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Abstract—The world will need greatly increased energy supply in the future for sustained economic growth, but the
related CO, emissions and the resulting climate changes are becoming major concerns. CO, is one of the most important
greenhouse gases that is said to be responsible for approximately 60% of the global warming. Along with improvement
of energy efficiency and increased use of renewable energy sources, carbon capture and sequestration (CCS) is expected
to play a major role in curbing the greenhouse gas emissions on a global scale. This article reviews the various options
and technologies for CO, capture, specifically for stationary power generation sources. Many options exist for carbon
dioxide capture from such sources, which vary with power plant types, and include post-combustion capture, pre-com-
bustion capture, oxy fuel combustion capture, and chemical looping combustion capture. Various carbon dioxide sep-
aration technologies can be utilized with these options, such as chemical absorption, physical absorption, adsorption,
and membrane separation. Most of these capture technologies are still at early stages of development. Recent progress
and remaining challenges for the various CO, capture options and technologies are reviewed in terms of capacity, se-
lectivity, stability, energy requirements, etc. Hybrid and modified systems hold huge future potentials, but significant
progress is required in materials synthesis and stability, and implementations of these systems on demonstration plants
are needed. Improvements and progress made through applications of process systems engineering concepts and tools
are highlighted and current gaps in the knowledge are also mentioned. Finally, some recommendations are made for

future research directions.
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INTRODUCTION

Carbon dioxide is claimed to be responsible for 60 percent of
the global warming caused by greenhouse gases (GHGs) [3]. There
are three ways to reduce CO, in the atmosphere: 1) More efficient
use of energy, 2) Use of alternative fuels and energy sources, and 3)
CO, capture and sequestration (CCS). The CCS process involves CO,
separation (from either stack gas or other intermediate gas streams)
followed by pressurization, transportation, and sequestration. Accord-
ing to the International Energy Agency’s roadmap, 20 percent of
the total CO, emissions should be removed by CCS by year 2050
[4]. A majority of current research efforts are devoted to the carbon
dioxide removal from stationary power production sources, and un-
derstandably so. First, these sources are by far the most dominant
contributors of the CO, emission, accounting for roughly 47 per-
cent [5] of the total anthropogenic CO, emissions. In addition, they
share many similarities with the existing processes, where carbon
dioxide capture has been used for many decades, and hence tech-
nologies for capturing CO, from stationary sources are more mature
than those for capture from mobile sources like transportation devices.
Finally, due to the economies of scale, it is economically more at-
tractive to implement CCS technologies on large-scale power plants,
at least within some foreseeable future.

CO, capture is the most expensive part of CCS, accounting for
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more than 75% of the estimated overall CCS cost [6]. There are
several commercial technologies available for CO, separation. These
were developed mainly for the production of pure CO, (for use in
food processing and chemical manufacturing), the removal of CO,
from natural gas, and hydrogen purification. In these cases, CO,
was obtained as a valuable product and the capture process was rela-
tively of small scale as compared to those needed for power plants.
Therefore, when the existing separation technologies are implemented
on large scale power plants, they are not cost effective [7], due to a
much higher volumetric rate of low-pressure flue gases that need
to be treated and the presence of impurities such as sulfur dioxide.
Demonstration plants for most of the capture technologies are absent,
and at present none of the technologies have been commercialized
on such a large scale. When CCS is implemented in a typical pulver-
ized coal power plant, the cost of electricity is estimated to increase
by about 80% and the generating capacity decrease by 30%. The
goal is to reduce this electricity cost increase to less than 35% for
pulverized coal power plants, according to the US Department of
Energy (DOE) [7].

This paper is intended to provide a review of the current status
of technologies for carbon capture, both the traditional and the emerg-
ing. For the reasons stated above, we choose to focus on carbon
dioxide capture from power production sources, including both coal
and natural gas fired power plants. Our goal is to provide a glimpse
into the current technology portfolio, compare the relative merits and
demerits of the various options, highlight some promising direc-
tions, and identify shortcomings and challenges, especially those
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that can be overcome by further research and development efforts.
By doing so, it is hoped that interests and understandings of the field
among the chemical engineers will increase, and more researchers
will become engaged in this important topic. Recently, several reviews
on carbon dioxide capture have been published [8-14]. This review
paper is intended to complement them by filling in some of the gaps
left by the previous review papers. These include details of physi-
cal solvent processes and lithium based compounds, as well as appli-
cations of process systems engineering concepts and tools that can
help speed up the progress by identifying the key parameters of CO,
capture processes from the overall economics and operational feasi-
bilities.

Different options exist for carbon capture, and their viability and
appropriate choice depend on the type of power plant. Main con-
figurations being considered include: (1) post-combustion capture,
(2) pre-combustion capture, (3) oxy fuel combustion capture, and
(4) chemical looping combustion (CLC) capture. For a given con-
figuration, a specific separation technology can be adopted for sepa-
rating CO, from a targeted gas mixture stream (flue gas or fuel gas).
Here again, a number of choices are available, some of which are
being widely used these days, mainly in various industrial purifica-
tions, e.g., natural gas treatment, and production of hydrogen, am-
monia, and other industrial chemicals [14]. Fig. 1 lists the various
technical options for separation of CO, from a gas mixture stream,
and they include chemical absorption, physical absorption, adsorp-
tion, cryogenics, and membranes.

Many of the CO, separation technologies are discussed exten-
sively in the literature, including chemical absorption [15-21], phys-
ical absorption [22-24], adsorption [25-39], membrane separations
[40-49] and some of the novel separation techniques [50-53]. The
right choice of technology depends on the type of power plant (and
thus the conditions of the gas stream to be treated, e.g., temperature,
pressure and concentration of the CO,), targeted purity level, eco-
nomics, reliability, etc.

One finds a broad range of maturity levels for the carbon dioxide
capture technologies listed in Fig. 1. At the one end of the spectrum,
mature commercialized technologies such as amine-based absorp-
tion can be found; present at the other end are newer concepts like
modified membranes and adsorption, which hold high promise and
have significant room for improvement but are yet to be tested be-
yond the setting of a research laboratory. Excellent performance
and significant cost savings have been claimed for a number of ad-
vanced lab scale technologies, and hence these technologies are ex-
pected to be fully tested in near future. Many of the performance
claims should be taken with caution as they often carry significant
uncertainty at such an early stage of development. This should change
as the new technologies advance towards maturity and commer-
cialization.

In the remainder of the paper, relative advantages and disadvan-
tages, important parameters, and key uncertainties are presented in
depth for the above-mentioned current and promising technologies
one by one. In addition, progress and improvement made through
the application of process systems engineering concepts and tools,
e.g., modeling/simulations, process optimization/integration, control/
operation, and molecular simulations, are highlighted. Remaining
issues and hurdles for these technologies to be used for CO, capture
at commercial scales are also mentioned. At the end, some recom-
mendations are also given.

Relative levels of progress and maturity vary greatly for the dis-
cussed technologies. For example, significantly more results for
chemical absorption can be found in the literature because it is by
far the most matured among them. Because of this, depth and quality
of the review may seem somewhat unbalanced among the different
technologies. In addition, most discussions given are of qualitative
nature, though we try to provide quantitative data where possible.
Finally, though we made our best attempt to provide a thorough
review of the literature on the carbon capture technologies for point
stationary sources, we inevitably may have overlooked some impor-
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Fig. 1. Overview of carbon dioxide capture technologies (modified from A. B. Rao and S. Rubin, 2002 [2]).
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tant works and we apologize for such omissions.

CONTEXTS FOR CO, CAPTURE BASED
ON TYPE OF POWER PLANTS

Several options exist for implementing carbon dioxide capture and
they vary according to the type of power plant (type of fuel used,
combined production of hydrogen, combustion type etc.). Carbon
capture can broadly be classified into four major types: post-com-
bustion capture, pre-combustion capture, oxy-combustion capture,
and chemical looping combustion capture. Current status of these
options can be found in the literature [1,14].

1. Post-combustion Capture

Post-combustion capture, shown in Fig. 2, involves capture of
CO, from flue gas after the power generation step, and the separa-
tion of CO, is mainly from nitrogen and relatively little amounts of
oxygen and water. Post-combustion CO, capture is mainly for pulver-
ized coal (PC), oil-fired or gas-fired power plants, but it can also be
applied to cases of IGCC and natural gas combined cycle (NGCC)
flue gas capture. The advantages of post-combustion capture include:
1) all the existing power plants can be retrofitted without any or
with only minor modifications, 2) energy demand of the power plant
can be controlled by adjusting the CO, capture level, or by bypass-

ing the CO, capture step at the times of peak loads; and 3) it can be
applied to capture CO, from industrial manufacturing, e.g., cement
industry, steel industry [5].

Due to low concentrations (4-15% by volume) of carbon diox-
ide and low overall stream pressure in comparison to traditional
sources of CO, where the feed gas is at high pressure, the partial
pressure of CO, in flue gas is much lower. Since CO, at such a low
concentration level cannot be captured effectively by physical absorp-
tion, chemical absorption is likely to be needed. This is because physi-
cal absorption depends on the partial pressure for absorption, whereas
chemical absorption is less dependent on it. A large volume of low
pressure steam is required for the regeneration of the chemical sol-
vent, decreasing the generation capacity of the power plant. Rea-
sons for all the inefficiencies of post-combustion capture include
the low concentrations of CO, in flue gas, large volumes of flue gas
to be treated, the requirement of compressing CO, from the atmo-
spheric pressure to the storage pressure, and the relatively high tem-
perature of flue gas, which needs to be cooled before the CO, capture.
Temperature and pressure swing adsorption and membranes can
also be used for separating CO, from nitrogen in post-combustion
capture. However, flue gas contains contaminants such as sulfur
dioxide that are problematic to remove (for the same reason as in
CO, removal) and negatively impact the performance of many tech-
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Fig. 2. Schematic of an amine-based post-combustion CO, capture system applied to a NGCC power plant (modified from peter folger,
2010 [1]).
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Fig. 3. Schematic of IGCC power plant with pre-combustion capture (modified from E. S. Rubin, 2008 [277]).
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nologies (such as adsorption). In addition, the gas is almost satu-
rated with water, which makes selective absorption or adsorption
of CO, relative to water critical.
2. Pre-combustion Capture

In coal-fired power plants, when coal reacts with oxygen and steam
at high temperatures and pressures, it produces syngas (mixture of
carbon monoxide and hydrogen) in a process called gasification.
After the gasification step, syngas reacts with steam in the so-called
water gas shift reactor, which converts the carbon monoxide to CO,,
producing a mixture of mainly CO, and H,. Pre-combustion cap-
ture involves the capture of CO, from this fuel gas (mixture of CO,
and H,), leaving just hydrogen for the power generation. It there-
fore involves separation of hydrogen from CO, along with minor
amounts of water, carbon monoxide, and oxygen. This type of power
plant shown in Fig. 3 is called an integrated gasification combined
cycle (IGCC) power plant using coal, biomass, or their mixture.
The sulfur compounds are removed from fuel gas prior to the CO,
capture. DOE’s Fuel Cell Program includes an application to utilize
hydrogen for solid oxide fuel cells (SOFC) that can further increase
the overall efficiency of the plant [7]. When pre-combustion capture
is applied to natural gas power plants, natural gas is first converted
to syngas in the presence of oxygen and steam through a process
called reforming,.

As compared to the post-combustion capture, pre-combustion
capture is much easier and cheaper, but fuel conversion steps are
costly [1]. Physical absorption can be effective since the CO, con-
centration and pressure are higher. However, the gas stream needs
to be cooled before physical absorption can be performed. Fuel gas
after the capture needs to be heated back up before being sent to
the combustion chamber. Temperature and pressure swing adsorp-
tion and membranes can also be employed for the CO, separation
from hydrogen in pre-combustion capture.

3. Oxy-combustion Capture

Oxy fuel combustion capture, as shown in Fig, 4, is a kind of post-
combustion capture, but the fuel is burnt with pure oxygen instead
of air, so that the exhaust gases contain only CO, and water. There-
fore, the CO, separation can be done by condensation of the water.
A major advantage of oxy fuel combustion is that the cost of post-
combustion capture is much lower. However, the air separation to
generate pure oxygen required for combustion can be costly for a
large scale power plant. Almost three times more oxygen is required

Electricity

PC boiler

Recycle

for an oxy-combustion power plant as compared to an IGCC power
plant of equal size [1]. Another challenge is that temperatures for
oxy fuel combustion are much higher than those for air-combus-
tion; therefore, a large amount of inert flue gas must be recycled to
the boiler to maintain operating temperatures at levels similar to in
air-combustion [1]. Also, there is limited experience for this tech-
nology, since there is a lack of full scale demonstration power plants.

Flue gas of high CO, concentration is produced in an oxy-com-
bustion power plant and it is balanced with water, which is sepa-
rated by condensing. Improvements are needed in the air separation
by use of cryogenics and the development of alternative cost-effec-
tive oxygen production technologies. This technology can be applied
to both new and existing plants. Oxy-combustion technology is still
at an early stage of development, but some pilot plants are being
built and there are advanced-stage plans for building commercial
scale power plants [54].

4. Chemical Looping Combustion

A new sorbent-based oxygen production technology, called chemi-
cal looping combustion (CLC), has been developed and received
much attention lately [55-58]. This technology can be viewed as a
variation of oxy-fuel combustion with the promise of much lowered
costs. It was originally proposed by Richter and Knoche (1983)[59]
and then further developed by Ishida and Jin (1994) [60]. Chemi-
cal looping combustion is carried out in two fluidized beds: the ‘air
reactor’ performing the oxidation reaction and the ‘fuel reactor’
performing the reduction reaction. The metal oxide releases O, in
the latter and the released O, reacts with fuel. The reduced metal
from the fuel reactor is recycled back to the air reactor where it forms
metal oxide upon contact with air, as shown in Fig. 5. The termi-
nologies of oxidation and reduction are with respect to metal and
metal oxide. Hence, combustion products are CO, and H,O, and
this simplifies the CO, capture task as it is much easier to separate
CO, from H,O or H, than from N, with current technologies [61].
An almost 100% pure stream of O, can be produced for the com-
bustion of fuel [62]. A number of O, carrier materials are under con-
sideration that include copper [63,64], iron [65,66], manganese [67],
nickel [68,69], calcium [70], and various minerals [52,71].

A 120-kilowatt unit is being tested in Austria [51], and two chemi-
cal looping test facilities are currently funded by the US DOE, one
by Alstom [72] based on calcium compounds as an O, carrier, and
second at the Ohio State University [55] based on an iron oxide O,
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Fig. 4. Schematic of an oxy-combustion coal-fired power plant (modified from E. S. Rubin, 2008 [277]).
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Fig. 5. Schematic of a chemical looping combustion (CLC) system.

carrier [14]. In chemical looping gasification (CLG), one loop is used
to gasify the coal and produce syngas and the second loop per-
forms the water gas shift reaction to convert CO into H, and CO,.
CO, can then be released in the calcination step [5]. An initial cost
analysis of CLC for carbon capture has shown that it could be very
cost-effective [73]. Superior performance of CLC against IGCC
with pre-combustion capture using physical absorption has been
shown, such as 100% CO, removal compared to 86% for physical
absorption in IGCC and specific CO, emissions of 7 kg/MWhe com-
pared to 125 kg/MWhe [74]. Since metal particles experience repeated
cycles of oxidation and reduction at high temperatures, mechanical
and chemical stability are the main issues to be solved in order to
minimize operational problems and the amount of makeups needed
and to obtain a desired quantity and purity of pure O,. The operat-
ing temperature ranges from 800 °C to 1,200 °C [5]. Some amount
of steam is required to be used along with the fuel so as to avoid
deposit of carbon in the reduction reactor [5].

