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a b s t r a c t

Today, all the existing coal-fired power plants present over the world emit about 2 billion tons of CO2 per
year. The identification of a capture process which would fit the needs of target separation performances,
together with a minimal energy penalty, is a key issue. Because of their fundamental engineering and
economic advantages over competing separation technologies, membrane operations are, now, being
explored for CO2 capture from power plant emissions.The aim of this work is to provide people interested
in the use of membranes in CO2 capture a general overview of the actual situation both in terms of
materials studies and global strategy to follow in the choice of the membrane gas separation with respect
to the other separation technologies. Firstly, an overview on the polymeric membranes currently studied
for their use in CO2 capture and of their transport properties is proposed. Up to now, the most promising
materials developed at laboratory scale show a selectivity of 100–160. Then, some important design
parameters have been introduced in order to evaluate the advantages potentially offered by membrane
systems with respect to the other separation technologies (adsorption and cryogenic). These parameters,

based on specific considerations related to the output to be obtained as the product purity and the final
destination of the product and to the feed conditions, might constitute guidelines for the choice of the
separation technology.Considering as case study a flue gas stream containing 13% of CO2, some general
maps of CO2 recovery versus permeate purity have been introduced. This might constitute a simple
tool useful for an immediate and preliminary analysis on the membrane technology suitability for CO2

separation from flue gas, also on the light of specific considerations, strictly related to the output to be

obtained.

. Introduction

Electricity production from fossil fuel based power plants will
e challenged by growing concerns that anthropogenic emission
f green house gases such as carbon monoxide are contributing to
he global climate change. Today, all the existing coal-fired power
lants present over the world emit about 2 billion tons of CO2
er year. The regulation of the carbon dioxide emissions implies
he development of specific CO2 capture technologies that can
e retrofitted to existing power plants as well designed into new
lants with the goal to achieve 90% of CO2 capture limiting the

ncrease in cost of electricity to no more than 35% [1]. Therefore, the
ecovery of CO2 from large emission sources is a formidable tech-

ological and scientific challenge which has received considerable
ttention for several years [2–4]. In particular, the identification of a
apture process which would fit the needs of target separation per-
ormances, together with a minimal energy penalty, is a key issue.

∗ Corresponding author. Tel.: +39 0984 492029; fax: +39 0984 402103.
E-mail address: g.barbieri@itm.cnr.it (G. Barbieri).

1 www.itm.cnr.it.
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© 2009 Elsevier B.V. All rights reserved.

Currently, the main strategies for the carbon dioxide capture in a
fossil fuel combustion process are [5]:

• Oxy-fuel combustion: This option consists in performing the oxy-
gen/nitrogen separation on the oxidant stream, so that a CO2/H2O
mixture is produced through the combustion process. The advan-
tage of feeding an oxygen-enriched gas mixture (95% oxygen)
instead of air, is the achievement of a purge stream rich in CO2
and water with very low N2 content, therefore the CO2 can be
easily recovered after the condensation of the water vapor.

• Pre-combustion capture: This solution is developed in two phases:
(i) the conversion of the fuel in a mixture of H2 and CO (syngas
mixture) through, e.g., partial oxidation, steam reforming or auto-
thermal reforming of hydrocarbons, followed by water-gas shift;
(ii) the separation of CO2 (at 30–35%) from the H2 that is then
fed as clean fuel to turbines. In these cases, the CO2 separation
could happen at very high pressures (up to 80 bar of pressure

difference) and high temperatures (300–700 ◦C).

• Post-combustion capture: In this case, the CO2 is separated from
the flue gas emitted after the combustion of fossil fuels (from a
standard gas turbine combined cycle, or a coal-fired steam power
plant). CO2 separation is realized at relatively low temperature,

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:g.barbieri@itm.cnr.it
http://www.itm.cnr.it/
dx.doi.org/10.1016/j.memsci.2009.11.040
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from a gaseous stream at atmospheric pressure and with low CO2
concentration (ca. 5–25% if air is used during combustion). SO2,
NO2 and O2 may also be present in small amounts. This possibil-
ity is by far the most challenging since a diluted, low pressure,
hot and wet CO2/N2 mixture has to be treated. Nevertheless, it
also corresponds to the most widely applicable option in terms of
industrial sectors (power, kiln and steel production for instance).
Moreover, it shows the essential advantage of being compatible
to a retrofit strategy (i.e. an already existing installation can be,
in principle, subject to this type of adaptation) [4].

