phase column profiles.

Solid lines for the basic 4-step VSA cycle for the follow-

ing conditions in both (a) and (b): Pu 5 80% and

Re 5 88%, tpress 520 s, tads 574:6 s, tbd 560:1 s,

tevac 585:4 s, PI50:17 bar, PL50:03 bar, and vfeed 50:27

m s21. The broken lines are for the 4-step VSA cycle

with LPP for (a) Pu 5 80.2% and Re 5 99.5%,

tads 564:64 s, tbd 5172:80 s, tevac 5141:30 s, PI50:07 bar,

PL50:03 bar, and vfeed 50:23 m s21; (b) Pu 5 97.4% and

Re 5 88.2%, tads 553:15 s, tbd 5141:76 s, tevac 5131:21 s,

PI50:05 bar, PL50:03 bar, and vfeed 50:33 m s21. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. The effect of PL on purity and recovery Par-
eto fronts for the basic 4-step VSA cycle.

The pressure values in the legend are the lower bounds

of PL. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. CO2 loss during the adsorption and blow-
down steps in the basic 4-step VSA cycle for
the following conditions: Pu 5 80% and
Re 5 88%, tpress 520 s, tads 574:6 s, tbd 560:1
s, tevac 585:4 s, PI50:17 bar, PL50:03 bar, and
vfeed 50:27 m s21.

Losses during the adsorption and blowdown steps are

0.304 and 0.168 mol, respectively. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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namely, 5-step cycle with PE and flue gas pressurization
(Figure 6d), 5-step cycle with PE and LPP (Figure 6e), and
6-step cycle with PE, LPP, and HR (Figure 6f).

4-Step cycle with LPP

In this configuration, the feed pressurization step in the
basic 4-step cycle is substituted with LPP. The effluent from
the adsorption step is used to pressurize the column in the
reverse direction, that is, from z 5 L. The time-dependent
values of flow, composition, and temperature of the pressur-
ization gas used during the LPP step come from the effluent
of the previous adsorption step, which are stored in a data
buffer. The duration of the LPP step is the time required for
the column to reach PH, and it depends on the flow rate of
the effluent from the adsorption step. Thus, it cannot be fixed
a priori. However, its maximum duration is set to be the
duration of the adsorption step. In a multibed operation, a
proper schedule can be worked out to implement LPP such
that the effluent from the adsorption step is directly fed to
the bed undergoing pressurization. Therefore, by implement-

ing LPP in our one-bed simulation model using the data
buffer, we are not compromising the actual physics of the
operation or computational accuracy in any way. If the efflu-
ent stream is not sufficient to pressurize the column up to
PH, then the feed pressurization step, using the flue gas, is
added to complete the pressurization. The same decision var-
iables as the basic 4-step cycle are used in the optimization
problem and their lower and upper bounds are shown in
Table 3.

The Pareto front for this cycle is shown in Figure 7.
Clearly, the LPP step has improved both purity and recovery
compared to the basic 4-step cycle for evacuation pressures
� 0:03 bar. There are also many points on the Pareto front
that give purity and recovery well above 90%. A careful
observation of the optimal solution (not reported here) corre-
sponding to the Pareto points reveals that the optimizer
always chooses PL near its lower bound. This trend is also
observed for other cycles. To understand the beneficial effect
of LPP on purity and recovery, we compare the column pro-
files of two Pareto points for the 4-step cycle with LPP and

Figure 6. Schematics of various VSA cycles analyzed for postcombustion CO2 capture.

The steps in which feed introduction and product removal occur are shown as F and P, respectively. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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the basic 4-step cycle discussed earlier (Pu 5 80% and
Re 5 88%). For the first Pareto point (cf. Figure 4a), the
CO2 purity of the cycle with LPP is the same as that of the
basic 4-step cycle, while the recovery is higher (99.5% com-
pared to 88%). For the second point (cf. Figure 4b), the
recovery is the same but the purity is higher (97.4% com-
pared to 80%). One can clearly see from Figure 4a that by
pressurizing the column in the reverse direction with the
nitrogen-rich effluent stream from the adsorption step, the
tails in the column profiles at the end of the adsorption and
blowdown steps are diminished significantly, which lowers
the CO2 loss in these steps resulting in higher recovery from
the evacuation step. Essentially, the consequence of adding
the LPP step is to push the CO2 front backward into the col-
umn. For the case shown in Figure 4b, the LPP step allows

the optimizer to choose a lower PI of 0.05 bar compared to
the basic 4-step cycle. This helps remove more N2 during
the blowdown step, while retaining CO2. Therefore, the
purity of CO2 is also higher.