CHEMICAL ABSORPTION

In chemical absorption, CO, present in the gas stream reacts with
a chemical solvent to form some intermediate compound(s). As a
result, CO, is removed from the exhaust flue gas. The solvent solu-
tion, which contains the intermediate compounds, is heated with
low pressure steam for recovery and the released CO, is captured,
pressurized, transported, and then stored. The recovered solvent,
which contains just small amounts of dissolved CO, and its inter-
mediate compounds, is then recycled back to the absorption pro-
cess. When chemical solvents are used for a high gas stream flow
with a relatively low partial pressure of CO,, challenges are of scale,
efficiency, stability, and corrosion. A large amount of solvent is re-
quired that undergoes significant changes in its condition, and this
leads to high capital investments and energy costs [75].

Chemical absorption by monoethanolamine (MEA) is by far the
most mature technology for post-combustion capture. In spite of
all the disadvantages, chemical absorption (MEA) is the only com-
mercialized mature technology for post-combustion capture. Only
minor improvements may be possible for the MEA process because
much research has already been conducted during the past 60 years
or so. On the other hand, the stability of the amines and energy con-
sumption of the stripping process have large room for improvement.

Use of mixed amines (primary, secondary, and tertiary) has been
reported to give improvements over individual amines, i.e., larger
reactivity and stability, reduced circulation rates, and low regenera-
tion costs.

1. Chemical Solvents

A number of chemical solvents can be used for CO, capture through
chemical absorption, such as amines, ammonia, and potassium car-
bonate. Favorable properties of commercial absorbent for carbon
dioxide separation from a gas stream include high absorption capac-
ity, high absorption rates for CO,, high thermal and chemical stabil-
ity, low regeneration energy requirements, low vapor pressure, low
molecular weight, low viscosity and low corrosion rates.

1-1. Amines

Monoethanolamine (MEA) is by far the most popular solvent
for chemical absorption based CO, separation. CO, from the gas
stream is absorbed into the solution of MEA and water. MEA reacts
with CO, and forms amine protonate, bicarbonate, and carbamate.
When enough CO, is loaded into this solution, the solution is heated
with steam to a higher temperature, which releases CO, in rela-
tively pure form for capture, compression, and storage. The liquid
solution, which contains small remaining amounts of CO.,, is then
recycled back for further use in the CO, separation. Other impurities,
such as sulfur, nitrogen oxides, and particulate matter, are removed
prior to the separation of CO,, in order to avoid irreversible poison-
ing of the solvent and to increase the capacity of CO, for absorp-
tion. Due to the high enthalpy of reaction, MEA absorbs CO, at
fast rates. On the other hand, a large amount of energy is required
to remove the dissolved CO, and recover the solvent. In addition,
oxygen present in the gas stream causes degradation of the solvent
and produces corrosive products [76-79].

Amines can be classified as primary amines (monoethanolamine
(MEA), diglycolamine (DGA)), secondary amines (diethanol amine
(DEA), diisopropyl amine (DIPA)) and tertiary amines (triethanol
amine (TEA), methyldiethanol amine (MDEA)). They have differ-
ent reaction rates, absorption capacity, reaction enthalpy, stability
and corrosion.

Some hindered amines as well as secondary and tertiary amines
can be used for CO, capture, and these solvents possess good proper-
ties such as larger capacity of CO,, less corrosion, degradation resis-
tance, and lower energy penalty for regeneration as compared to
MEA [80]. Primary amines upon reacting with CO, form a car-
bamate amine and a protonated amine; theoretical capacity is lim-
ited to 0.5 moles of CO, per mole of amine. However, a different
formulation (i.e., reaction products) in secondary and tertiary amines
increases the theoretical capacity of CO,. Hence these advanced
formulations and improved process designs have reduced the energy
penalty to 2.9-3.2 MJ/kg of CO, capture as compared to 3.9-4.2 for
MEA [19]. DEA has been found to possess good properties such
as higher capacity for CO,, lower dependence on CO, partial pres-
sure and energy savings since the stripper can be operated at a lower
temperature level. This is because of the chemical structure and reac-
tions of DEA [19]. Sterically hindered amines, e.g., 2-amino-2-hy-
droxymethyl-1,3-propanediol (AHPD), have shown similar capac-
ity and less regeneration energy penalty than MEA. Solubilities of
carbon dioxide in 10 mass% aqueous AHPD solution have been
found to be higher when compared to those in 10 mass% aqueous
MEA solutions above the partial pressure of 4 kPa at 298.15 K, but
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the solubility behavior reversed below partial pressure of 4 kPa [81].
1-2. Mixed Amines

When two or more amines are mixed, the performance of the
blended amines is shown to combine the favorable properties of
the individual amines as well as to overcome some of the unfavor-
able ones. An important factor here is the extra design degree of
freedom afforded by mixing the amines in varying concentrations.
Dramatic improvements have been reported in terms of reduced
capital and operating costs and increased the flexibility for achiev-
ing desired separation for a specified gas stream [82]. Advantages
of mixed amines are higher rates of reaction of the primary/second-
ary amines with carbon dioxide and lower heat of reaction of the
tertiary amines. A mixture of AMP and MEA has been found to
possess high absorption capacity, high absorption rates, good selec-
tivity, and increased resistance to corrosion and degradation, when
compared to the conventional amines [80].
1-3. Ammonia

An aqueous ammonia solution has been shown to have signifi-
cant advantages over the conventional amines including lower sol-
vent costs, high absorption loadings, and less energy requirements
for the solvent regeneration. However, the vapor pressure of ammo-
nia is much higher, leading to significant solvent losses. Additional
efforts are required to prevent or reduce the loss of solvent by cleanup,
which increases the capital cost. However, it has been shown that
ammonia escape can be controlled by adding some organic addi-
tives [83]. This technology is expected to become commercialized
soon [84,85]. Significant improvements in the cost of electricity
(COE) and CO, avoidance cost have been shown by using aque-
ous ammonia in a coal fired power plant, when compared to the
MEA solution of 30% by weight [85]. Another advantage of am-
monia is that it can be used to remove SOx, NOx and mercury from
flue gas along with CO, capture. The higher capacity of aqueous
ammonia found in the above studies is due to its favorable reaction
towards bicarbonates over carbamates formulation.

Various ammonia based absorption processes are available, in-
cluding the chilled ammonia process (Alstom Corp.), ECO2 pro-
cess (Powerspan Corp.), the ammonia process developed by KIER-

KAIST (Korea), and the CSIRP process (CSIRO-Delta Electricity).
These designs are based on the same absorption/desorption con-
cept, but they differ in operating conditions (e.g., lean solvent con-
centration, temperatures of the liquid and gas streams, pressure).
All these processes have relative advantages and disadvantages and
their detailed descriptions can be found elsewhere [86,87].

Absorption of CO, in ammonia carbonate takes place near 20 °C
in the so-called Alstom ammonia process; operation at this low tem-
perature is favored as it prevents ammonia loss with cleaned flue
gas. Energy requirement by this process for the regeneration of the
solvent is significantly reduced as compared to the conventional
MEA process and this contributes to the lower overall cost of the
process. Being a proprietary process, little of its cost and perfor-
mance data have been revealed for comparisons with other pro-
cesses. The Powerspan ECO, capture process also uses ammonium
carbonate for CO, capture, but this process operates at a higher tem-
perature [1].
1-4. Potassium Carbonate

Aqueous solution of potassium carbonate can be used for both
post-combustion [88] and pre-combustion [89] carbon dioxide cap-
ture. A number of investigators have shown the solubility of CO,
in aqueous potassium carbonate, at a relatively slow reaction rate
and low regeneration energy requirements [88-91]. When 0.6 m
piperazine was used as an additive in 20 wt% potassium carbonate,
the equilibrium partial pressure was decreased by approximately
85% at the intermediate loadings and the rate of absorption was in-
creased by an order of magnitude. The heat of absorption also in-
creases from 15.54 to 42 kJ/mol, and capacity is comparable with
other amines [90]. Addition of MEA in small quantities increased
the overall absorption rate of CO, in potassium carbonate by more
than an order of magnitude [88].
1-5. Comparison

A brief comparison of the performance of the various chemical
solvents, in terms of absorption capacity, absorption/reaction rates,
and reaction enthalpy, is given in Table 1. MEA is the reference
solvent for this comparison. PZ possesses almost twice higher ab-
sorption capacity for CO,, twice faster absorption rates and ~15%

Table 1. Comparison of the performance of the various chemical solvents (amines, mixed amines and ammonia)

Solvent ﬁ;ﬁng?/i;ﬁf;iwater) Absorption rates (mol/s Pa m?) gse/ﬁflnc%gl alpy
MEA 0.47 18] 4.3E-7[18] 82 [18]

Piperazine (PZ) 0.79 [18] 2 to 3 times faster than MEA, 8.5E-7 [18] 70 [18]

N-methyl PZ 0.83 [18] 8.4E-7[18] 67 [18]

2-methyl PZ 0.93 [18] 5.9E-7[18] 72 [18]

DEA 0.7 [19] Slow kinetics [19] 76.3 [19]

DGA 0.38 [18](10 to 20% less than MEA)  3.6E-7 [18] 81 [18]

MAPA 0.42 [18](10 to 20% less than MEA)  3.1E-7 [18] 84 [18]

AMP 0.96 [18] 2.4E-7 [18] 73 [18]

EDA 0.72 [279] 2 Times slower than MEA [279] 84 [279]

MEA+PZ Higher than MEA Up to 2.5 times higher than MEA [280] Lower than MEA [280]
MEA-+MDEA  Higher than MEA [17] Acceptable rates [17] Lower than MEA [17]
MDEA+PZ 0.99 [18] 8.3E-7[18] 70 [18]

Ag. Ammonia 1.2 [281] Overall mass transfer coefficient 1.5 to 75% Less than MEA [281]

2 Times smaller than MEA [21]
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less energy requirements as compared to MEA. Therefore, PZ is
generally used as a blend with other amines. Blends of MDEA+
PZ are found to give one of the highest absorption rates, and more
than 15% less energy requirement. MDEA+PZ blend seems to pos-
sess excellent properties among all the amines and blends of amines.
AMP has more than twice higher absorption capacity for CO,, al-
most 44% slower absorption rates, and about 10% less energy pen-
alty for the solvent regeneration. Aqueous ammonia has found to
possess the highest absorption rates among all the solvents given in
Table 1, relatively fast kinetics, and to have a significant reduction
in the energy penalty. However, due to much high vapor pressure
of ammonia, a significant capital cost may be added for the process
of cleaning up the solvent to avoid ammonia loss.

2. Applications of Process Systems Engineering (PSE) Con-
cepts and Tools

2-1. Modeling and Simulations

Models of varying accuracy and complexity have been proposed,
ranging from equilibrium based models to rate based models with
enhancement factors and those with reaction kinetics in the bulk
and liquid films. These models along with the researchers who pro-
posed them are summarized in Table 2 and Table 3. Accuracy and
complexity increase as we move from equilibrium based stages to
rate based stages and from equilibrium reactions to bulk phase reac-
tion kinetics (as in the enhancement factor approach) [92-103] or
both the bulk phase and film reaction kinetics [91,104-109].

Mass transfer resistance and the effect of chemical reactions on
the mass transfer can be taken into account accurately by adopting
a rate based model. Separate balance equations for gas phase and
liquid phase enable the modeler to take into account actual rates of
mass and heat fluxes at the interface. In a rigorous rate based model,
process hydrodynamics can be coupled with the mass transfer/reac-
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tion phenomena by using correlations for holdups, pressure drops,
mass transfer coefficients, interfacial areas, etc [105]. Such a model
can be useful in optimizing scaled up designs [105]. On the other
hand, these correlations are not reliable when they are applied to
reacting systems, multi-component systems, and operating condi-
tions outside of those used to develop these correlations [110]. Some
of the proposed rate based models use a so-called enhancement factor.
Here the enhancement of mass transfer due to reactions in the liquid
film is represented by introducing an empirical factor, i.e., by as-
suming a pseudo-first-order reaction based on the Danckwerts ap-
proximation. These models give temperature profiles, concentration
profiles, and partial pressure profiles of the entire column for both
the film and bulk regions. They have been validated by compari-
son with published experimental data, and the validation showed
good predictive capabilities in most cases.

Equilibrium based models where leaving streams of each stage
are assumed to be in thermodynamic equilibrium are much simpler
than the rigorous rate based models. An equilibrium based model
will not contain the information of mass transfer and chemical kinet-
ics directly. Height of a single stage is represented by ‘height equiva-
lent to theoretical plate (HETP)’ and the height of the column can
be obtained by multiplying it with the total number of equilibrium
stages. In reality, equilibrium is seldom achieved for the stages. Hence,
an equilibrium based model is oftentimes modified by using the
term “tray efficiency,” and all the properties including the hydrody-
namics are lumped into this single parameter. However, an equilib-
rium based model has been shown to be quite accurate at times [111].
When an equilibrium based model was compared with a rate based
model, some differences were seen in the steady state values, but
dynamic responses were found to be surprisingly similar [107]. Since
a stripper is operating at a high temperature, equilibrium based and

Table 2. Steady state models for chemical absorption of carbon dioxide using MEA available in literature

Modeling/Simulation

Model used Description . Solvent Reference
environment
Rate based model Mass transfer due to reactions in both bulk ~ Aspen Custom Modeler® Amine [104]
liquid phase and liquid film, specific features
of electrolyte species
Rate based model Mass transfer due to reactions in both bulk  DAE Solver Speed Up® Ammonia [105]
liquid phase and liquid film, specific features
of electrolyte species
Rate based model Pandya’s procedure FORTRAN 90 AMP [282]
Rate based model RateSep™ absorber model Aspen Plus® MEA [106]
Rate based model RateSep™ complete model of absorption/  Aspen Plus® MEA, Ammonia, K,CO; [91]
regeneration system
Rate based model Enhancement factor approach - MEA, DEA [93]
Rate based model Enhancement factor approach - MEA [94]
Rate based model Enhancement factor approach Matlab MEA [96]
Rate based model Aspen Properties through CAPE-OPEN ~ gPROMS MEA [114]
Rate based model Enhancement factor approach Matlab MEA [97]
Rate based model Enhancement factor approach, properties gPROMS MEA [98]
from Multiflash, Aspen Properties
Equilibrium based model Efficiency is used to remove discrepancies GAMS and CONOPT  MEA [121]
Rate based model RateFrac™ absorbet/stripper model Aspen Plus® MEA [283]
Rate based model - Aspen Plus® MEA [284]
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Table 3. Dynamic models for Chemical absorption of carbon dioxide using MEA available in literature

Model used Description Moqellng/Slmulatlon Solvent Reference
environment
Rate based model Enhancement factor approach Matlab MEA [92]
Rate based model Mass transfer due to reactions in both bulk DAE Solver Speed Up®  Ammonia [105]
liquid phase and liquid film, specific features
of electrolyte species
Equilibrium based Aspen Properties through CAPE-OPEN ~ gPROMS MEA [107]
& rate based model
Rate based model Aspen Properties through CAPE-OPEN ~ gPROMS MEA [108,109]
Rate based model Enhancement factor approach gPROMS MEA [95]
Rate based model Enhancement factor approach Matlab MEA [96]
Rate based model Aspen Properties through CAPE-OPEN ~ gPROMS MEA [114]
Rate based model Enhancement factor approach gPROMS MEA [97]
Rate based model Enhancement factor approach Aspen Custom Modeler® MEA [99]
Rate based model Enhancement factor approach Matlab/Simulink MEA, DEA, MDEA, AMP [100]
Rate based model Enhancement factor approach, properties gPROMS MEA [98]
from Multiflash, Aspen Properties
Rate based model SAFT-VR EOS implemented in gPROMS gPROMS MEA [112]
for properties, MPC controller
Rate based model SAFT-VR EOS implemented in gPROMS gPROMS MEA [113]
for properties
Rate based model Reduced model based on enhancement fac- Modelica MEA [101,102]
tor approach was used. NMPC control
Rate based model Self optimizing control, MPC UniSim Process Simulator MEA [143,144]
Rate based model Enhancement factor approach, Controlla- Matlab MEA [285]
bility issues using MPC
Rate based model Enhancement factor approach Matlab MEA [286]

rate based models give very similar desorption performance pre-
dictions [94].