Particularly referring to the post-combustion capture that will
e the topic of this paper, the conventional separation processes
or CO2 separation are: absorption (with ammines), adsorption
with porous solids with high adsorbing properties such as zeo-
ite or active carbon) and cryogenic separation [6,7]. Amine-based
bsorption with an aqueous monoethanolamine (MEA) solution is
he most common technology for post-combustion capture, since it
s capable to achieve high level of CO2 capture (90% or more) from
ue gas due to fast kinetics and strong chemical reaction. How-
ver, its use is by far the best available technology owing to the
act that the ammines are corrosive and susceptible to degradation
y trace flue gas constituents (particularly sulphur oxides)). Fur-
hermore, they require significant amount of energy (in the range
–6 MJ/kgCO2

recovered) related, in particular, to the significant
nergy consumption in the regeneration step. This option requires
arge-scale equipment for the CO2 removal and chemicals handling.
OE/NETL (Department of Energy – National Energy Technology
aboratory) has estimated that MEA-based process for CO2 capture
ill increase the cost of the electricity for a new power plant by

bout 80–85%, also reducing the plant efficiency of about 30% [1].
A relatively novel CO2 capture technology is based on cryogenic

emoval of CO2 [8,9]. This operation has been used in the last years
or the removal of CO2 from natural gas and its introduction in the
CS (Carbon Capture and Storage) concept in relatively new. Great
dvantages of cryogenic CO2 capture with respect to absorption
re that no chemical absorbents are required and that the process
an be operated at atmospheric pressures. The main disadvantage
f this system is that the water content in the feed stream to the
ooling units should be minimal in order to prevent plugging by ice
r an unacceptably high rise in pressure drop during operation.
herefore, several costly steps are required to remove all water
races from the flue gas. In addition the increasing layer of solid
O2 onto heat exchanger surfaces during the capture cycle will
dversely affect the heat transfer, reducing the process efficiency.
oreover, the costly heat exchangers have to be switched to regen-

ration cycles operated at a different temperature, which should be
arried out with great care to avoid excessive mechanical stresses.
he use of this technology for CO2 capture from flue gas is, thus, far
rom the application that can be justified only for the treatment of
arge streams.

Because of their fundamental engineering and economic
dvantages over competing separation technologies, membrane
perations are now being explored for CO2 capture from power
lant emissions and other fossil-fuel-based flue gas streams.

Membranes are a low cost mean of separating gases, when high
urity gas streams are not vital. However, there are a number of

ssues associated with the capture of carbon dioxide from flue gases
hich limit the use of membranes. The concentration of carbon
ioxide in flue gases is low, which means that large quantities of
ases will need to be processed. The high temperatures of flue

ases will rapidly destroy a membrane, so the gases need to be
ooled to below 100 ◦C, prior to membrane separation. Likewise,
he membranes will need to be chemically resistant to the harsh
hemicals contained within flue gases, or these chemicals will need
o be removed prior to the membrane separation step. Additionally,
e Science 359 (2010) 115–125

creating a pressure difference through the membrane will require
significant amounts of power, which will in turn lower the thermal
efficiency of the power plant. However, a modelling study of poly-
meric membranes in gas turbine power plants by Carapellucci and
Milazzo [10] shows more encouraging the use of membrane opera-
tion in post-combustion capture, proposing a polymeric membrane
system that can effectively separate out carbon dioxide from gas
flues.

The composition of flue gases varies greatly depending on the
fuel source, power plant and prior treatment. For instance, the flue
gas coming out from a power plants and from a steel production
plant exhibits a significant difference in CO2 concentration. The use
of membrane technology for CO2 separation is, thus, also strictly
related to the conditions of the stream to be treated. However, the
main role in its application on large scale might be assigned to the
membrane properties but also on the influence of the operating
conditions on the whole process.

In this work the potentialities and the applications of mem-
brane gas separation (GS) in the post-combustion capture will be
explored, giving general guidelines on some design parameters to
take into account in the choice of a technology suitable for the CO2
separation.