5-Step cycle with LPP and LR

A common extension of LPP is LR, which is included in
the cycle after the evacuation step with product collection
taking place from the evacuation and LR steps (Figure 6b).
In this cycle, a portion of the effluent stream from the
adsorption step is first used as a LR, whereas the rest is used
for LPP. Hence, the maximum duration of the LPP step is
set to be (tads 2tLR ). Similar to the previous cycle, if there is
insufficient effluent gas from the adsorption step to complete
pressurization, a feed pressurization step is incorporated. The
time-dependent values of the flow, composition and tempera-
ture of the purge and pressurization gases used during the
LR and LPP steps come from the effluent of the previous
adsorption step stored in the data buffer. The main goal of
the LR step is to desorb more CO2 from the solid phase to
increase the recovery. The bounds for the decision variables
are listed in Table 3. The Pareto front for this cycle, shown
in Figure 7, reveals a marginal improvement compared to
the 4-step cycle with LPP. Key decision variables corre-
sponding to the Pareto front are shown in Figure 8. It is seen
that the optimal durations of the LR step are populated in
the range of 1–3 s, that is, near the lower bound. This sug-
gests that the LR step should be at best of short duration and
choosing a longer duration contaminates the CO2 product by
allowing the N2 front to reach the feed-end. Further, it is
shown in Figure 8 that the optimal vfeed is below 1 m s21.
Higher-feed velocity during adsorption step causes the CO2

front to breakthrough which results in lower CO2 recovery.
In summary, addition of the LR step improves process per-
formance marginally and its implementation must be care-
fully evaluated owing to short durations.

6-Step cycle with LPP, LR, and HR

From the analogy between adsorption and distillation, one
way to improve the purity of the heavy component is to
reflux the heavy product stream into the column. In this
study, we have considered the 6-step cycle shown in Figure
6c, which includes both HR and LR steps. A fraction (h) of
the stream from the evacuation step is collected in a tank
and refluxed into the column during the HR step. The main
idea of adding the HR step is to enrich the feed end with
CO2 by displacing the lighter component prior to the evacua-
tion step. In this study, we have sequenced the HR step after
the blowdown step at a subatmospheric intermediate pres-
sure. This is because performing the HR step before the
blowdown step leads to a significant loss of CO2 during the
blowdown step. Furthermore, refluxing at the lower pressure

Figure 7. The purity-recovery Pareto fronts for the six
VSA configurations explored in this study.

The Pareto fronts for the cycles that meet the 90%

purity-recovery requirements are plotted on the magni-

fied axes in (b) for clarity. [Color figure can be viewed

in the online issue, which is available at

wileyonlinelibrary.com.]

Table 3. Decision Variables and Corresponding Lower and Upper Bounds Provided to the Optimizer for Each Cycle

Cycle tads [s] tbd =tPE [s] tHR [s] h [2] tevac [s] tLR [s] PI [bar] PL [bar] vfeed [m s21]