Steady state chemical absorption models for MEA, AMP, DEA,
DGA, DIPA, MDEA, PZ, TEA, NH,, and K,CO, are available in
Aspen Plus and have been used by various researchers. The Elec-
trolyte NRTL model has been used for calculating the VLE and other
physiochemical properties. In [112,113], the SAFT-VR equation of
state was implemented in gPROMS in developing a dynamic model.
While some authors [98,107,108,114] used Aspen Properties via
CAPE-OPEN for the property calculations, implementations of the
dynamic process models were done in gPROMS. Performance of
a capture plant has been evaluated with respect to height of packing
in the absorber and different concentrations of the solvent, using a
steady state model developed in gPROMS by [109]. Process Sys-
tems Enterprise [115] is developing a whole chain of CCS modeling
tools named as gCCS using the gSAFT physical properties pack-
age for PC, IGCC Oxyfuel and NGCC power plants. Major features
of these tools include high-fidelity models (equilibrium and rate
based modeling), flowsheeting environment, steady state and dynamic
simulation, and powerful solution capabilities via optimization.

Sensitivity of the model performance with respect to choice of
physiochemical correlations has been reported by [96]. Heat loss to
the surroundings was accounted for in this study. It has been shown
that both equilibrium and rate based models predicted the behavior
of the absorption process accurately [116]. It was suggested to use
the rate based model for medium-high flow rates, however, because
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the experimental data were more accurately predicted by this model.
Sensitivity to choice of mass transfer correlations was also evaluated
in this study. Recently, an equilibrium based model implemented
in Aspen Plus was used to develop a novel ammonia based pro-
cess, which can operate at the normal temperature and atmospheric
pressure [86]. Simulation results showed that regeneration energy
penalty can be reduced to 1.285 MJ/kg CO, and energy penalty for
ammonia recovery was found to be 1.703 MJ/kg CO,. No addi-
tional energy for refrigeration is required since the process operates
at room temperature. Hence the overall energy penalty was found
to be less than that of the conventional MEA based process. Simu-
lations in Aspen Plus for a chilled ammonia process integrated with
a power plant have shown reduction in regeneration energy pen-
alty, cost of electricity and CO, avoidance cost, as compared to the
MEA based capture process [117].
2-2. Process Optimization and Integration

Various researchers have performed sensitivity analyses and opti-
mizations to find optimal operating conditions with respect to the
calculated operating and capital costs [118,119]. A number of vari-
ables have been shown to strongly affect the performance of the
capture process, €.g., lean solvent loading, stripper pressure, L/G
ratio, and lean solvent temperature. Unforunately, these optimiza-
tion efforts have shown that there is no economical way to reduce
the reboiler energy requirement by more than 10% [118]. Process
optimization has also been used to study the trade-off between the
CO, capture efficiency and the operating cost. In [120], a mathe-
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matical optimization algorithm was used to optimize a varying ratio
of above-mentioned objective functions. Using an equilibrium based
model, an optimization model was formulated to find the best oper-
ating conditions with respect to two different objective functions:
the ratio between the total absorbed CO, and the total heating and
cooling utilities, and the ratio between the total captured CO, and
the total solvent flow rate [121]. In this study, we considered tem-
perature, compositions, and flow rates of the solvent and flue gas
streams together with the reboiler and condenser duties as the optimi-
zation variables.

Carbon capture efficiency of 90% is generally assumed, but Rao
and Rubin [122] identified the most cost-effective level of CO, cap-
ture for an amine based process in a PC power plant utilizing an
integrated modeling framework (IECM). The objective function
used in this study was the cost of CO, avoided, which reflects the
cost of reducing CO, emissions to the atmosphere while producing
the same amount of power from a reference plant without CCS, as
shown in the equation below. A tradeoff between total amount of
CO, avoided and increase in the cost of electricity (COE) as com-
pared to the reference plant is required. The relationship between
the cost and capture level was found to be nonlinear. The optimal
capture level was found to be not 90%; it was found to be a function
of power plant size, ranging between 81% and 87% for 1,000 and
650 MW power plant sizes, respectively. It was also shown that cost-
effectiveness of carbon capture can be improved by bypassing a
portion of the flue gas and by treating only a portion of it at high
capture efficiency.

Cost of CO, avoided ($/tonne)
_ (COE($/kWh)),,— (COE($/kWh)),,,
~(Co, emissions(tCO,/kWh))_ .
-(CO, emissions(tCOz/kWh))ref

In their next paper [123], they evaluated the effects of a number
of factors, including variations in capital cost and fluctuation in prices
of natural gas, variations in plant size, variations in quality of fuel
such as bituminous, sub-bituminous and lignite coals. In another
study [124], IECM has been used to investigate COE and CO, avoid-
ed cost; the effect of interest rates and plant life was analyzed for
different CO, capture levels (85%, 90% and 95%). An optimiza-
tion and parametric study for CO, capture with MEA from flue gas
of 600 MW power plant was conducted using Aspen Plus [125].
The objective of this optimization study was to minimize the energy
penalty for solvent regeneration with respect to various factors like
CO, removal level, MEA concentration, lean solvent loading, strip-
per operating pressure, and lean solvent temperature. Lean solvent
loading, amine solvent concentration, and stripper operating pres-
sure were found to be improtant optimization variables. Recently,
overall cost optimization study was performed using GAMS and
the influences of different CO, emission reduction targets on the
total annual cost, operating conditions, and dimensions of process
units were investigated [126]. The total cost was shown to possess
an approxmately linear relationship with CO, removal target between
70% and 80%, while it increased exponentially for that between
80% and 95%.

Various process configurations including split flow configura-
tion [127,128], vapor recompression [127,129], internal exchange
of stripper [128], double stripper column [128,130], multipressure

stripper column [127-132], vacuum stripper column [131], flashing
feed stripper [128], multistage flash [132] and compressor integration
[127] have been studied and improvements in terms of the operat-
ing cost have been reported. Double pressure and multipressure col-
umn configurations have been found to be the most promising con-
figurations for the MEA process. For the double column integra-
tion scheme, about 45% reduction in the reboiler energy require-
ment was achieved, whereas this figure was even lower at 54% for
the multipressure column integration scheme [130]. However, in
terms of equivalent work per unit time, the reductions were lower
at 25.3 and 13.7% for the double pressure and multipressure col-
umn schemes, respectively. In another study [127], 28.2% reduc-
tion in the reboiler energy consumption and 6.25% reduction in the
equivalent work were reported for the multipressure configuration,
whereas total investment increased by 6.4%. The result also depends
on the lean loading of carbon dioxide in the solvent recycled to the
absorber. It has been found that use of a vaccum stripper is an at-
tractive option for solvents with enthalpy of absorption less than
88 kJ/mol of CO,, while the multipressure stripper is favored for
solvents having values of enthalpy of absorption greater than 88 kJ/
mol of CO, [131].

In [128], performances of different alternative configurations have
been ranked as double column>internal exchange>multipressure
with split feed>flashing feed and the best solvent-configuration pair
was found to be MDEA/PZ with the double pressure configuration,
which gave 22% overall energy savings over the simple configuration.
A three-stage flash configuration utilizing solar energy was found
to reduce energy by 6% relative to the simple stripper configura-
tion and optimally locating the intercooled stage can reduce 13%
packing height [119]. In another study [127], different configura-
tions were studied, including a split stream configuration, a multi-
pressure stripper configuration, a vapor recompression configuration,
and a compressor integration; it was shown that the vapor recom-
pression configuration was the best choice because it gave the lowest
total capture cost and CO, avoidance cost. For the vapor recom-
pression configuration, complexity of the process does not increase
very much.

In assessing the economics of these processes, important param-
eters are the operating cost, capital cost, and interest rate. Hence,
the optimal choice of configuration can change with plant location,
interest rate, energy and material costs, and plant complexity [127].
In addition, in comparing the various configurations, the degrees of
freedom, e.g., lean solvent loadings, rich loadings, split fractions,
stripper pressure(s), approach temperature in cross heat exchang-
ers, need to be optimized separately for each configuration.

2-3. Control/Operation

Accurate and predictable steady state models are important for
design and optimization purposes. On the other hand, dynamic mod-
els are required when information on operational challenges (transient
conditions during start-ups, shut-downs and partial-load operations
of the plant to match with grid demands) is desired. Various units
of modern power plants are tightly integrated and their interactions
strongly influence the operation of the process. For example, the
exhaust gas flow rate changes due to the load variations in the up-
stream power plant; such variations in the exhaust gas flow rate can
cause operating problems in the CO, capture plant. Hence, changes
in the power plant’s operating conditions will affect the operation
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of the CO, capture plant, and vice versa. A dynamic model should
allow the user to investigate the effect of various disturbances, to
introduce advancements, to design and test a control system, and
to perform optimization and state estimation [96)].

Because experimental data from dynamic operations of capture
plants are mostly lacking, validation of a dynamic model can be a
challenge. As a first step, most of the authors compared steady state
predictions from a dynamic model with the experimental data avail-
able in the literature. Recently, a dynamic model validation was per-
formed with plant data logs from the University of Texas at Austin
for three cases (the conventional process, and two cases with absorber
intercooling) [114]. After comparison of the absorber temperature
profile, capture level and reboiler duty, it was observed the model
reasonably predicts the dynamic behavior of the pilot plant under
multiple process inputs and disturbances. Also, higher water content
had a negligible effect on the capture level, but significantly affected
the temperature profile; therefore, water content was considered as
an important parameter for dynamic validation. In another study
[99], inlet temperatures of the flue gas and lean solvent were changed
and validated against experimental data from CO2SEPPL test rig
located at the Diirnrohr power station.

A number of dynamic models and some control strategies of the
amine-based chemical absorption process have been presented [95-
102,107,108,112,113,133-144]. Dynamic behavior of the absorber
has been studied in the presence of load variations [95,107], distur-
bances from the stripper [107], start-ups [95], and step changes in
key variables, e.g., the reboiler duty [108,138], flue gas concentra-
tion [108], lean solvent rate, lean solvent loading [140], inlet flue
gas flow [140], CO, concentrations, water concentrations, and CO,
removal targets [140]. Dynamics of the capture system were inves-
tigated by [109] with respect to decreasing power plant output and
increasing capture level varying from 90% to 95%. When the cap-
ture plant was integrated with the power plant, the dynamics of the
absorption plant was found to be slower than the power plant re-
sponse. Dynamic behavior of the capture plant during startups was
studied, and the operation of the absorber column under varying
operating conditions in the up-stream power plant and the down-
stream stripping column was investigated [96]. In another study
[100], the dynamic behavior, absorption performance, and effect of
the L/G ratio on the CO, absorption efficiency were investigated
for four different solvents (MEA, DEA, MDEA and AMP). The
dynamic performance of the capture system was investigated in pres-
ence of disturbance in the flow rate of flue gas and duty of the reboiler
[98]. Changes in the flue gas flow rate and reboiler duty were found
to significantly affect the lean loading, L/G ratio, and CO, removal
efficiency. Lean loading is an important parameter for maintaining
viable operation of the capture system. Very recently, [113] found
the optimum value of CO, capture to be 95%. Sensible heat of solvent
was found to contribute significantly to the energy penalty in the
solvent regeneration, and this part of the energy penalty can be re-
duced through efficient heat integration and waste heat utilization.
In this paper, we performed an optimization study, as opposed to a
parametric study, using a validated dynamic model of a capture sys-
tem, considering the cost associated with CO, capture vs. the cost
associated with CO, emission.

In situations where the demand fluctuates considerably in the
power supply network, advanced control systems can be important
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tools for the power plant with a carbon capture system. In these cases,
minimizing the energy penalty for the capture system is the main
task for the advanced control system [101]. A dynamic model used
for the control system design should predict the influence of distur-
bances from the power plant up-stream on the capture plant’s opera-
tion, when the power plant is operating under varying load con-
ditions. In addition, it should predict the influences of the units of
the capture plant on one another. Furthermore, when a dynamic model
is to be used directly inside a real-time optimizer or an optimization
based controller (e.g., a model predictive controller (MPC)), the
model should be computationally feasible (must be solvable in frac-
tions of real-time). For this type of advanced control, simpler mod-
els are preferred and a trade-off between complexity of the model
and its prediction accuracy may be needed. For this, in addition to
the simplification of the process, use of simpler physiochemical prop-
erty models can further simplify the overall model. In two consecu-
tive papers [101,102], complexity reduction of an absorption model
was addressed and the resulting reduced-complexity model was
found to be ten-times faster with reasonable accuracy [101]. The
model was formulated and solved [102] for use in nonlinear model
predictive control (NMPC) in Modelica platform.

Absorber operation can be controlled during load variations by
manipulating the L/G ratio to the absorber, as performance and oper-
ating conditions of the absorber are known to be much sensitive to
the L/G ratio and lean solvent loading of CO, [107]. Best choices
of controlled variables were identified by using the self-optimizing
control approach [143,144]. Plant-wide control procedure discussed
in this study consists of two parts: “a top-down analysis to optimize
the process for various disturbances and identify primary self-opti-
mizing controlled variables” [143], and “a bottom-up analysis to
identify secondary controlled variables and find the structure of the
control system (pairing)” [144]. In their previous paper [141], the
control structure was designed using the self-optimizing control method
for a fixed rate of 90% CO, removal with the objective of mini-
mizing the energy penalty. In [143], carbon tax on the CO, emis-
sion was considered in order to obtain an optimal trade-off between
CO, removal and energy requirement. In their last paper, dynamic
simulations are used to validate the proposed control structures. For
this, various control structures using decentralized controllers and
model predictive controllers (MPCs) were considered [144]. A multi-
level MPC structure (a low-level and a high-level) was proposed
and developed for an amine based CO, capture system [112]. The
low-level control regulated the solvent level inside the reboiler and
the energy input to the system, whereas the high-level control regu-
lated the extent of the solvent regeneration to minimize the energy
requirements. It was concluded that, with the proposed control struc-
ture, safe operation could be guaranteed along with enhanced pro-
cess flexibility. Up to 10% reduction in the regeneration energy cost
was found to be possible with this technique. The low-level control
was found to give good performance as compared to the control
structure based on independent PIDs controllers. The MPC con-
troller was found to deal with the multivariable interactions and con-
straints successfully and with enhanced flexibility.