In this work the potentialities and the applications of mem-
brane gas separation (GS) in the post-combustion capture will be
explored, giving general guidelines on some design parameters to
take into account in the choice of a technology suitable for the CO2
separation.

The relation between membrane properties and main variables
affecting the process performance will be analysed introducing
some general maps of CO2 purity versus CO2 recovery. The most
important objective is to provide to people interested in the
prospects for membranes in CO2 post-combustion capture, a sim-
ple tool useful for an immediate and preliminary analysis on the
light of specific considerations, strictly related to the output to be
obtained.

2. Membrane gas separation technologies for CO2 capture
in post-combustion

Membrane GS is most often listed as potential candidate for
its application in post-combustion capture. However, the main
problem related to the limited application of the membrane GS
technology is the low CO2 concentration and pressure of the flue
gas, which requires the use of membranes with high selectivities
to fit the specification delivered by the International Energy Agency,
i.e. a CO2 recovery of 80% with a purity, of at least 80% [11]. In
particular, the recovery requirements are due to the need of match-
ing the international agreement on this matter (Kyoto protocol, for
instance). On the contrary, the purity target is related to the fact
that the cost of CO2 sequestration and in general the cost of all the
further physical process downstream to the CO2 capture system
will negatively affect the final electricity cost.

Actually, the major drawback of the membrane operation con-
cerns just the low selectivity of membrane materials [4].

For a membrane to be useful for the capture of carbon dioxide,
it should posses a number of properties, namely [12]:

• high carbon dioxide permeability;
• high carbon dioxide/nitrogen selectivity;
• thermally and chemically resistance;

• plasticisation resistance;
• aging resistance;
• cost effective;
• ability to be cheaply manufactured into different membrane

modules.
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Table 1
Polymeric membranes properties in terms of CO2 permeability and CO2/N2 selectivity.

Polymeric membrane CO2 permeability, 10−15 mol m m−2 s−1 Pa−1 CO2/N2 selectivity Reference

CA 2.8 21 [13]
PEEK-WC 1.6 20 [14]
PSF 2.3 30 [15]
PIMs 730 24 [16]

330 26
Teflon AF 2400 12 7 [17]
Teflon AF 1600 42 6
Hyflon AD 80 52 6
Hyflon AD 60 160 4
Cytop 750 4
Hyflon 0.84 37 [18]
Torlon 0.12 25 [19]
PVAm (FTMs) 7.4 160 [20,21]
Sieving selective carbon 22.3 60 [20,22]
PEO 2.1 60 [23]

5.5 67
14 66
19 67
46 66
73 64
74 55

PEO 0.49 74
2.7 78
7.4 66
0.49 28
2.7 38
2.5 33

PEO 22 55 Cited in [24]
38 53
66 51

110 47
0.88 57
4.8 58

PES 3.0 48 [25]
2.0 40
1.8 36

PMMa 6.6 23
PPO 18 34

32 20
65 23

PEI 0.64 42
CTA 7.3 32
PEBAX + silica 94 81 [26]
PEG + silica 41 87 [27]
PI + silica 150 28 [28–30]

34 37
5.8 39

170 20
26 16

0.84 21
13 5

PEI + zeolite 0.21 31 [31]

a
p
p
r

s
s
s
f

•
•
•
•

PTMSP 9700
PTMGP 4700
PDMS modified 670
PMEEP 84

Table 1 reports a list of the most important polymer materi-
ls and their properties (selectivity and permeability) currently
resent in the literature. A more detailed investigation on all the
olymeric materials used for the preparation of CO2/N2 gas sepa-
ation membranes can be found in [12].

As can be seen, currently only few membrane materials show
electivities close to 100 and often these high selectivities corre-
pond to low permeability. Interesting properties in terms of CO2
electivity and/or permeability have been shown mainly by the
ollowing categories of membranes:
Polyimides
Facilitated transport
Mixed matrix
Carbon molecular sieves
10.7 Ref. 33 cited in [32]
14 Ref. 33 cited in [32]
34.2 Ref. 55 cited in [32]
62.5 Ref. 54 cited in [32]