Basic 4-step 20–100 30–200 – – 30–200 – 0.05–0.5 0.03–0.5 0.1–2
4-step with LPP 20–100 30–200 – – 30–200 – 0.03–0.5 0.03–0.5 0.1–2
5-step with LPP and LR 20–100 30–200 – – 30–200 1–15 0.03–0.5 0.03–0.5 0.1–2
6-step with LPP, LR, and HR 20–100 30–200 1–200 0.02–0.9 30–200 1–15 0.03–0.5 0.03–0.5 0.1–2
5-step with PE and FP 20–100 30–200 – – 30–200 – 0.03–0.5 0.03–0.5 0.1–2
5-step with PE and LPP 20–100 30–200 – – 30–200 – 0.03–0.5 0.03–0.5 0.1–2
6-step with PE, LPP, and HR 20–100 30–200 1–200 0.02–0.9 30–200 – 0.03–0.5 0.03–0.5 0.1–2
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helps to reduce reflux ratio and hence the recovery loss.
Note that the HR step requires an additional vacuum pump
at the light-product end of the column to maintain the col-
umn pressure at the intermediate level. The reflux tank acts
as the buffer necessary to maintain a constant feed rate of
the reflux stream. The duration of this step, tHR , and reflux
ratio, h, are also considered as decision variables and their
lower and upper bounds are given in Table 3. In addition,
we restrict tHR to be less than the duration of the evacuation
step. The inlet velocity to this step is calculated from the fol-
lowing mass-balance equation

vHR 5
h3mole out jevac

tHR Ae Pjz50

RTfeed

(8)

The Pareto front for the 6-step configuration with HR and
LR is included in Figure 7. The HR step increases the CO2

purity significantly and the Pareto front is pushed toward the
top right corner. The optimal durations of the HR step vary
between 5 and 8 s, whereas the optimal reflux ratio varies
between 0.7 and 0.85. The column profiles at the end of
each step for the operating conditions on the Pareto front
with Pu 5 98.5% and Re 5 99.4% are shown in Figure 9. As
we can see from this figure, the tail of the CO2 profile at the
end of the HR step is almost at z 5 L, hence controlling the
CO2 front during the HR step is critical. Any longer HR step
would result in the breakthrough of CO2 at the light-product
end and reduce the recovery.

Cycles with one PE step

Substituting the blowdown step in the basic 4-step cycle
with a forward PE step gives us a 5-step cycle with PE. In
this cycle, the duration of the feed pressurization step is
fixed at 20 s. During the PE step, the end at z 5 L of the
high-pressure column (donor) is connected to the same end
of the low-pressure column (receiver). The effect of this step

on the donor column is similar to the forward blowdown
step except that a vacuum pump is not needed, thereby pro-
viding an opportunity to reduce fixed cost and energy con-
sumption. However, the intermediate pressure can no longer
be a decision variable, unlike in the blowdown step, which
uses a vacuum pump and a feedback pressure controller.
Hence, in contrast to the blowdown step, here CO2 is con-
served but N2 removal from the donor bed is also limited by
the final pressure achieved after each PE. In this study, the
PE step has been implemented using single column simula-
tion. In this approach, the intermediate pressure (PI) has to
be chosen in a way that the amount of the gas that comes
out of the column is sufficient to pressurize the receiver col-
umn from PL to PI. In other words, in the PE step, the final

Figure 8. The decision variables corresponding to the Pareto front of the 5-step VSA cycle with LPP and LR shown
in Figure 7.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. CO2 gas and solid-phase column profiles for
the 6-step VSA cycle with LPP, LR, and HR
for the following conditions: Pu 5 98.5% and
Re 5 99.4%, tads 559:22 s, tbd 535:19 s,
tHR 55:07 s, tevac 5104:61 s, tLR 51:34 s,
PI50:054 bar, PL50:03 bar, h 5 0.82, and
vfeed 50:2 m s21.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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pressures of the two column involved must be the same and
the loss and gain of mass between the columns should be
the same. Therefore, the single column analogue of simulat-
ing PE step should ideally be solved by trial and error which
is computationally time consuming, particularly in the con-
text of optimization. Hence, the intermediate pressure is not
decision variable in the optimization problem. However, to
eliminate the need for trial and error, we have approximated
the intermediate pressure using the following equation

PI �
PH1PL

2
2j (9)