Certain aspects of flexible operation of power plants need to be fur-
ther investigated, including quick start-ups/shutdowns, quick changes
in the output, effective operation at partial loads, increase in the maxi-
mum output, decrease in the minimum output, the ability to use dif-
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ferent fuels, and the bypass to allow continued operation during fault
conditions. Chemical absorption models for CO, capture are gener-
ally very complex, and therefore their simulations often run slower
than those for the real time [139]. Models should strike a balance
between accuracy and computational feasibility for use in control
and online optimization, especially if they are to be used in real-
time optimization and control.

PHYSICAL ABSORPTION

Absorption of a solute molecule into a liquid solvent depends
on the partial pressure of the solute in the gas phase. Physical ab-
sorption of acid gases (CO,+H,S) gives good performance when
acid gases have high partial pressure. Hence physical absorption
can be used for pre-combustion acid gases capture, as in an IGCC
power plant. Physical absorption is a well-established process that
has been used commercially for decades to remove acid gas from
natural gas and to remove CO, from syngas (fuel gas) in the produc-
tion of hydrogen, ammonia and methanol [13], but has not been
used in IGCC power plants [7].

Absorption capacity of a physical solvent can be higher than that
of a chemical solvent, since there is no stoichiometric limit as in
the case of a chemical solvent [61]. Hence the circulation rate of a
physical solvent may be less, mainly at a high acid gas partial pres-
sure. Low temperature and high pressure are favorable for absorp-
tion in a physical solvent. The main problem with physical solvents
is that it is necessary to cool the syngas before carbon capture, be-
cause they possess best capacity at low temperatures. Therefore, in
the situation of pre-combustion capture in an IGCC power plant,
cooling and then reheating of the stream before the gas turbine de-
creases the plant’s thermal efficiency and thus increases the overall
cost.

Since solubility depends both on temperature and pressure, an
absorption-desorption process can be realized by temperature swings
or pressure swings. Regeneration can be done by flash regeneration

Clean fuel
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with one or more flash stages, stripping with inert gas, e.g., nitrogen,
thermal regeneration, or a combination of these methods. Gener-
ally, selective (separate H,S and CO,) or non-selective (combined
H,S and CO,) configurations of these physical solvent processes
may be used [24]. As compared to chemical absorption, physical
absorption relies on weaker interactions between the solvent and
the absorbed gas; hence, the regeneration energy requirements are
usually much less. If a new solvent that can absorb CO, at higher
temperatures can be developed, one could design the temperature
swing process without cooling the gas stream to release the absorbed
CO, at a higher pressure, thus reducing the energy penalty for the
CO, compression and reheating of the fuel gas after the capture [145].
This would significantly improve the efficiency of IGCC when the
carbon capture is needed. This benefit can be evaluated against the
energy required for thermal regeneration and the stability of solvent
at high temperature for regeneration [145]. If there is significant
amount of H,S present, thermal regeneration may be required to
achieve the complete stripping of the solvent.

The performance of physical solvent processes can be enhanced
by the improvements such as: the development of a solvent that
has acceptable capacity (high CO, loading) at a higher temperature,
modifying the regeneration conditions to remove the CO, at a higher
pressure, and improving the selectivity to reduce H, and other hy-
drocarbon losses [12]. Other desirable solvent properties include
thermal stability to prevent degradation under thermal regeneration
conditions, low vapor pressure to prevent or minimize solvent losses,
low viscosity to lower the pumping cost, absence of unnecessary
byproducts, and high regeneration efficiency [146]. Physical sol-
vents require just carbon steel constructions because of their non-
corrosive properties. Since synthesis gases do not contain signifi-
cant amounts of hydrocarbons, physical solvents are suitable for
the syngas treating,

1. Physical Solvents

Physical absorption technologies that could be applied to pre-

combustion CO, capture include Selexol™ (dimethylether of poly-
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Fig. 6. Schematic diagram of the selexol™ process for a simultaneous removal of H,S & CO, (modified from Abass A. Olajire, 2010 [13]).
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ethylene glycol), Rectisol® (methanol), glycol carbonate with high
CO, selectivity and low capacity, Fluor (propylene carbonate), Purisol
(N-methyl-2-pyrollidone) and Sulfolane (2,3,4,5-tetrahydrothiophene-
1,1-dioxide). Mixed physical and chemical solvents attempt to com-
bine the attractive qualities of the two solvent types under special
conditions. The best known mixed solvents for this purpose are Sulfi-
nol (mixture of physical solvent Sulfolane and chemical solvent
amines, e.g., MDEA, DIPA) and Amisol (mixture of physical sol-
vent methanol and chemical solvent secondary amines) [61]. As
said, the solvent can be regenerated by any of pressure reduction,
inert gas stripping, and thermal regeneration.
1-1. Selexol™

The Selexol™ solvent by Union Carbide is a physical solvent
based on dimethylether polyethylene glycol [CH;(CH,CH,O),CH;];
where n is between 3 and 9. The Selexol™ solvent based process
is capable of capturing simultaneously (as in Fig. 6) or selectively
(as in Fig. 7) H,S and CO, at higher concentrations. However, CO, is
typically released at a low pressure near the atmospheric pressure
and thus it requires compression to a higher pressure for transpor-
tation and storage.

For selective capturing of H,S and CO,, generally two stages for
H,S and CO, are used as shown in Fig. 7. In the first absorber, the
syngas enters and H,S is captured using a CO, rich solvent coming

Clean fuel
gas

from the CO, absorber. Exit gas from the H,S absorber enters the
second absorber where CO, is removed using the lean solvent. The
treated clean fuel gas from the CO, absorber is sent to the com-
bined cycle gas turbine. The exit solvent from the CO, absorber is
divided into two streams, one of which is sent to the H,S absorber
and the other to a series of flash drums for regeneration. Since CO,
is recovered from a series of flash drums at different pressure levels,
the compression energy required for CO, is less as compared to in
post-combustion capture [7]. Exit solvent from the H,S absorber,
which is rich in both H,S/CO,, is sent to a stripper where the ab-
sorbed gases are released by heating in a reboiler. The first stage
(sometimes the second stage as well) of the flash regeneration is
operated at a high pressure and is used to recover absorbed H, and
CO [147].

The Selexol™ solvent is non-reactive with the gas being treated
and hence there is no formation of heat stable salts, which degrade
the amine-based systems [147]. The Selexol™ solvent has a high
viscosity, especially at low temperatures. The high viscosity decreases
the mass transfer rates and thus increases the packing requirements.
The operating temperature is usually kept low to increase the acid
gas solubility and reduce the circulation rate, but this could be a
disadvantage due to the higher viscosity at lower temperatures. Since
the vapor pressure of the Selexol™ solvent is very low, no water
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Fig. 7. Schematic diagram of the Selexol™ process for a selective removal of H,S & CO, (modified from DOE/NETL, 2010 [7]).
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wash is required to recover the solvent. Operation of the Selexol™
solvent is suitable up to 175 °C and the minimum operating tem-
perature is usually —18 °C [24]. Other advantages of Selexol™ sol-
vent include high chemical and thermal stability, nontoxic, non-
corrosive, non-foaming, and low regeneration energy requirements.
1-2. Rectisol®

The rectisol process is based on methanol solvent which works
under low temperature conditions. This too can be used for a simulta-
neous or selective removal of H,S and CO,. The operating temper-
ature of the Rectisol” process is typically low (—40 to —80 °F) because
of its high vapor pressure. Special recovery methods are required
to prevent high solvent losses. Due to the low temperature opera-
tion, stainless steel can be used for constructing the Rectisol®, which
accounts for 5% of the total materials [148]. Water washing is gener-
ally used to recover the methanol. The process is well suited where
only negligible quantities of hydrocarbons syngas are present in the
treated stream. The methanol solvent is widely available and cheap.
This process is being used for CO, capture at the Dakota Gasifica-
tion Company’s natural gas plant, which is designed for the removal
of approximately 1.5 million tons of CO, per year from syngas [7].
The Rectisol® process is very flexible, and therefore a number of
different process configurations are possible. On the other hand, the
Rectisol® process is much more complex than most other physical
solvent processes. For example, it needs refrigeration due to the low
temperature operation; hence, it is an expensive process.

The Rectisol® process for a selective removal of H,S and CO, is
shown in Fig. 8. The feed gas is cooled with clean syngas and CO,
product. Then, the condensed methanol is separated in a drum and
the feed gas is sent to the CO, absorber. In the lower section of the
CO, absorber, H,S is completely removed while CO, is removed
in the upper part. Since the solubility of CO, in methanol is less than

Clean syngas
Water g

that of H,S, the methanol flow in the CO, removal section is more
than in the H,S removal section. The additional methanol is removed
from the middle of the column, which contains only CO,, while
the methanol leaving at the bottom of the absorber contains both
CO, and H,S. The absorbed CO, is removed at an intermediate pres-
sure by low pressure N, stripping in two columns. H,S is removed
in a stripper by thermal regeneration. The water wash column is
used for the methanol recovery from the CO, product and finally
methanol is recovered from water in a methanol recovery column.
Some of the process configurations and their descriptions can be
found in [24,149,150].
1-3. Fluor

The Fluor solvent process, which is based on the physical solvent
of propylene carbonate (C,H,0O,), is suitable where the feed gas has
a higher partial pressure of CO, and contains negligible or no H,S.
This process is especially useful when loss of hydrocarbons and
hydrogen in syngas needs to be avoided; therefore, it is suitable for
pre-combustion carbon dioxide capture. Fluor solvent is a polar sol-
vent that has a high affinity for CO, [13]. Solvent regeneration is
achieved by pressure reduction because of the weaker bonding be-
tween CO, and Fluor solvent; however, high efficiency gas-liquid
contactors are required [151]. The low solubility of hydrogen present
in syngas translates into (1) reduction in the compression energy for
the recycling of the gas flashed from the first stage of rich solvent
at an intermediate pressure; and (2) reduction in fuel gas losses in
the CO, vent gas stream. The intermediate pressure absorber to re-
move CO, is a recent improvement, which greatly reduces the amount
of the recycle gas to be recompressed, and thus reduces the operat-
ing cost and hydrogen losses [152]. Feed gas chilling can further
reduce the absorption of hydrocarbons and increase the solvent’s
CO, absorption capacity, which results in the reduction of solvent
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circulation rate as well as in the plant cost [153].

At low temperatures, the Flour solvent shows good mass transfer
performance because it does not become too viscous [24]. Ther-
mal regeneration is not possible for the Fluor solvent because it be-
comes unstable at high temperatures. High temperature stripping is
required to completely remove H,S from the rich solvent. Hence
the Fluor process is suitable only where H,S is 50 ppmv and im-
proved vacuum stripping configuration should be used [24]. Fluor
solvent has a higher vapor pressure as compared to DEPG; how-
ever, solvent losses are low and therefore water wash is not required.
The solvent reacts with water and CO, near 90 °C [24]. The operat-
ing temperature of this process is less than 65 °C with the minimum
of —18°C [24]; therefore its process configuration is very similar
to the Selexol™ process.

1-4. Purisol

The Purisol process is based on the physical solvent, N-methyl-
2-pyrollidone (NMP) and it has higher selectivity for H,S over CO,
than all other physical solvents [154]. Hence, it is suitable for selec-
tive removal of acid gases from syngas. It is generally used where
most of the CO, needs to stay in the fuel gas for NOx control in
the gas turbine [155]. The process configuration used for this sol-
vent is very similar to that of the Selexol™ process. The absorption
operation can be conducted either at an ambient temperature or at a
sub-ambient temperature with refrigeration down to about —15 °C.
This solvent has a higher vapor pressure than DEPG or PC, and a
water wash is required for fuel gas and acid gas streams in the solvent
recovery. Solvent recovery is not required when the process is oper-
ated at a sub-ambient temperature [154].

1-5. Mixed Physical/Chemical Solvents

Mixed physical and chemical solvents attempt to combine the
attractive qualities of the two solvent types under special conditions.
The most important mixed solvents based processes are Sulfinol
and Amisol [61]. The Sulfinol solvent is a mixture of a physical
solvent Sulfolane and an amine-based chemical solvent. Generally,
MDEA and DIPA amine based chemical solvents are used in this
mixture. In Shell’s Sulfinol process, a physical solvent Sulfolane
and a chemical solvent DIPA mixed with 15% water are used. In
its further development, Shell used MDEA instead of DIPA. The
main advantage of Sulfinol is that it tolerates a much higher acid
gas loading without becoming corrosive [156]. The Amisol pro-
cess is based on a mixture of a physical solvent as methanol and a

Table 5. Properties of physical solvent [23]

Table 4. Solubilities of gases in physical solvents relative to CO,
[155]

DEPGat PCat NMPat MeOH at

Gas component 25°C  25°C  25°C  25°C

Hydrogen 0.013  0.0078 0.0064  0.0054
Nitrogen 0.020  0.0084 - 0.012
Oxygen - 0.026  0.035 0.020
Carbon monoxide 0.028 0.021 0.021 0.020
Carbon dioxide 1 1 1 1
Hydrogen sulfide 8.82 3.29 10.2 7.06
Water 730 300 4000 -

chemical solvent of either MEA or DEA, with a small amount of
water. Another combination that is suitable for removal of large quan-
tities of CO, uses MDEA instead of MEA or DEA [157]. However,
there is no significant study regarding mixed physical and chemi-
cal solvents in open literature.

1-6. Comparisons

Selexol™, Rectisol®, and Purisol solvents are more selective for
H,S over CO, and for CO, over other components than Fluor as
shown in Table 4. Also, the Fluor solvent is unstable at temperature
of 93 °C and therefore it is not suitable for selective H,S, which re-
quires high temperature stripping to completely strip H,S from the
rich solvent. The Fluor solvent can be used for selective H,S removal,
if H,S is present in trace amounts [22]. The Fluor solvent process
with improved stripping can be used for a removal of H,S from 200
ppmv to 4 ppmv [24].