• Poly-ether-oxide

Polyimides are the class of polymer with the largest volume of
research. They combine excellent thermal and chemical stability
with a very wide range of carbon dioxide permeabilities and show
good potential structural variations and ease of membrane forma-
tion [12]. Some polyimides, particularly those incorporating the
group 6FDA possess very high carbon dioxide combined with high
selectivities. This is mainly due to the presence of the CF3 groups
which considerably increase the stiffness of the chain, allowing the

membrane to more effectively separate molecules on the basis of
steric bulk and which reduce effective chain packing leading to an
increase in the permeability. An extensive review of the gas sepa-
ration properties of polyimides was published by Langsam [33] in
1996.
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Another target of considerable research is the commercial
olyimide, Matrimid 5218. Matrimid has been functionalised by
rominations. Bromination tended to increase both the carbon
ioxide and nitrogen permeabilities, leading to only a small
ecrease in the carbon dioxide/nitrogen selectivity [34].

Facilitated transport membranes have also shown promising
esults for CO2 separation. These membranes comprise a carrier
typically, metal ions) with a special affinity toward a target gas

olecule and this interaction controls the rate of transport.
Kovvali and Sirkar reported an excellent CO2/N2 selectivity

t atmospheric pressure for the viscous and nonvolatile liquid
oly(amidoamine) (PAMAM) dendrimer, as an immobilized liq-
id membrane [35,36]. The PAMAM dendrimers kept the good
O2 selectivity also in the presence of water vapor. This is very

nteresting for the application in CO2 separation from fossil fuel
missions, since exhausted gases usually contain saturated water
apor. However, this immobilized liquid membrane has insufficient
olerance to handle the large trans-membrane pressure differences
equired for obtaining sufficiently large gas fluxes. In order to
vercome this problem, PAMAM dendrimer composite membranes
omprising a gas selective layer on a porous substrate were devel-
ped [37]. The composite membrane showed a CO2 permeance of
.16 m3 (STP) m−2 h−1 bar−1 and a CO2/N2 selectivity of 230 at a
ressure difference of ca. 1 bar at 40 ◦C, meeting the conditions for
ractical application. However, improvements to the mechanical
roperties and CO2 separation capabilities of the PAMAM den-
rimer composite membrane are required [38].

A facilitated transport membrane for CO2 separation was
atented by Hägg et al. [21,39]. The membrane has a support coated
ith crosslinked polyvinilamine; a fixed carrier in the membrane
elps so that the CO2 molecules in combination with moisture form
CO3

−, which is then quickly and selectively transported through
he membrane [40]. The technology is effective and eco-friendly,
nd can be used for CO2 removal in coal-powered plants. Its effec-
iveness increases proportionally to the CO2 feed concentration.

ithin a 5-year period, these membranes will be tested in four large
ower plants in Europe. These membranes are under further devel-
pment within the European project NanoGloWa (Nanostructured
embranes against Global Warming) [41].

Mixed matrix membranes are a well-known route to enhance the
roperties of polymeric membranes. Their microstructure consists
f an inorganic material in the form of micro- or nano-particles
discrete phase) incorporated into a polymeric matrix (continuous
hase). The use of two materials with different flux and selectiv-

ty provides the possibility to better design a membrane for CO2
apture, allowing the synergistic combination of polymers easy
rocessability and superior GS performance of inorganic materi-
ls. Furthermore the addition of inorganic materials in a polymer
atrix offers enhanced physical, thermal and mechanical proper-

ies for aggressive environments and represents a way to stabilize
he polymer membrane against change in permselectivity with
emperature [42]. These membranes offer very interesting proper-
ies, however, their cost, difficulty of commercial scale manufacture
nd brittleness remain important challenges. Koros et al. [43,44]
roposed some criteria for material selection and preparation pro-
ocols in order to match the necessary transport characteristics of

aterials to prepare high performance mixed matrix membranes
or CO2 capture.

Carbon molecular sieves membranes show interesting perfor-
ance for CO2 separation applications. They are obtained through

he pyrolysis (at high temperature in an inert atmosphere) of poly-

eric precursors already processed in the form of membranes. In

he literature many studies refer on the preparation of carbon mem-
ranes from both rubbery and glassy polymers [45–51], however,
urrently, Polyimide is the most used precursor [52–56]. Carbon
embranes combine improved gas transport properties for light
e Science 359 (2010) 115–125

gases (gases of molecular size smaller than 4.0–4.5 Å) with thermal
and chemical stability. The major disadvantage that hinder their
commercialization is their brittleness [57–59] and the cost which
is 1 to 3 orders of magnitude greater per unit area than polymeric
membranes.