The value of j is estimated to be 0.041 bar through a
number of simulations. Using this value, it is also observed
that the pressure of the receiver column at the end of PE is
always lower than that of the donor column, thereby satisfy-
ing the physics of the operation. Although, this approach
may not replicate exactly the PE step in a multicolumn sim-
ulation, the small deviation is expected to have negligible
impact on the final results. The ranges for the decision varia-
bles in the 5-step cycle with PE are given in Table 3. The
Pareto front for this cycle is compared in Figure 7 with those
from the other cycles discussed so far. The difference
between PREC and PI for the Pareto points varies in the
range 0.01–0.1 bar. This Pareto front shows significantly
lower purity compared to the cycles with the blowdown step
and this cycle is unable to give the desired purity-recovery
(� 90%) for carbon capture. Due to the high-intermediate
pressure in cycles with PE, less N2 is removed from the
donor column. Thus, more N2 comes out with CO2 during
the evacuation step, which reduces CO2 purity significantly.
This argument is well supported by the column profiles
shown in Figure 10 for a point on the Pareto curve corre-
sponding to a recovery of 90.18% and purity of 74.65%. It
is clearly seen in the figure that considerably more nitrogen
is present in the donor bed at the end of PE which results in
lower CO2 purity. Further, replacing the flue gas pressuriza-
tion by the LPP step in this cycle gives us a 5-step cycle
with PE and LPP. However, the Pareto front for this cycle is
nearly indistinguishable from the one for the 5-step cycle
with PE. Recall that cycles with LPP allowed lower pressure
in the blowdown step without losing CO2, which improved

its purity and recovery. Clearly, with PE, the advantage of
LPP cannot be fully exploited. Hence, LPP with PE is not as
beneficial as LPP with blowdown.

We have discussed the beneficial effect of the HR step
earlier to improve CO2 purity. Therefore, we also explored
the option of adding the HR step to the 5-step cycle with PE
and LPP, which becomes a 6-step cycle with PE, LPP, and
HR as shown schematically in Figure 6f. The Pareto front
for this 6-step cycle, as shown in Figure 7, improves on that
for the 5-step cycle with PE and LPP by refluxing 65–90%
of the evacuation stream. Another alternative to improve the
Pareto front of the 5-step cycle with PE to approach 90%
purity and recovery without using the HR step is to perform
more PE steps. Although this will reduce the energy con-
sumption compared to the cycle with forward blowdown,
adding more steps will, however, lower the productivity due
to a longer cycle time.

Minimization of Energy Consumption and
Maximization of Productivity

In the previous section, we have analyzed six VSA config-
urations in terms of their purity-recovery Pareto fronts. How-
ever, these Pareto fronts do not provide any information
about the energy required to capture CO2, known as parasitic
energy in the power industry. They also do not provide any
idea of plant productivity. It is very important from the eco-
nomical point of view that the capture energy is minimized
while maximizing the productivity. Unlike steady state sepa-
ration processes, cyclic operations offer a trade-off between
energy consumption and productivity. In this section, this
issue is addressed by optimizing the operating conditions of
the VSA processes to minimize the energy consumption and
maximize the productivity while ensuring 90% purity and
recovery. Specifically, the optimization problem is cast as

Min J15w1E1k1 max 0;Putarget -PuCO2

� �� �2

1k2 max 0;Retarget -ReCO2

� �� �2

Min J25
w2

Pr
1k1 max 0;Putarget -PuCO2

� �� �2

1k2 max 0;Retarget -ReCO2

� �� �2

(10)

where wi and ki are penalty functions; Putarget, Retarget are
the target purity and recovery values, respectively.

Obviously, only the cycles that can provide purity and
recovery higher than 90% are considered. Thus, only the fol-
lowing four cycles qualify for further analysis: 4-step with
LPP, 5-step with LPP and LR, 6-step with LPP, LR and HR,
and 6-step with PE, LPP, and HR. The bounds on the deci-
sion variables used earlier and given in Table 3 are kept
unchanged. The obtained results are shown in Figure 11. As
expected, there is a trade-off between energy consumption
and productivity, which is indicated by the Pareto fronts in
Figure 11. As the operating conditions corresponding to every
point on the Pareto curve meet the requirements of 90%
purity and recovery, one can now choose the desired energy-
productivity performance from the Pareto front and trace
back the operating conditions corresponding to that point.