Viscosity of the Selexol™ solvent is the highest and thus the pro-
cess requires larger pumping power for solvent circulations, while
the viscosity of Rectisol® solvent is the lowest among the studied
physical solvents, as shown in Table 5. However, the vapor pres-
sure of the Rectisol® solvent is much higher, and it requires refrig-
eration as the absorption must occur at a low temperature to avoid
solvent loss. Additional energy is consumed in the Rectisol® process
for heating before the cleaned syngas is sent to the gas turbine. The
operating range for the Selexol™ process is larger as compared to
the other physical solvents. The solubility of CO, does not vary much
with the choice of physical solvents. On the other hand, the solu-
bility of H,S in the Purisol solvent is more than three-times larger

Solvent DEPG PC NMP MeOH
Process name Selexol™ or coastal AGR Fluor solvent Purisol Rectisol®
Viscosity at 25 °C (cP) 5.8 3.0 1.65 0.6
Specific gravity at 25 °C (kg/m?) 1030 1195 1027 785
Molecular weight 280 102 99 32
Vapor pressure at 25 °C (Pascal) 0.0973 11.332 53.329 16 665.298
Freezing point (°C) -28 —-48 -24 -92
Boiling point at mmHg (°C) 275 240 202 65
Thermal conductivity (watt/meter/K) 0.1902 0.2075 0.1643 0.211
Maximum operating temperature (°C) 175 65 - -
Specific heat at 25 °C 0.49 0.339 0.4 0.566
CO, solubility (m*/US gal) at 25 °C 0.01373 0.01288 0.01351 0.01203
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than in the Fluor solvent as shown in Table 4.

Advantages of the Rectisol® solvent include absorption capacity
9.7 times larger than NMP [149], high selectivity towards acid gases
as shown in Table 4, less regeneration energy consumption due to
its low boiling point, low viscosity, and excellent thermal and chemi-
cal stability.

2. Application of PSE Concepts and Tools

Since all the physical solvents discussed in this section are propri-
etary solvents, one does not find significant data in the open literature.
Hence, only few papers can be mentioned with regard to applica-
tions of process systems engineering concepts and tools to physical
absorption processes. Most of these papers are about carbon cap-
ture as a part of an IGCC power plant [74,158-163], where little
information is given on the modeling/simulation of the carbon cap-
ture part. However, a few of them [24,149,150,164] include signifi-
cant details for process configurations, simulations, and optimization.
In addition, absorption models for Selexol™, Rectisol®, Purisol and
Fluor solvent are available in commercially available software Aspen
Plus.

Available literature studies include comparisons of different sol-
vents and process configurations, and the details are discussed here.
A simple solvent comparison study in terms of acid gas removal
ability, equipment required and power consumptions bas been con-
ducted using the process simulation program ProMax® [24]. The
study showed that Rectisol® process requires the least circulation
rate and least net power, but involves more equipment than other
solvent processes. The single stage and two stage process configu-
rations for Rectisol® process have been simulated in Aspen Plus
and comparison has been made in terms of capture ability, heat re-
covery, equipment requirement, power consumptions, and envi-
ronment emissions/cost [149]. According to this study, the single
stage configuration is preferred since it gives 2.4 times higher CO,
recovery and consumes only about one-third of the refrigeration
energy as compared to two-stage configuration. Performance of CO,
removal from crude synthetic natural gas (SNG) has been studied
by process simulations in Aspen Plus for the Selexol™ process. In
terms of energy consumption and CO, removal ability, the best per-
formance was found at 20 bar pressure [164]. The performance of
different solvents (MDEA, Selexol™, Rectisol® and Purisol) has
been investigated in Aspen Plus, and the Selexol™ solvent based
process was found to be the best in terms of energy efficiency for
pre-combustion carbon capture at the IGCC power plant feed con-
ditions [150].

Techno-economic performance characteristics of four different
capture technologies (physical absorption using Selexol™, a water-
gas-shift reactor membrane, an IGCC integrated with a single stage
chemical looping combustion (CLC), and an IGCC integrated with a
two stage CLC have been studied using the process simulator pack-
age called ECLIPSE, and the membrane based capture system was
found to be the best [158]. Process simulations using Aspen Plus
and GateCycle have been performed to compare the conventional
physical absorption capture and CLC for pre-combustion carbon
capture at an IGCC plant [74]. The CLC based pre-combustion cap-
ture was found to be more efficient than the conventional pre-com-
bustion capture using physical absorption, as 100% capture was
shown to be possible for the former.

Physical and chemical absorption processes as a part of an IGCC

power plant were modeled in Aspen Plus. After an initial selection
based on the energy performance, three processes were selected
for further study, which were Selexol™, Rectisol® and MDEA, and
the Rectisol® process was found to be the most promising option
for an advanced high pressure IGCC power plant [159]. In some
other studies involving the Selexol™ process as a part of an IGCC
[160,163], the effect of the capture level on the energy performance
was analyzed and the optimal level of CO, capture was found to
be ~85 to 90% [163]. A solvent comparison study in an IGCC power
plant using Selexol™, Rectisol® and MDEA has been performed;
the main focus was on the evaluation of energy integration options
[161]. A stochastic model [162] of an IGCC employing the Sel-
exol™ process was used to evaluate the effect of uncertainties in
key process and cost parameters. In this study, we also investigated
the effect of capture efficiency on the power requirements, efficiency,
capital cost, cost of electricity (COE), and CO, avoidance cost. The
lowest CO, avoidance cost was obtained at the 90% capture level.

ADSORPTION

An adsorption process is basically composed of two steps, adsorp-
tion and regeneration, which operate on a repeated cycle. In the ad-
sorption step, the gas stream is fed to a bed of solid adsorbent, which
adsorbs CO, selectively until equilibrium is reached. An adsorption
process possesses a number of advantages over the conventional
absorption process including: low regeneration energy requirements,
no liquid waste (the solid waste can be disposed with less environ-
mental concern), and a much wider range of possible operating tem-
perature (typically ranging from ambient temperature to 700 °C)
[165]. The adsorption process for CO, capture has not been com-
mercialized yet, but it is expected to play a major role in CO, capture
if adsorbents with improved capacity, selectivity, and stability can
be found. Adsorption processes can be categorized in terms of adsor-
bent bed types and process configurations as fixed bed, moving bed,
and fluidized beds.

1. Physical Adsorption

Physical adsorption uses the affinity of CO, to material surfaces.
No chemical bond is formed; instead, it relies on the weak van der
Waals forces. CO, can be separated by solid adsorbents that attract
it preferentially from a stream of gases at a high pressure. Highly
selective adsorbent materials can capture CO, even in small con-
centrations. Chemical potential of CO, is higher in the solid phase
as compared to the gas phase, and the adsorbent materials are capable
of reversing the chemical potential of the solute gas component in
the solid phase to release CO,. The chemical potential can be reversed
either by changing the pressure or by stripping with inert gas or steam.
Adsorption depends on the operating temperature and pressure, sur-
face forces, and adsorbent pore size. Adsorption capacity increases
with higher partial pressure of CO, and lower temperature. Low
regeneration energy requirement and low time for regeneration, as
it often can be done with pressure swings, are the main advantages
of physical adsorption. Physical adsorbents offer the potential advan-
tage of low heat of adsorption of CO,. On the other hand, high se-
lectivity materials for CO,/N, are required. In addition, most physi-
cal adsorbents prefer H,O adsorption over CO, adsorption [166],
and therefore, flue gas must be dried before being brought into con-
tact with the physical adsorbent.
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2. Chemical Adsorption

Chemical adsorption, as opposed to physical absorption, involves
gas molecules forming chemical bonds with the surface of the adsor-
bent to form surface compounds, in a reversible reaction. The di-
rection of the chemical reaction can be reversed in the regeneration
step, generally performed at a high temperature. Regeneration by
changing the temperature can potentially improve the efficiency if
the temperature change needed is not too large [61]. On the other
hand, the temperature swing may require a longer cycle time due
to the heat capacity of the adsorbent material.

Dry regenerable solid sorbents are typically considered for CO,
capture from flue gas in a chemical adsorption process. Chemicals
such as amines, sodium carbonates, and potassium carbonates can
be immobilized on the surface of solid support to create a solid re-
generable sorbent. High surface area support materials used for this
purpose include alumina or silica, while chemicals such as alkali
carbonates react with CO, and water to form alkali bicarbonate. An-
other example is polyethylenimine (PEI) sorbent, which is a novel
nanoporous polymer supported amine sorbent, called molecular bas-
ket sorbent (MBS). These structures offer a number of potential ad-
vantages including high sorption capacity and selectivity for CO,,
high sorption/desorption rates, good regenerability and stability during
the sorption/desorption cycles, low energy consumption, special func-
tionality, promoting effect of moisture in the gas on sorption capac-
ity (as presence of water in the feed is necessary for the formation
of bicarbonate), and almost no or reduced corrosion [166]. They are
typically implemented in a TSA process, producing pure CO,/water
product which can be separated further via cooling and compres-
sion. Heat recovery from a solid adsorbent is more difficult than
that from a liquid solvent, however, a fact that diminishes the heat
capacity advantage of solid sorbents compared to the liquid amines.
Chemical adsorbents typically have high heat of reaction with CO.,.
3. Regeneration Techniques

The adsorbent material can be regenerated by using one of the
following techniques: pressure swing adsorption (PSA), vacuum
swing adsorption (VSA), hybrid vacuum-pressure swing adsorption
(VPSA), temperature swing adsorption (TSA), electric swing adsorp-
tion (ESA), hybrid pressure-temperature swing adsorption (PTSA)
and hybrid vacuum-temperature swing adsorption (VTSA). PSA
and TSA have been used in H, production, O, separation, and CO,
removal from natural gas, but not in large scale power plants. Sig-
nificant literature is available in a review [32] for temperature and
vacuum swing adsorbents including zeolites, carbon molecular sieves,
metal organic frameworks, microporous polymers, and amine-mod-
ified sorbents.

3-1. Pressure Swing and Vacuum Swing Adsorption

PSA and VSA are attractive options given the low power con-
sumption, fast regeneration, and simple operation [167,168]. They
are used in most of the commercial adsorption applications. How-
ever, the main drawback in post-combustion CO, capture is the cool-
ing and drying requirements of flue gas. In some cases, removal of
SOx in order to avoid poisoning of the adsorbents is also required.
Presence of water may lower the performance of the adsorbent, re-
ducing the CO, capacity [167]. PSA is used where high purity is
required as the lower vacuum level gives both high purity and recov-
ery [169]. Various PSA and VSA cycles have been demonstrated
for different cycle configurations and adsorbents.
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Zeolite 13X has shown superior performance over activated car-
bons using the VPSA cycle, achieving purity up to 99%, and re-
covery rates of 53% and 70% for the low and high CO, flue gas
concentrations, respectively [170]. The VSA process is a promising
technology because it is highly flexible as compared to other pro-
cesses in terms of cycle design, changes in fuel/flue gas conditions,
targeted recovery/purity levels, and energy consumption. The effect
of impurities and water in fuel/flue gas on the performance of the
VSA process should be evaluated further [171].

3-2. Temperature Swing Adsorption

The adsorbent may also be regenerated by increasing the tem-
perature of the adsorbent bed, and the process is called temperature
swing adsorption (TSA). TSA has been evaluated for its potential
in CO, capture, mainly in order to reduce the energy requirements.
TSA may be applied on both physical and chemical adsorption, but
water should be absent in TSA; however, water promotes the adsorp-
tion in alkali metal based adsorbents, i.e., chemical adsorption. Sensi-
ble and stripping energy requirements are lower as compared to the
absorption process because large amount of water is not required
to heat and cool in absorption/desorption cycle. Large energy is re-
quired to pressurize the captured CO, for transport and storage when
PSA or VSA is applied as they release the CO, at low pressures
[172]. In this sense, TSA and ESA can be an attractive alternative
for the regeneration, but large regeneration time is the main draw-
back for TSA. The PSA process can regenerate the adsorbent in a
few seconds, whereas TSA could take hours. Hence lowering the
cycle time by lowering the heat capacity or increasing the cooling
rate, e.g., through the use of adsorbents on hollow fibers, is one of
the challenges. The main drawbacks of TSA are low productivity
(large amount of adsorbent is required) and dilution of the des-
orbed gas by the addition of purge gas. By using indirect heating
using internal heat exchanger, a TSA process may be designed to
avoid these drawbacks [173,174]. Advantages of using purge gas are
increased desorption rate as a result of the CO, component being
pushed out and increased heat transfer coefficient, which in turn
reduces the regeneration time [175].

3-3. Electric Swing Adsorption

In electric swing adsorption (ESA), the adsorbent is regenerated
by passing a low-voltage electric current. The ESA process pro-
posed in [157] requires less energy than other regeneration pro-
cesses, but this process is not commercially ready yet. In the ESA
process, carbon fiber composite molecular sieve (CFCMS) is used
[157]. CO, adsorption from syngas has been tested by using the ESA
process utilizing CFCMS with a monolithic structure; the regener-
ation is performed by applying low voltage across the carbon fiber
adsorbent. In the ESA process, an activated honeycomb monolith
is used to achieve high recovery (89%) with only 16% purity [31].
Due to low CO, adsorption capacity of activated carbon and an add-
itional step of product rinsing to increase the purity is required, the
authors suggested exploring an alternative adsorbent.

3-4. Hybrid Pressure and Temperature Swing Adsorption

A hybrid PTSA process has been studied by Tokyo Electric Power
Company (TEPCO) and Mitsubishi Heavy Industries [176] using
high capacity/selectivity adsorbent zeolite Ca-X(/). The study re-
ported 11% reduction in the power consumption as compared with
the conventional PSA. In another study for post-combustion capture,
the purity of 99% and recovery of 90% were achieved using zeolites;
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however, the energy penalty was high at 5.6 MJ/kg CO, [177].
4. Types of Solid Sorbents

Adsorption is a surface phenomenon, in which atoms, ions, or
molecules (it could be gas, liquid or dissolved solid) stick to the
adsorbent surface. On the other hand, absorption is a bulk phenome-
non (as it involves the entire volume of the absorbing substance) in
which a fluid is dissolved by a liquid or a solid (absorbent). Solid
sorbents can be classified into adsorbents (physical adsorption) and
absorbents (chemical adsorption/dry absorption). Various solid sor-
bents have been proposed for removal of CO, from fuel/flue gas
including carbonaceous materials/activated carbon, zeolite molecu-
lar sieves, and metal organic frameworks (MOFs) materials, which
are adsorbents; and lithium zirconate, lithium silicate, sodium car-
bonate, potassium carbonate, amine supported sorbents, and metal
oxides, which are absorbents.

The desirable features of the sorbent material are a high surface
area to volume ratio, low energy requirements for adsorbent regen-
eration, low regeneration time, high adsorption capacity, resistance
to attrition over multiple regeneration cycles, high selectivity, good
performance at the high temperatures encountered in IGCC power
plants, low cost raw materials, thermal and chemical stability, and
low heat capacity.

4-1. Physical Sorbents
4-1-1. Molecular Sieve Adsorbent/Zeolites

Zeolites are specially designed and arranged molecular sieves with
uniform-sized pores of molecular dimensions that are capable of
separating molecules based on the difference of molecular weight
or size. Zeolite materials are known to possess good adsorption prop-
erties, provide flexibility in operation, and be cost effective [178].
These materials can produce pure CO,, but they come with high
energy penalties for vacuum pumps and dehumidifiers [33]. Some
studies have shown high selectivity of certain zeolites at high tem-
peratures (450-700 °C) for CO, capture. Experimental studies have
shown the benefits of zeolite SA and 13X over silica gel for CO,
capture [37].