Poly(ethylene oxide) (PEO) membranes are considered as attrac-
tive materials for CO2 separation owing to the fact that the polymer
chain has so strong affinity to CO2 molecule for the presence of
polar ether oxygen. There have been numerous efforts to design
polymers containing poly(ethylene oxide) (PEO) for CO2/N2 and
CO2/H2 separations in part because ethylene oxide units have a high
concentration of ether oxygen and are relatively easy to fabricate
[23,24]. However, PEO is also subject to a strong tendency to crystal-
lize, which is deleterious for gas permeability. Many authors have
proposed in the literature various techniques to reduce crystallinity
in PEO: (1) using low molecular weight liquid PEO or poly(ethylene
glycol) (PEG); (2) designing phase separated block copolymers with
runs of ethylene oxide (EO) segments that are too short to crys-
tallize effectively at room temperature; and (3) designing highly
branched, crosslinked networks with high concentrations of PEO
[24]. However, actually its use in membrane separation is only at
lab scale. In 2009, Nijmeijer et al. [60] investigated the behaviour
of a hydrophilic, highly permeable type of PEO-based block copoly-
mer on PEBAX 1074 as membrane material for the removal of
water vapor from nitrogen using a multiple component feed mix-
ture (water vapor and nitrogen). Because of the interaction of CO2
with the polar ether linkages in PEO-based block copolymers, the
authors propose these polymers as possible route in CO2 capture.

From a more applicative point of view, many of today membrane
developers are proposing different solutions, pursuing advanced
membrane materials that provide increased flux rates and CO2
selectivity. Currently, Membrane Technology Research (MTR) is
investigating thin film, composite polymer membranes and asso-
ciated process configurations to increase the flux of CO2 through
the membrane, thereby reducing the required membrane area. This
system, called MTR Polaris membrane, shows a permeance ten
times higher than cellulose acetate (the most common material
used for CO2/CH4 separation during natural gas processing) with
quite the same CO2/N2 selectivity. Up to now, the MTR Polaris
membrane has been demonstrated in modules of 20–50 m2 of
membrane area in the field on natural gas processing [61]. In the
2009, the company is working with the Arizona Public Service Co.
Cholla power plant to demonstrate a large system that will handle
actual coal-fired flue gas and produce 1 ton day−1 of CO2. A novel
counter-current design that is being pursued uses a portion of the
incoming combustion air as a sweep gas to maximize the driving
force for membrane permeation. Preliminary results indicate that
90% CO2 capture at a 600 MW coal-fired power plant will require
about 700,000 m2 of membrane with a total footprint of 0.2 km2

(Ref. 13 cited in [1]) and will produce eventually 10,000 ton day−1

of CO2. Another membrane process, under development by Car-
bozyme, is based on the use of facilitated transport membranes
with carbonic anhydrase (CA) groups to favour the CO2 perme-
ation. This system was validated with laboratory tests on a 0.5 m3

permeator, obtaining the 85% of CO2 removal from a stream con-
taining 25% of CO2. Upon fabrication, the next-scale permeator will
be shipped to the Energy and Environmental Research Center for
testing on coal combustion fluegas (Ref. 14 cited in [1]).

However, in the literature many papers have been published on
the research of membrane materials with high selectivity, whereas
few are the engineering studies focused on how to use the mem-
branes currently present in the market for the CO2 separation.
In 2006, Favre and colleagues [11] provided a critical comparison
of the application of polymeric dense membranes versus ammine
absorption in post-combustion capture. The energy requirement
associated with membranes for CO2 separation is connected to the



A. Brunetti et al. / Journal of Membran

C
t
t
s

k
t
t
a
a
r

u
r
f
d
t

5
o
p
u
a
(
c

1
fi
o
n
o
c
m
(

3
c

c
p
t
t
d
t
b
M
t

i

c
t

Fig. 1. New applications: CO2 from coal power plant flue gas [62].

O2 concentration in the flue gas stream. For separating a mix-
ure containing 10% CO2 the energy consumption is much larger
han that of absorption. Even very selective, membranes, showing
electivity above 120, require much more energy than absorption.