In the discussion so far in this section, PL is � 0:03 bar.
To explore any potential advantage of allowing lower PL,
we repeat the energy-productivity Pareto curve for the 4-step

Figure 10. CO2 gas and solid-phase column profiles for
the 5-step VSA cycle with PE and FP for the
following conditions: Pu 5 74.65% and
Re 5 90.18%, tpress 520:0 s, tads 583:59 s,
tPE 560:0 s, tevac 5130:0 s, PL50:03 bar, and
vfeed 50:56 m s21.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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cycle with LPP for PL � 0:01 bar, as shown in Figure 11.
Expectedly, the initial part of the Pareto front is identical
with the earlier one. However, it extends the productivity
window from �1.0 to 1.3 mol CO2/m3 adsorbent/s. Such
deep vacuum levels are known to be challenging in practice
for large scale processes. However, given the enormity of
the plant size for carbon capture, the resulting significant
increase in productivity (albeit at the expense of slight
increase in energy penalty) makes the challenge of attaining
deeper vacuum a worthwhile undertaking.

The Pareto front of the 5-step cycle with LPP and LR,
and 6-step cycle with LPP, LR, and HR are quite close to
that of the 4-step cycle with LPP. This can be explained by
studying the optimal decision variables for the various Pareto
points of the 6-step cycle with LPP, LR, and HR shown in
Figure 12. It is clear from this figure that the optimizer pre-
fers the minimum possible durations, that is, 1 s, for LR,
and also the minimum durations and reflux ratios for HR. In
order words, the optimizer is trying to reduce this 6-step
cycle to the 4-step cycle with LPP to maximize productivity
and minimize energy consumption. The slight difference
between the Pareto curves for the two aforementioned cycles
results from the imposed artificial lower bounds of tLR , tHR ,
and h (1 s, 1 s, and 0.02), which prevent the optimizer to
completely eliminate these steps. This is merely to avoid
simulating a step with unrealistically small duration. Recall
that adding the HR step to the 4-step cycle with LPP
improves the performance in terms of purity and recovery.
However, this increases the energy consumption, because the
column needs to be maintained at subatmospheric pressure
during the HR step. As with any reflux, HR increases the
amount of the gas collected from the evacuation step, which
also increases energy consumption. Furthermore, as dis-
cussed earlier, tLR is hitting the lower bound as longer dura-
tion causes the contamination of the feed end with N2, thus,
decreasing CO2 purity. Last, it should be noted that addi-
tional vacuum pumps are required to execute the HR and LR
steps.

The energy-productivity optimization is also carried out
for the 6-step cycle with PE and HR. As may be seen in Fig-
ure 11, the energy consumption for this cycle is significantly
higher than that for the 4-step cycle with LPP and the pro-
ductivity is also lower. The need for the blowdown vacuum
pump is eliminated because the blowdown step is replaced

Figure 12. The decision variables corresponding to the Pareto front of the 6-step VSA cycle with PE, LPP, and HR
shown in Figure 11.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Energy-productivity Pareto fronts for the
four VSA cycles of different configurations
that meet 90% purity-recovery constraints.

The Pareto fronts for the 4-step cycle with LPP for

PL � 0:01 bar and PL � 0:03 bar are identical in the

initial part. The extension (� � �) is a result of lowering

the PL from 0.03 to 0.01 bar. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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by the PE step. However, as the desired purity and recovery
are not attained without high-reflux ratio in the HR step, the
energy consumption in both HR and evacuation steps
increase the overall energy requirement significantly. More-
over, the high-reflux ratio also reduces the productivity. It
may be argued that a series of PE steps in principle may
help improve the purity-recovery Pareto front of the 5-step
cycle with PE and LPP to approach that of the 4-step cycle

with LPP. However, it is also easy to conclude from Figure
7 that this would require several PE steps, and hence the
option of using PE in place of blowdown needs to be eval-
uated carefully. According to Figure 11, the minimum
energy penalty for the 4-step VSA cycle with LPP is 131
kWh/tonne CO2 captured (10% energy penalty) at the fol-
lowing operating conditions, tads 599:86 s, tbd 530:53 s,
tevac 5116:82 s, PI50:16 bar, PL50:03 bar, and vfeed 50:46
m s21, out of which the contribution of the forward blow-
down step is only 13.2 kWh/tonne CO2 captured (�10% of
the total energy penalty). Hence, if it is indeed possible to
meet the 90% purity-recovery requirements by a series of PE
steps, then it would at best reduce the energy penalty to
�9%. However, the drastic drop in productivity due to mul-
tiple PE steps will far outweigh this marginal reduction in
energy penalty.