4-1-2. Activated Carbon

Activated carbon materials have high surface areas and high CO,
adsorption capacity. They are also water-resistant and cheaper than
zeolites, and they can be easily formed into different shapes (mono-
lith, bead, fiber, granular) [179]. Activated carbon can be used for
both post-combustion [180] and pre-combustion [181] capture of
CO,. A commercially activated carbon (Norit R2030C0O2) has been
tested for post-combustion capture and it has been shown to pos-
sess sufficient CO,/N, selectivity with maximum recovery of 97%
[180]. This commercial adsorbent, when used for pre-combustion
capture, has given maximum CO, capture capacity of 3.96 mol/kg
adsorbent and breakthrough time of 10.50 minutes [181]. It has been
shown that activated carbons possess lower adsorption capacity than
zeolites at low pressures, but this is actually reversed at higher pres-
sures [182]. The good fluidization properties, and minimum dust
formation/attrition losses during the adsorption and regeneration
(achieved by using spherical beads), can make this material a prefer-
able choice over the zeolites [179]. Adsorption equilibrium and kinet-
ics of CO, in activated carbon beads have been studied over a wide
range of temperature and pressure [179].

4-1-3. Molecular Organic Frameworks (MOFs)
Metal organic frameworks (MOFs) are emerging microporous

crystalline structures and are lately receiving much attention for use
in post-combustion CO, capture. MOFs are 3-D structures formed by
central metal cations with well-defined coordination geometry linked
together by organic molecules (ligands) holding void spaces. The
void spaces in such a structure can be used to adsorb large amounts
of CO, with low energy penalty and cost [ 14]. Due to their ability to
form various configurations based on the types of cation and organic
molecules, a large number of MOFs can be synthesized. Therefore,
important parameters such as pore size and topography can be easily
tuned by selection of various combinations of cation and organic
molecules. Presence of water vapor can damage their structure and
impurities in flue gas can radically reduce the capacity of MOFs
[184]. Adsorption capacity of MOFs decreases at high temperature,
and also at low partial pressure of CO, it becomes lower as com-
pared to zeolites and activated carbon [185]. However, at higher
partial pressure of CO, their adsorption capacity was observed to
be larger than zeolites and activated carbons [186]. It was reported
that a container filled with MOF-177 at 35 bar can capture nine-
times the amount of CO, when compared to a container without
adsorbent, and about two-times the amount compared to that filled
with zeolite or activated carbon [186]. These materials hold great
potential for future applications in CO, capture; however, some major
challenges such as high cost of materials and lack of experimental
data for complete adsorption/desorption cycles limit their large-scale
adoption at current time [184].
4-2. Chemical Sorbents

Regenerable solid sorbent based processes hold high promise
for being cost effective and energy efficient. They also can be used
for the post-combustion CO, capture in existing coal-fired plants
and be easily integrated into new power generation facilities. Sor-
bent materials like alkali metal carbonates are suitable for use in
the coal-fired power plants, incorporating wet flue gas desulfuriza-
tion, as sorption phenomena are enhanced by water present in the
flue gas. Significant research efforts have been devoted to the devel-
opment of this type of process by a number of worldwide research
institutes, including the DOE/NETL, RTI, LSU in USA, the KNU,
KEPRI, KIER in Korea, and the Southeast University in China [187].
The sorbents can be classified as natural sorbents (CaCO;, NaHCO;,
MgCO;), which come with fast reaction kinetics and cheap prices;
synthetic sorbents (LiZrO,, LiSiO,, K,CO,), which generally give
slower carbonation kinetics and higher production costs but much
longer durability [188]. The sorbents can also be classified as high
calcination temperature sorbents (CaCO;, 930 °C) and low temper-
ature sorbents (NaHCO,, 120-170 °C, K,CO,, 70-140°C) [188].
High temperature sorbents are more suitable for heat integration of
the capture process with the power plant cycle. These sorbents require
support, for which various materials like Al,O;, activated carbons,
TiO,, MgO, ZrO, and SiO, have been examined [189-192].
4-2-1. Lithium Based Sorbents

Lithium zirconate [193-195] and lithium silicate [196-205] have
been studied and found to be favorable for CO, capture since absorp-
tion based on these materials can be operated as TSA and the operat-
ing temperature can be made much nearer to the syngas temperature.
Note that the phenomenon here is one of solid absorption as it occurs
beyond the surface of the solid lithium compounds, which are typi-
cally prepared in the pallet form. On the other hand, many previ-
ous review papers have categorized them as adsorbents, perhaps
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because they are used as solid beds in the process. In this paper, we
chose to include them in the adsorption section following this practice.

This technology is based on the following reversible chemical
reaction of the absorbent with CO,:

Li,ZrOy(s)+CO,(g) <> Li,COy(s)+Z1Oy(s)
Li,SiO,(s)+CO,(g) <> Li,SiO(s)+Li,COy(s)

The reaction of lithium zirconate is reversible in the temperature
range of 450 to 590 °C, and therefore absorbent can be regenerated
using TSA. Here, the reaction accelerates the CO, absorption pro-
cess. The equilibrium temperature of the lithium silicate is 720 °C
[206] and absorbs CO, below this temperature and releases CO,
above it. The lithium silicate based technology is a strong candi-
date to emerge as one of the winners among the competing CO,
capture technologies, owing to its large capacity, rapid absorption
rates, wide range of operating temperature and concentration of CO,,
good stability, and attrition resistance. However, lithium based mate-
rials are expensive. The absorption rate in lithium silicate is roughly
30 times faster than in lithium zirconate [207], and also its absorption
capacity is about four-times higher, reducing the weight of absorbent
by 23% [208]. Also, the cost of raw material SiO,, required for lithium
silicate, is lower than that of ZrQ, for lithium zirconate [196].This
technology not only captures CO, but also promotes the water gas
shift reaction and can also be used as sorbent enhanced water gas
shift (SEWGS). Due to its promising properties, lithium silicate has
also been considered for post-combustion capture. However, low
absorption rates after some reaction time at a moderate tempera-
ture near the water gas shift temperature are a major problem.

A double shell model was proposed to represent the mechanism
of CO, absorption on lithium silicate [197,209]. According to this
model, the resultant molten lithium carbonate shell facilitates the
CO, diffusion through the carbonate layer. Lithium carbonate and
lithium metasilicate are formed when CO, diffuses to the surface
of lithium silicate and reacts with Li" and O*". Unreacted lithium
silicate and lithium carbonate are then covered with a solid shell of
lithium metasilicate, and also a solid shell is formed outside lithium
metasilicate. For the reaction to proceed further, Li*, 0>, and CO,
have to diffuse through the lithium carbonate shell. Hence, due to the
continuous build-up of the product layer, the absorption rate begins
to decrease. This resistance can be reduced significantly by doping
potassium carbonate to lithium silicate, because lithium carbonate
forms a eutectic melt with potassium carbonate and the liquid shell
can decrease resistance to the CO, diffusion [194]. Synthesis meth-
ods are very important as lithium silicate materials with large sur-
face areas should be prepared.

One of the problems with lithium silicate is the lithium sublima-
tion as Li,0, as shown in the reaction below.

Li,Si0,<>Li,Si0s+Li,0

When the feed gas is supplied to the absorbent at a high tempera-
ture (>200 °C), the reaction between lithium zirconate and water
does not occur [210]; this high temperature is also favorable for the
absorption kinetics. Decomposition of lithium silicate did not take
place at temperatures even above 900 °C; hence, there is no adverse
effect of thermal decomposition [208].

Using different synthesis methods, different particles sizes of the
lithium silicate absorbent can be obtained. The stability of lithium
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silicate depends on particle sizes, and this happens due to the lithium
sublimation, which is induced on small particles [211]. Also, parti-
cle sizes affect the kinetic parameters for the chemisorption and dif-
fusion process [211]. Different multiple CO, absorption/desorption
cycles were performed to investigate the durability. Sensitivities of
CO, sorption capacity with respect to the sorption temperature, type
of silica, and doping method with K,CO; have been investigated.
The selected absorbent maintained its original capacity after opera-
tion of multiple absorptions/desorption cycles [212].

Reactivity of the lithium silicate with CO, can be improved by
doping with metals such as aluminum or iron [212] and by using
alkali carbonate promoters such as K,CO, [195]. Solid state doped
lithium silicate was prepared by using different types of silica (amor-
phous and crystalline) and two doping methods (eutectic doping
and 10 mol% K,CO;) for use in a condition of high temperature
and low CO, concentration [212]. Pure lithium silicate powder was
used to investigate the CO, absorption capacity by TGA (thermo-
gravimetric analysis) and, the capacity change over multiple cycles
was monitored. The absorbent’s performance in terms of absorp-
tion rate and capacity was found to be improved significantly by
using amorphous silica and the doping method [212].

The effect of feed rate, amount of absorbent and the suspension
concentration on the CO, recovery was evaluated in a slurry bubble
column using lithium silicate suspended in molten salt. This sys-
tem can rapidly absorb and desorb CO, with no drop in CO, recov-
ery with repeated cycles [213]. Lithium silicate suspended in molten
salt was proposed and CO, solubility and mass transfer were inves-
tigated. The sensitivities of CO, recovery to the gas feed rate, quantity
of absorbent, and suspension concentration were evaluated. It was
concluded that the absorption rate was highly dependent on feed
gas rate, but not on adsorbent quantity and suspension concentra-
tion. This system was found to be very promising, giving high ef-
ficiency in recovering. Nano crystalline lithium silicate prepared in
micro emulsion has shown improved CO, absorption capacity and
fast cycle time at high temperatures [214].

4-2-2. Sodium Based Sorbents

Sodium carbonate can also be used for post-combustion CO, cap-

ture from flue gas by making use of the following reactions:

Na,CO;(s)+CO,(g)<>2NaHCO4(s) AH'=—135 kJ/mol Na,CO,
Na,CO4(s)+0.6CO,(g)+0.6H,0(g) <> 0.4[Na,CO,-3NaHCO,(s)]
AH’=-82 kJ/mol Na,CO,

In this reaction, equal amounts of CO, and H,O in moles are pro-
duced during the regeneration step and then water is condensed to
obtain relatively pure CO, for storage. Temperature ranges for CO,
capture (60-70 °C) and regeneration (120-200 °C) for Na,CO, are
very similar to those in the amine absorption [215]. A preliminary
estimate showed that the regeneration energy needed is comparable
or less than that for MEA regeneration. Laboratory studies indicate
that 15% supported sodium carbonate sorbent will absorb signifi-
cant quantities of CO, from simulated flue gas in a down-flow con-
current reactor system with a gas-solids contact time of approximately
15 seconds. The reaction occurs between 25 °C and 62 °C, and is
favored by low temperatures and high sorbent-to-gas ratios [216].

Research Triangle Institute International (RTI) has been devel-
oping a sodium carbonate process and they have demonstrated this
process on a pilot scale. Regeneration can be achieved by a tem-
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perature swing of ~60 K [115]. RTT has developed and tested several
types of sodium carbonate based sorbents, which are abundant and
relatively cheap. Various methods of preparation have been tested
to exploit the higher surface area and mechanical strength of these
materials [187]. Besides sodium carbonate, sodium metazirconate
Na,ZrO, has also been tested for sorption of CO, in the presence
of water vapor at low temperatures (30-70 °C). The theoretical CO,
absorption capacity on Na,ZrO; is 10.8 mol’kg, when water vapor
is present in the gas stream, which is twice the capacity on sodium
carbonate in dry conditions. The reaction mechanism and kinetic
analysis have been studied for Na,ZrO, carbonation process in the
presence of water [217].

In [219], a series of Na,CO,-based sorbents were studied by co-
ating the Na,CO; material onto metal foils, with loading of Na,CO,
on Al,O, in the range of 25-40 wt%. A fixed bed reactor was used
to study the performance of these sorbents at various water con-
centrations and absorption temperatures. The performance of the
sorbent coated metal foils was compared with a series of Na,CO;/
Al,O; powder sorbents with same concentration of Na,CO, as in
the case of foil samples. For most of the cases, the performance of
powder based sorbent was better as compared to the foil based sor-
bents, but highest performance (~7.7 mol of CO,/kg of Na,CO;)
was observed for the case of 35% Na,CO,/Al,O, sorbent coated on
foil. The stability of the sorbent was tested for 500 cycles and found
to be competitive with the existing methods [219].

4-2-3. Potassium Based Sorbents

Extensive studies have been conducted using dry potassium-based
sorbents in Korea (e.g., Kyungpook National University (KNU)
[189-191,219-222], Korea Electric Power Research Institute (KEPRI),
and Korea Institute of Energy Research (KIER)). KNU’s research
team has been developing various sorbent formulations, which are
tested in a fixed bed reactor as powdered sorbents [189-191,219-
222]. They have also tested absorption and regeneration properties
of K,CO, and support materials such as activated carbons, TiO,,
AlO;, MgO, SiO, and zeolites [189-191]. KEPRI has been work-
ing on synthesis of spherical particles for fluidized-bed reactors [223-
227]. KIER has developed a capture process involving two fluid-
ized-bed reactors [192,225-229] for testing the sorbents supplied
by KEPRL

Potassium carbonate absorbs CO, according to the reaction:

K,CO4(s)+COx(g)+H,0<>2KHCOL(s)
AH,=-141.23 kJ/mol Na,CO,

K,CO,/ALO; sorbents were tested for 60 days in a CO, capture pilot
plant built for unit 3 of Hadong thermal power station in Korea. The
SOx of 10-40 ppm in the flue gas reacted only with K,CO,, and
not with Al,O,, to form K,SO,, which is quite stable in a wide range
of temperature (i.e., 180-550 °C) [192].

Physical properties and reactivities of six potassium-based sor-
bents (35 wt% K,CO, in all sorbents) were tested to evaluate their
applicability to a fluidized-bed capture process. All the sorbents have
shown adequate attrition resistance and reactivity, and were regen-
erated almost completely at temperatures less than 140 °C [223].
They have been tested in a process composed of two fluidized-bed
reactors. The effects of gas velocity, solid circulation, carbonation
temperature, and water vapor content were evaluated for CO, cap-
ture from flue gas. Carbonation temperature in the fast fluidized

reactor ranges from 70 to 90 °C. CO, removal was found to improve
with the increasing solid circulation rate and water vapor content
and the decreasing gas velocity. The water vapor content in the flue
gas was found to have a major effect on the overall CO, removal
[225]. K,CO,-based sorbent with a~alumina showed better regen-
eration properties compared to K,CO;-based sorbent using jalu-
mina as support material. The reaction rate of K,CO; was found to
be slower and the capture capacity reached only 80% of the theoret-
ical value. The flow regime achieved in the fluidized bed was
shown to have strong effects on the performance of CO, capture.
The turbulent fluidization provided a higher capacity of ~290 g CO,/
kg K,CO, sorbent, when compared to the multiple bubbling and
fast fluidization regimes, resulting in the capacities in the range of
210-230 g COy/kg K,CO; sorbent [230]. Potassium based sorbent
process has several advantages including good gas-liquid contact
for smaller sorbent particles, ease in sorbent make-up handling, ease
in control of carbonation temperature, and steady operation [223].
4-2-4. Supported Amine Sorbents

Supported amine sorbents are composed of amine functional groups
immobilized on or grafted onto the high surface area support. The
performance of supported amine sorbents can be optimized by tun-
ing support characteristics, amine type, and its loading. Activated car-
bons, zeolites, polymers, and silicas have been considered as support
materials [231].

Upon contact with flue gas, supported amine sorbents chemically
adsorb CO, and water. High temperatures in the regeneration drive
the reaction in the reverse direction to regenerate the amine while
releasing CO, and water. The amine surface is adequately stable to
withstand the regeneration conditions. The supported amines exhib-
ited the highest working CO, capacities among the physical adsor-
bents studied for comparison with supported amine sorbents, although
they can become poisoned by the presence of SO, [232]. Silica-amine
sorbent can contain large amounts of loaded amines, and a tradeoff
is required between the amine loading and the remaining surface
area of the support. When the pores of the support are filled with
the amine, CO, sorption capacity is large, but at the same time there
is little room available within the composite for gas transport. Oxy-
gen present in the flue gas can degrade amine-based sorbents [32].

TEPA supported silica and polymethylmethacrylate sorbents have
been studied for post-combustion CO, capture using a lab-scale cir-
culating fluidized bed reactor. The amine loading and pore volume
have significant influence on the sorbent CO, capacity. CO, was
captured from dry flue gas with a difference of only 70 °C between
the absorber and desorber temperatures (40 °C and 110 °C, respec-
tively). High purity CO, product above 90% was obtained [231].
High heat of CO, absorption is required for amines and the inability
of thermal exchange of many support materials can lead to increase
in adverse heat effects during absorption. This in turn affects the
absorption capacity of the different types of amine supported sor-
bents [233]. These heat effects can be avoided by employing novel
support structures for efficient heat and mass transfer, as discussed
in the next subsection of novel structured sorbents.

4-2-5. Novel Structured Sorbents

Structured sorbent modules such as hollow fiber and monolithic
sorbents can be an alternative for removing the deficiencies of the
traditional fixed bed and fluidized bed configurations in both phys-
ical and chemical sorption processes. The advantages of structured
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sorbents include low energy consumption, higher throughput, higher
recovery and purity of product due to even flow distributions, low
mass transfer resistance, and low pressure drop with reasonable sorp-
tion capacity [234]. Hollow fiber sorbents are such structured sor-
bent systems that can mitigate thermal effects associated with fixed
bed sorption by allowing rapid heat and mass transfer; the heat transfer
material can simply be steam or water [235]. Hollow polymeric
fibers have been used with sorbent particles embedded in the porous
fiber wall for post-combustion capture in a rapid TSA process. Cool-
ing water is circulated during absorption to prevent temperature rise
due to heat of absorption, while steam or hot water is circulated during
desorption to desorb CO, rapidly. Kinetic limitations in these sys-
tems can be overcome by increasing the superficial gas velocity and
fiber packing. Hollow fiber sorbent systems are well-suited for use
with amine absorbents, as it has been shown using amine-polymer
system (PEI) [236]. Further details of these structured sorbents can
be found in the literature [237-239].

5. Applications of PSE Concepts and Tools

Applications of PSE concepts and tools to CO, capture using ad-
sorption include multiscale simulations to investigate structural and
physical properties of sorbent materials, modeling of adsorption
isotherms, and process-level modeling for complete adsorption/des-
orption systems to find optimal operating conditions and cycle time.
5-1. Multiscale Modeling/Simulations

Multiscale simulation, which is a powerful tool to investigate gas-
solid interactions, can be used to match experiment in the design of
new materials. Molecular force fields required for the Grand Canoni-
cal Monte Carlo (GCMC) simulations can be obtained either from
empirical methods or from first-principles calculations. First princi-
ples force field-based GCMC calculations give significantly enhanced
accuracy as well as additional information regarding the gas-solid
interactions as compared to the conventional empirical force field-
based GCMC methods. Whereas the lack of force field parameters
for the empirical force field methods limits the study of adsorption
for novel adsorbents at molecular level, multiscale simulations based
on first principles or density function theory (DFT) calculations pro-
vide a general and efficient means of obtaining performance pre-
dictions. The development of accurate force field for material inter-
actions is still a main issue in multiscale simulations. However, it is
clear that use of molecular-level simulations along with experiments
can significantly speed up the process of developing novel adsor-
bents for CO, capture [240].

Adsorption structures, adsorption energy, Gibb’s free energies and
bicarbonate formation rate constants of CO, and H,O adsorption on
K,CO; were estimated using DFT calculations and strong adsorp-
tion of H,O as compared to CO, were predicted [241]. Molecular
model based GCMC simulations were performed to investigate the
structural (pore size distribution, XRD, atomic relative concentration,
partial radial distribution, ring distribution, pore surface smoothness,
etc.) and adsorption propetties (adsorption isotherms and isosteric
heats of pure N,, CO, and their mixture in flue gas) of the MCM-41.
It was found that CO, adsorption behavior depends on the surface
functional group while N, adsorption depends on the available pore
volume. This model has been used to predict the structural and ad-
sorption properties of novel amine (EDA, DETA, TETA, TEPA,
PEHA, PEI and APTES) functionalized MCM-41 adsorbents [242].
GCMC simulations have also been used for studying adsorption of
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CO, and N, in alkali metal cat-ion exchanged zeolites; the predicted
adsorption isotherms and heats of adsorption data were found to be
in good agreement with experimental results [243].

5-2. Process-level Modeling/Simulations and Optimization

Performance analysis of an adsorption system is oftentimes con-
fined to isotherms or pure component selectivities, but these can be
poor indicators of an adsorption based capture process and can be
misleading conclusions in many cases [244]. A complete process
model for the adsorption/desorption cycle is required for an accu-
rate performance evaluation.

A 1-D dynamic model of calcium looping process for post-com-
bustion carbon capture was proposed using two interconnected fluid-
ized bed reactors [245]. Capture efficiency and reactor temperature
profiles were shown to give good agreement with experimental data
from a laboratory scale test rig at INCAR-CSIR, Spain. It was found
that good temperature control is necessary for the efficient opera-
tion of this plant. It was also observed that the process operation is
affected by a number of parameters including the circulation ratio,
fluidization conditions, cooling and heating, fuel feed, makeup flow,
and solid inventory. Since the model is capable of handling hydro-
dynamics, reaction kinetics, and energy transfer, it can be used for
scale-up studies [245]. The variable diffusivity model was used to
consider the physically expanding product layer and two reacting
zone, 1.e., a high reactivity outer shell and a low reactivity inner core.
An excellent fit with TGA experimental data at various operating
conditions was found for a CO, capture process with potassium-
promoted half-calcined dolomite adsorbent [246].

Rigorous rate-based and equilibrium based PSA models have
been used in adsorption studies [247,248]. Simulation studies have
been performed using such models, and performance has been ana-
lyzed with respect to the feed throughput, CO, purity and CO, re-
covery for various PSA cycle configurations over a range of pro-
cess conditions. Optimal configurations and process conditions were
also found. Both rigorous numerical simulations and equilibrium
based theories were utilized in the analysis of [175]. Three basic
PSA configurations were studied using rigorous PSA models. Acti-
vated carbon was chosen as a reference adsorbent, and the perfor-
mance of this reference adsorbent was used as a bench mark in the
comparison of other available adsorbents as well as newly devel-
oped ones. A sensitivity analysis for the efficiency of regeneration
to non-uniform heating has been performed for SA zeolite [249].
Temperature, loading, and CO, fluid phase mole fraction profiles
were calculated. It has been shown that during the TSA regenera-
tion cycle, strict heating controls and optimal placement/spacing of
heating devices (in order that heat can be distributed evenly through-
out) are required to achieve high regeneration efficiency. When the
geometry of the adsorbent was altered, two times increment in the
effective thermal conductivity and 55% increment in regeneration
efficiency were reported [250]. Sensitivity analysis has been per-
formed for a PSA/VSA post-combustion capture process to find
the most important property parameters, providing some important
insights for development of new adsorbents [244].

Amine immobilized on support materials was studied for use in
fixed bed, isothermal fluidized bed, and adiabatic fluidized bed ad-
sorption process. Fixed bed process was found to be most attractive
option; the isothermal fluidized bed process can also be an attractive
alternative but heat transfer can be a major challenge there [115].
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A modified grain size model for CO, capture by calcium-magne-
sium based sorbent was proposed and a good agreement between
model predictions and experimental data was observed. In that sys-
tem, CaO adsorbent particles were supported on porous MgO called
CGMG framework. The effect of various parameters (e.g., particle
size, reaction temperature, CaO contents, and porosity) on the dynam-
ics of CaO conversion inside the particle was evaluated [250].

A multi-objective optimization (with the objectives of CO, purity
and recovery levels) was performed using the DIVPAG solver, and
the results were presented as the so-called Pareto set. Various pro-
cess configurations (different flow directions during depressurization
steps and number of pressure equalization steps) and conditions were
optimized and the Pareto sets were compared [251]. A calciner reac-
tor model was proposed to find the calciner efficiency as a function
of operating conditions such as solid inventory, calciner tempera-
ture, and solid circulation rate. It was found that typical solid inven-
tories (8,000-12,000 mol of Ca/m?) and calciner temperature (1,173-
1,183 K) gave high calciner efficiencies (95%) [252].

MEMBRANE SEPARATION

Membranes are porous/semi-permeable materials that act as fil-
ters, and therefore can be used to separate CO, selectively from other
gas components. Membrane surface permits the desired gas mole-
cule to adsorb onto the surface of the high pressure side, and then
this molecule passes through the interior of the membrane and reaches
the low pressure side as shown in Fig. 9. In the conventional case,
the membrane separates gas into two streams: the stream rich in
CO, is called ‘permeate’ stream, while the clean gas stream is called
‘retentate’. The pressure difference across the membrane is the driv-
ing force, and this driving force can be generated by pressurizing
the gas stream on one side or by creating vacuum on the other side.
Selectivity and permeability are two most important parameters de-
termining the membrane efficiency. Selectivity, which is dependent
on the material choice, determines the purity of CO, product. On
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Fig. 10. Schematic of membrane separation process (modified from
R. W. Baker, 2008 [278]).

the other hand, permeability reflects the flux of the transported stream
and affects the membrane area required to achieve a given rate of
separation. Since the selectivity of most membrane materials is such
that it is not possible to achieve desired purities and recoveries in
one pass, multiple stages and recycle streams are required as shown
in Fig. 10. Use of multiple stages and recycles will increase the com-
plexity of the process, energy penalty, and capital cost [7]. In addi-
tion, some tradeoff is required between recovery rate and purity.

Some studies have shown that membrane based CO, capture has
the potential to offer significant reduction in energy penalty and cost
as compared to the conventional amine based absorption systems.
Other advantages of membranes include simple modular systems
and no waste streams. However, challenges for commercialization
of this technology include the various operational problems, e.g.,
membrane fouling, sensitivity to sulfur compounds and other trace
elements, as well as scale-ups to large-scale power plant applications
[1]. Since flue gas exits the power plant at low pressures, addi-
tional energy for pressurization is required to create the pressure
driving force across the membrane. In the case of pre-combustion
capture as in IGCC, CO, in fuel gas/syngas already has high partial
pressure, and hence additional pressurization or creation of vac-
uum for this purpose is not required. Therefore, membrane separa-
tion may be particularly attractive for pre-combustion capture in
IGCC. For effective performance of membrane separation in pre-
combustion carbon capture, the membrane should not only have
high permeability and selectivity for CO, but it should also be able
to operate at high pressures and temperatures, which are the condi-
tions of IGCC power plants. A vacuum or sweep gas is required
on the permeate side because partial pressure of CO, in flue gas is
low. Further separation is required when sweep gas is used and large
energy penalty is incurred from the compression of CO, from vac-
uum to a high pressure for transportation and storage [12].

A number of membranes, including polymeric membranes, inor-
ganic membranes, metallic membranes, and composite hollow fiber
membranes, have been investigated. Other advanced types studied
include mixed-matrix membranes (composed of polymeric matrix
and inorganic zeolites), hybrid membranes (porous inorganic sup-
port material, which is surface-modified with chemicals having good
affinity to CO,), and facilitated transport membranes. Membrane
technology has been used at commercial scale for hydrogen recov-
ery in ammonia synthesis, removal of CO, from natural gas, and
nitrogen separation from air; however, it is yet to be used for CO,
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capture in large scale power plants, and other industrial manufac-
turing processes requiring high purity CO, as products. Before the
membrane technology can be commercialized for CO, capture in
large scale power plants, much improvement is required in terms of
selectivity, permeability, energy requirements, and materials stability.
Combinations of different options, e.g., mixed-matrix membrane,
provide some hope for future applications. In addition, combining
the water gas shift reaction with membrane separation may be an
excellent option for pre-combustion capture [10].

1. Types of Membranes

Membranes are classified on the basis of type of materials. They
can be organic (polymeric membranes) or inorganic (carbon, ceramic,
zeolite, metallic, etc.) and can be porous or non-porous. Membrane
types for pre-combustion capture include polymeric membranes,
inorganic microporous membranes, and palladium membranes [5,
7,13,61]. Pre-combustion capture membranes can be CO, selective
or H, selective membranes.

1-1. Polymeric Membranes

Polymeric membranes have been found to possess lower energy
penalty and require less maintenance as compared to the pressure
swing adsorption process [49,253]. Energy penalty for polymeric
membranes is significantly less as compared to conventional amine
absorption, for a recovery ratio of less than 0.8 and CO, concentra-
tion of more than 0.2 mole fraction in the gas stream [254]. This
level of CO, composition can be found in the cement industry, steel
production, etc., but not in the post-combustion streams of power
plants. Energy penalty can be reduced by producing a vacuum on
the permeate side instead of compressing the feed stream [255] in post
combustion capture. These membranes can also be used to sepa-
rate CO, from H, in pre-combustion capture, but high temperature
can destroy the membrane. Advantages of polymeric membranes
include low cost, ease of synthesis, and mechanical stability [256].
The presence of water and SO, can also reduce the performance of
polymeric membranes [257,258].

Modifications of polymeric membrane can improve the CO, cap-
ture performance. One modified membrane developed in collabo-
ration with the US DOE [259] has been claimed to give a ten-fold
increase in permeability with CO,/N, selectivity of 50 at 30 °C as
compared to the commercial CO, separation membranes. Optimizing
polymeric composition and packing within membranes can improve
the solubility and diffusion of CO,, respectively. Therefore, signifi-
cant improvements in permeability and selectivity can be obtained
by combining these two approaches (polymeric composition and
packing within membranes) for CO, separation [13]. Thin film com-
posite membrane named as EO-3 can achieve high recovery and
purity and can be used for CO, capture from syngas and flue gas
[46]. Polybenzimidazole (PBI) membranes developed at DOE’s
Los Alamos National Laboratory (LANL) have shown long term
hydrothermal stability up to 400 °C, tolerance to sulfur compounds,
and durability for over 400 days at 250 °C with reduction in the mem-
brane thickness by less than 3 um, when operated for CO, capture
from syngas [84].