It is also interesting to study the effect of evacuation pres-
sure on the energy consumption of the 4-step cycle with
LPP. To this end, we minimize the energy consumption of
this cycle with evacuation pressures fixed at 0.01, 0.02, 0.03,
0.04, and 0.05 bar. For the 4-step VSA cycle with LPP, 0.05
bar is the upper limit of the evacuation pressure that is able
to meet the 90% purity-recovery constraints. The minimum
energy consumptions for these pressures are shown in Figure
13a. Interestingly, PL50:03 bar gives the minimum energy
consumption. Furthermore, the energy required for the blow-
down step increases with evacuation pressure. This can be
explained by the decrease in the blowdown pressure (Table
4) required to satisfy the desired purity-recovery levels.

It is clear from the above discussion that the 4-step VSA
cycle with LPP offers the minimum energy consumption for
90% purity and recovery. To evaluate the potential of the 4-
step VSA cycle with LPP for higher purities, the optimiza-
tion procedure was repeated with constraints of Pu � 95%
and Pu � 97% while maintaining the constraint of
Re � 90%. The Pareto fronts for this study are shown in Fig-
ure 14. Both minimum energy consumption and the corre-
sponding productivity values worsen with increased purity
requirement. In all optimal solutions, PL invariably con-
verged to its lower bound of 0.03 bar. Therefore, we
repeated the analysis presented in Figure 13a now for
Pu � 95%. The results shown in Figure 13b indicate that the
minimum energy consumption now occurs at PL50:02 bar,
although the difference between operating the unit at low
pressures of 0.02 and 0.03 bar is at best marginal. By com-
paring the conditions for 95% CO2 purity with those for
90% CO2 purity in Table 4, it is clear that the energy
increase for a particular value of PL is mainly from the
blowdown step as more N2 needs to be removed.

Figure 13. (a) Minimum energy for the 4-step VSA cycle
with LPP at different evacuation pressures
with 90% purity.

(b) Minimum energy for the 4-step VSA cycle with

LPP at different evacuation pressures with 95% purity.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table 4. Operating Conditions Corresponding to the Minimum Energy for the 4-step VSA Cycle with LPP at Different

Evacuation Pressures

Purity [%] PL [bar] tads [s] tbd [s] tevac [s] PI [bar] vfeed [m s21]
Total Energy

[kWh tonne21]

90 0.01 67.80 37.14 95.32 0.26 1.18 175.16
0.02 99.98 45.20 192.63 0.28 0.83 140.90
0.03 99.86 30.53 116.82 0.16 0.46 131.04
0.04 99.33 60.55 80.50 0.11 0.27 137.73
0.05 75.37 74.21 157.87 0.08 0.18 185.34

95 0.01 99.58 103.30 196.52 0.20 1.09 180.13
0.02 99.14 32.09 195.09 0.14 0.80 147.94
0.03 84.79 34.36 148.56 0.08 0.41 153.80
0.04 66.74 66.45 181.43 0.06 0.23 172.91
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Conclusions

In this work, we have systematically developed and eval-
uated six promising VSA configurations for postcombustion
CO2 capture from dry flue gas using Zeochem zeolite 13X as
the adsorbent. A GA-based multiobjective optimization algo-
rithm has been used to generate full purity-recovery Pareto
fronts to evaluate these cycles. Unlike single objective optimi-
zation, this algorithm offers a set of optimal operating condi-
tions, thereby allowing the process engineer more freedom in
balancing conflicting objectives. Our full scale optimization
was made possible by an efficient implementation of the rig-
orous process simulation model based on the weighted essen-
tially non-oscillatory (WENO) finite volume technique. This
study provides physical insights on the roles of LPP, LR, HR,
and PE in the context of an extract cycle and leads to the fol-
lowing important conclusions:

1. A simple 4-step VSA cycle with LPP is able to achieve
90% purity-recovery requirements with a minimum
energy consumption of 131 kWh/tonne CO2 captured at
a productivity of 0.57 mol CO2/m3 adsorbent/s. This
requires an evacuation pressure of 0.03 bar. This
energy consumption increases to 154 kWh/tonne CO2

captured at a productivity of 0.44 mol CO2/m3 for 95%
CO2 purity. The 4-step cycle with LPP is much simpler
than some of the more complex VSA cycles reported
in the literature with comparable energy performance.