1-2. Inorganic Membranes

Even though polymeric membranes are currently dominating in-
dustrial applications, significant research efforts are being devoted
to the development and application of inorganic membranes owing
to their demands in new fields, i.e., fuel cells, membrane reactors,
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and large scale gas separations at high temperature [10]. Inorganic
membranes are capable of operating at high temperatures. Inorganic
membranes can be porous or non-porous. In non-porous membranes,
high selectivities can be achieved. Porous metal or ceramic support
can be used as a support where a thin top layer of nonporous mem-
brane is casted. This support material provides mechanical strength
with negligible mass transfer resistance. Porous membranes are
cheaper but hold low selectivities. Since non-porous membranes
possess low permeability, however, their applications are limited as
compared to porous membranes [10]. Alumina, carbon, glass, silica,
zeolite, and zirconia membranes are mainly used as porous inor-
ganic membrane materials supported on different substrates.

Uniform-sized pores of molecular dimensions based on inorganic
crystalline structures are called zeolites and also known as molecu-
lar sieves. MFI-type zeolite membranes supported on palumina
and stainless steel have been investigated for flue gas separation.
ZSM-5 type zeolite membrane supported on porous stainless steel
has been reported to give good performance with high selectivities
of COy/N, and high permeability [48]. Zeolites are very effective
as shape- and size-selective materials for gas separations, because
molecular size cavities and pores (0.3-1.0 nm) can be manufactured.
The main advantage of zeolites for gas separation is their ability to
preferentially adsorb CO, molecules by size and polarity [10]. In
gas mixtures of CO,/N, and CO,/H,, CO, molecules permeate selec-
tively because their molecular size is smaller [10].

Amorphous silica membranes are suitable for highly selective
CO, separations. However, permeability is low for these membranes
due to their narrow pores. Performance of silica membranes can be
improved by controlling the pore size and the structure by a syn-
thesis method [84]. Silica membranes possess good structural, chemi-
cal, and thermal stability in both oxidizing and reducing environ-
ments, and their structure can be modified easily [10].

For the mixtures of gases having similar mass such as CO,/N,,
and the mixtures where the selectivity towards the heavier compo-
nents is desired such as CO,/H,, alumina is not desirable membrane
material due to its low selectivity. Mainly it can be used as a support
material in gas separation because it possess good structural prop-
erties and, its chemical and hydrothermal stabilities beyond 1,000 °C,
make it very desirable [10].

1-3. Modified Membranes

In hybrid membranes or surface modified inorganic membranes,
a porous inorganic support material is modified with chemicals hav-
ing good affinity with CO, on the surface. These modified mem-
branes have shown high flux and selectivity [45], as porous inorganic
support materials allow large permeability and functional groups
on the surface offer high selectivity. While in supported liquid mem-
branes, CO, transport takes place through the liquid in the pores,
therefore, offering the advantage of higher diffusivities in liquid phase
as compared to in solid phase. In this way both selectivity and flux
can be increased because porous inorganic allows large fluxes and
liquid chemicals in the pores offer high selectivity [260]. These sys-
tems provide high surface area to volume ratio, resulting in a com-
pact system. Generally, the membranes are not participating in the
separation process; they only create a barrier between liquid and
gaseous phases. Liquid supported membranes using ionic liquids
can operate at elevated temperatures due to the very low vapor pres-
sure of ionic liquids and excellent resistance to plasticization of poly-
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mer material [53].

By incorporating a carrier agent into polymeric membrane, selec-
tivity can be improved. CO, dissolved in the upstream part of the
membrane where it reacts with the carrier agent inside the mem-
brane and a complex is formed. This complex diffuses through the
membrane and is released on the other side of the membrane, and
the carrier agent is recovered as it diffuses back to the upstream side;
these types of membranes are called facilitated transport membranes.
The driving force for the facilitated transport membranes is the partial
pressure of CO,. Carbonates, amines and molten salt hydrates can
be used as the carriers for CO, separations [261]. Problems associ-
ated with the facilitated transport membranes include membrane
stability and chemical volatility. By increasing the partial pressure
on the feed side, flux increases while the selectivity decreases. This
is due to a saturation of the carrier and increased permeation of un-
wanted components [5]. A facilitated transport membrane study in
collaboration with US DOE [259] has shown that a membrane with
CO, permeance of more than 1,000 GPU and CO,/N, selectivity
of 50 has been developed. The permeance of 1,000 GPU is ten times
higher than available commercial CO, membranes and the selectiv-
ity is also reasonable. These membranes in combination with a novel
process design, improved process integrations, and use of sweep gas
to generate driving force are expected to meet the US DOE cap-
ture cost targets [259].

Mixed-matrix membranes can show superior performance by
combining the advantages of inorganic and polymeric membrane
materials. However, the processability of these membranes is a chal-
lenge in many cases. Mixed-matrix of zeolites (molecular sieves)
and polymeric materials can provide advantages of both process-
ability of polymers and selectivity of zeolites [47]. Another potential
problem with this membrane type is the poor contact at the inter-
face of two materials [260]. Around the solid particles at the inter-
face, gases may pass through non-selectively. Suitable choice of
polymeric matrix and inorganic zeolite, and the removal of inter-
face defects are the main challenges for improving their performance.

Membranes can also be used to provide contact area in an ab-
sorber, thus reducing the size of absorber and hence capital cost. It
has been shown that doing so can reduce the absorber size by 72%
as compared to the conventional column [262]. Operational prob-
lems including foaming, flooding, entrainment, and channeling can
be avoided, thus relaxing restrictions on gas or liquid flow rates.
Choice of solvent and membrane is very important. Membranes
can also be used in the desorption step.

A shell and tube type membrane modification has been pro-
posed, in which flue gas flows through a bundle of membrane tubes,
while amine solution flows through the shell side [84]. CO, gets
absorbed into the amine solution after passing through the mem-
brane. Significant reduction in the amine loss can be achieved be-
cause impurities will not pass through the membrane. Then the amine
solution is regenerated and recycled for further separation of CO,.
Similarly, by modifying the membrane with amine functional group
in the pores, selective diffusion of CO, through the pore wall can be
improved, and the blockage of impurities can lead to higher selec-
tivity and less solvent loss.

Further enhancements in the existing modification methods as
well as development of new modification techniques that can im-
prove the long-term stability and performance at elevated tempera-

tures will accelerate the commercialization [13].
2. Applications of PSE Concepts and Tools

PSE tools and concepts applied on membrane systems include
molecular calculations [263,264], cost analysis [259,265-269], sen-
sitivity analysis [259,265,268,270,271], uncertainty analysis [268],
process integration/configuration [265,270,272], and process opti-
mization [265,272]. Since the focus of the research in this area has
been on developing membranes with high permeability and selectiv-
ity, only a small number of studies of this type are available. Most
of the investigations were performed for process integrations and
overall performance analysis of the power plants; however, some
papers presented future improvements required in the membrane
properties (permeance and selectivity) to meet the capture cost tar-
gets using sensitivity analysis.
2-1. Multiscale Modeling/Simulations

Metal-metal matrix membranes can be made in various possible
combinations, and candidates for the most suitable combination of
the metals can be identified by using a modeling approach. For this
purpose, DFT calculations can be used to predict the behaviors of
H, or gas mixture. These modeling studies not only predict the perfor-
mance of the membranes but also suggest improvement of the poi-
soning resistance by introduction of additives [263]. The CO,/N,
permeation from flue gas in carbon nanotube (CNT) membrane
was evaluated using molecular simulations [264]. The GCMC method
was used to calculate the adsorption isotherm, and much higher load-
ing of pure CO, as compared to pure N, was found, while the similar
loading was found for CO,/N, mixtures. Results of molecular dynam-
ics have shown diffusion of N, to be faster than that of CO,. Their
diffusion coefficients become identical at high concentrations due
to the slowdown of the fast moving species and speed up of the slow
moving species. It was suggested to consider additional functional-
ization of CNT such as amino functionalization based on the facili-
tated transport phenomenon for further improvements.
2-2. Process-level Modeling/Simulations

US DOE’s NETL, in collaboration with various other organiza-
tions, is working on carbon capture system modeling and simula-
tions to develop a comprehensive, integrated package of validated
computational models in a virtual power plant setting. When new
technologies are introduced, this initiative will reduce the risk by
speeding up the development cycle and letting the user examine
various optimized designs along with their confidence levels [7].
For example, a modeling study has shown that the sorption-enhanced
water gas shift reaction could reduce the cost significantly for a natural
gas power plant with carbon capture [50]. Performance comparisons
between membranes and amine based separation for CO, capture
from flue gas have been presented in several modeling studies [254,
273,274]. Since the utilization of low pressure or vacuum to increase
the driving force across the membrane is very expensive, usage of
sweep gas has been suggested to achieve separation without extra
energy consumption. The effect of the sweep gas on the required
membrane area and the degree of CO, separation was evaluated. A
cost analysis showed that, with the use of sweep gas, an efficiency
loss of 3.8 percent points was expected for a 600 MW reference
power plant with a 70% CO, separation [269]. A preliminary cost
analysis indicated that a facilitated transport membrane process can
capture 90% of CO, from flue gas, using roughly 16% of the plant
energy at the capture cost of $23/t CO, [259].
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Influence of different operating conditions has been evaluated
for a single stage membrane treating humidified flue gas using PRO/
1T software [275]. A polymeric (polyvinyl amine/polyvinyl alcohol
blend) facilitated transport membrane and a glassy Polybenzimida-
zole were used for this purpose. Sensitivity analysis has been per-
formed with [267] and without sweep gas [265] to evaluate the ef-
fect of permeance, selectivity, and membrane cost on the capture
cost. In [267], a detailed modeling and cost-sensitivity study was
presented for a membrane based process using air sweep for carbon
capture from flue gas. The effects of membrane parameters (selec-
tivity and permeance) on the energy and capture costs were deter-
mined. For a scenario of low membrane module price of 27 USD/
m’, CO,/N, selectivity of about 140 and high permeance of 3,000
GPU was chosen; the study estimated a 33% increase in COE and
less than 24 USD/t CO, capture cost, in order to achieve 90% CO,
recovery and 95% purity of CO, product [267]. Although these mem-
brane properties used have not been achieved yet, it revealed the
level of improvement needed in the properties of membrane. A sen-
sitivity analysis was done to suggest important potential improve-
ments [259]; suggested improvements included compression of the
feed gas (giving less membrane areas but higher energy require-
ments) and use of vacuum (larger membrane areas but low energy
requirements). In addition, the study claimed that future research
should focus on developing membranes with higher permeance rather
than higher selectivity [259]. Influences of process parameters on
the energy demand and the flue gas processing cost have been evalu-
ated for the facilitated transport membrane process for CO, capture
from flue gas using Aspen Hysys [270]. It was concluded that this
membrane system competes well with the amine-based absorption
in terms of energy requirements.

2-3. Process Optimization and Integration

Process optimization using mass and energy balances has been
performed for carbon capture from flue gas utilizing multi-stage
membrane systems [272]. The process was optimized for minimum
energy consumption for different scenarios such that recirculation
of flue gas, variation of feed gas pressure, and variation of the vac-
uum on the permeate side. PRO/II software was used for the simula-
tions [272]. In another study, three membrane configurations (single
stage and two stage membrane systems with and without retentate
recycle) were investigated by using the cross flow model [265]. The
proposed system under 1.5 bar flue gas pressure and 0.08 bar perme-
ate vacuum was shown to achieve a 35% reduction in the CO, avoid-
ance cost compared to the pressurized feed membrane process.

In collaboration with the Energy Technology Partnership (ETP)
and Scottish Power, an extensive study on modeling and simula-
tions of membranes has been conducted [276]. The performance
of membranes in terms of purity and recovery of CO, for various
flow patterns and membrane module configurations was compared
with a fixed membrane area and under same operating conditions.
Honeywell’s process flowsheet simulator UniSim Design® was
used to find the optimal process in terms of purity, energy consump-
tion and membrane area.

For a Pd/Au based membrane reactor integrated into an IGCC
power plant, an economic performance model was developed and
economic risks were analyzed in the presence of various uncertain-
ties in the market and operating environment (technological and
operational uncertainties) [268]. In the net present value (NPV) model,
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the Monte Carlo method was used to evaluate the effect of the un-
certainties on the process economic performance. This method enables
the propagation of uncertain inputs to an economic model, and the
process performance variable’s value can be expressed as a more
realistic probability distribution rather than a single point [268].

CONCLUSION AND RECOMMENDATIONS

Efforts on carbon capture have ramped up significantly in the
last few years; however, most of the technologies being developed
are still at the early stages. Some carbon capture technologies, e.g.
amine, Selexol™, etc., are quite mature, but their applications on
large scale power generation emission sources are not cost effec-
tive, unless these technologies can be significantly improved. The
amine-based absorption process is by far the most mature option
and can be applied for post-combustion capture. At the present time,
it is not cost effective although some improvements have been made
in terms of additives, mixed solvents, alternative configurations, and
process integrations.

Higher hopes are being held for some of the novel materials based
technologies, e.g., adsorption, membrane separation. Modified mem-
branes and modified adsorbents have shown the greatest future
potential, but these technologies are still at early stages of develop-
ment and need improvements in stability and synthesis methods.
Also, demonstration plants are lacking, Readers should be cautioned
that performance and cost data reported in the literature carry sig-
nificant uncertainties in the case of the emerging technologies, be-
cause their fundamentals are still not fully understood and scale ups
have not been verified. These uncertainties also arise from the lack
of real engineering cost data, inconsistencies in the reporting of esti-
mated cost data, and the confidentiality of industrial data.

Recommendations for future research include:

e Short-term focus should be on mixed chemical solvents, sta-
bility of membranes and adsorbents, and synthesis methods
for membranes and adsorbents, whereas long-term efforts should
include pilot-scale testing of modified adsorbents and mem-
branes and commercial-scale demonstrations for these as well
as alternative chemical solvents, and mixed solvents. The latter
should be connected directly with power plants, in order to re-
duce the uncertainty in the cost analysis and to obtain neces-
sary operational experiences.

e For oxy-fuel combustion, short-term focus should be on improv-
ing the cryogenic air separation techniques, while long-term
efforts should be given to development of new air separation
techniques (e.g., oxygen transport membranes).

e For chemical looping combustion, the main focus should be
on improving the stability of metal oxides and developing dem-
onstration plants.

e Significant further improvements are possible by applying vari-
ous PSE concepts and tools.

o Short-term efforts should focus on exploring opportunities
for process integrations and studying operation/control issues
for relatively mature technologies (e.g., chemical absorption
combined with post-combustion capture in power plants;
physical absorption, membranes and adsorption combined
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with IGCC power plants).

o Short-term efforts should also include heat integration of
the adsorption process with the power plant.

o Molecular simulation studies should continue to search for
novel adsorbent materials such as MOFs and molecular sieves.

o Long-term research efforts should include modeling/simu-
lations, optimizations, and cost analysis for new emerging
technologies (modified membranes and modified adsorbents
combined with post and pre-combustion power plants, and
advanced energy production systems, e.g., oxy-fuel com-
bustion and chemical looping combustions power plants)
based on improved plant data.

o Additional regulations and incentives are required for initial
applications of CCS technologies to large scale power genera-
tion sources to lower the investment barrier for the investors.
In addition, collaborations among industry, government, envi-
ronmental protection agencies and academia should be expanded
so that their knowledge and experience can be shared and in-
tegrated.
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