2. The energy-productivity Pareto curve for the 4-step
cycle with LPP is nearly flat such that a small (�1%)
increase in energy penalty increases the productivity by
70%. The productivity window can be extended signifi-
cantly by further lowering PL.

3. In the basic 4-step VSA process studied earlier,41 the
minimum energy for attaining 90% purity-recovery
requirements was 149 kWh/tonne CO2 captured and the
evacuation pressure was 0.02 bar. Beyond this evacua-
tion pressure, feed pressurization was required to
achieve 90% purity-recovery, adding substantially to
energy penalty. In contrast, the use of LPP to replace
feed pressurization not only reduces the energy con-
sumption at all acceptable evacuation pressures but also
extends the operable VSA range of evacuation pressure
to 0.05 bar. This widens the window for industrial

implementation of low-energy operation without resort-
ing to expensive feed pressurization.

4. In addition to the 4-step cycle with LPP, 5-step cycle
with LPP and LR, 6-step cycle with LPP, LR, and HR,
and 6-step cycle with PE, LPP, and HR are also able to
enrich CO2 to 90% purity with 90% recovery. The best
performing cycle based on purity and recovery is the 6-
step cycle with LPP, LR, and HR. The CO2 purity and
recovery for this cycle are as high as Pu 5 98.5% and
Re 5 99.4%, respectively. However, the HR step is
energetically unfavorable and thus, not preferred by the
optimizer when minimizing energy consumption is the
priority.
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Notation

A = cross-sectional area of the column, m2

b0 = parameter in dual site Langmuir isotherm, m3 mol21

Cpa = specific heat capacity of the adsorbed phase, J mol21 K21

Cpg = specific heat capacity of the gas phase, J mol21 K21

Cps = specific heat capacity of the adsorbent, J kg21 K21

Cpw = specific heat capacity of the column wall, J kg21 K21

d0 = parameter in dual site Langmuir isotherm, m3 mol21

Dm = molecular diffusivity, m2 s21

hin = inside heat-transfer coefficient, J m22 K21 s21

hout = outside heat-transfer coefficient, J m22K21 s21

Kw = thermal conductivity of column wall, J m21 K21 s21

Kz = effective gas thermal conductivity, J m21 K21 s21

L = column length, m
ncomp = number of components

P = pressure, Pa
PREC = final pressure of pressure equalization step for the pressurized

column, bar
q = concentration in the solid phase, mmol g21

qsb = saturation concentration in the solid phase for site 1, mmol g21

qsd = saturation concentration in the solid phase for site 2, mmol g21

rin = column inner radius, m
rout = column outer radius, m

rp = particle radius, m
R = universal gas constant, Pa m3 mol21 K21

t = time, s
T = temperature, K

Tfeed = feed temperature, K
Ta = ambient temperature, K
Tw = column wall temperature, K
U = internal energy, J mol21

v = interstitial velocity, m s21

x = dimensionless concentration in solid phase
y = composition in the gas phase
z = axial coordinate, m.

Greek letters

e = bed voidage
ep = particle voidage
g = compression/evacuation efficiency
c = adiabatic constant
m = fluid viscosity, kg m21 s21

qs = adsorbent density, kg m23

qw = wall density, kg m23

h = reflux ratio
s0 = tortuosity.

Figure 14. Effect of CO2 purity on energy-productivity
Pareto fronts for the 4-step VSA process.

All three purity requirements are subject to a 90%

recovery constraint and PL � 0:03 bar. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Subscripts

ads = adsorption step
bd = blowdown step

evac = evacuation step
f = flue gas

feed = feed condition
H = high

HR = heavy reflux step
I = intermediate

L = low
LPP = light product pressurization
LR = light reflux step
out = stream coming out

press = pressurization step
PE = pressure equalization step

REC = receiver
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