However, for flue streams containing 20% or more CO2 (steel or
iln productions), the energy requirement of the membrane sys-
ems is comparable or, even, lower than adsorption. Therefore,
he use of membranes having a selectivity of 60, that is a value
lready obtained by several membrane materials, implies reason-
ble recoveries and permeate compositions, attainable with lower
elated cost than amine.

Furthermore, the use of vacuum on permeate instead of
pstream compression produces a dramatic reduction of the energy
equirements of the membrane units. It was calculated [11] that
or a mixture containing 20% of CO2, the energy required decrease
own to 0.75 MJ kg−1 of CO2 captured, which is lower than absorp-
ion requirements.

Up to now, the commercial membranes (CO2/N2 selectivity ca.
0–60), used to separate CO2 at high pressures are not suited for
ne stage operation, implying a large membrane area and high com-
ression costs [11]. In 2008, Baker [62] proposed the possibility of
sing membranes having a CO2/N2 selectivity of ca. 50 (Perme-
nce of 330 nmol m−2 s−1 Pa−1) as integrated multistage solutions
3 stages) for the separation of a stream containing 13% of CO2
oming out by a coal gasification plant.

Considering a membrane areas ranging 500,000 to
,500,000 m2, with a three stage solution it was possible to
t the specification delivered by the International Energy Agency,
btaining the 90% of CO2 recovery with the 88% of purity. This
ew multistage scheme is a helpful example of the importance
f the appropriate choice not only of which kind of membrane
an be used for the separation, but also of the configuration of the
embrane stages which can made this application already feasible

Fig. 1).

. Engineering considerations on membrane GS for CO2
apture

The three main processes for CO2 separation in post-combustion
apture are adsorption, membrane and cryogenic. Each of these
rocesses is based on different separation principles and, thus,
he project characteristics differ significantly. The choice of the
echnology suitable for the specific separation is, thus, related on
ifferent parameters like economics, stream conditions, product
arget and, also, on design considerations such as those reported
elow [63]. These design parameters have been introduced by
iller and Stöcker [63] for the H2 separation technologies, however

hey can be considered valid and adapted also for the CO2 capture.

Operating flexibility. Ability to operate under variable feed qual-

ty conditions, either on a short- or long-term basis.
The flexibility of the membrane systems depends on the CO2

oncentration in the flue gas stream. The flue gas stream con-
ains an amount of CO2 ranging from 10 to 30% depending on
e Science 359 (2010) 115–125 119

the process, the rest being mainly nitrogen and few percentage
of oxygen. Whether the CO2 concentration is always higher than
20%, the membrane systems can be considered highly flexible. On
the contrary, for CO2 concentration lower than 20% the membrane
operation offer a very low flexibility. A further reduction in CO2
concentration, in fact, produces a reduction of the driving force
with a consequent decrease in CO2 recovery and in product purity,
which can be maintained only for small feed composition changes
by adjusting the feed-to-permeate pressure ratio. However, the
response time of membrane systems is essentially instantaneous,
and corrective action has immediate results. The start-up time
required by the process is extremely short.

The flexibility of the absorption process is moderate. This sys-
tem, in fact, responds quite well to the changes in the feed
composition; however, significant differences in the CO2 fraction
contained in the feed imply higher solvent flow rate that is strictly
related to the size of equipment apart from the absorber. Further-
more, the fact that the feed stream contains oxidizing compounds
(oxygen or sulphur dioxide) induces major problems of amine deac-
tivation and promotes corrosion [64].

The cryogenic process has very low flexibility, because changes
in the concentration of the lower boiling components of the feed
affect the product purity directly. Recovery is not strongly affected.
Response time is not as rapid as for absorption or membrane sys-
tems. Start-up is 8–24 h depending on the procedure used.

Turndown. Capability of the system to operate at reduced capac-
ity.

Membrane systems are highly capable of maintaining product
purity even though the capacity is reduced down to 10% of the ini-
tial design. This is done by either reducing feed pressure, increasing
permeate pressure, or by isolating modules from the system. The
first two methods can be used for short-term operation, and the lat-
ter when operating at significantly reduced capacity for extended
periods. No previsions are required in the design phase. Absorption
units can maintain both recovery and product purity at throughputs
of ca. 30–100% of design by adjustment of the flue gas and solvent
flow rates. Between 0 and 30% of design product rates, purity can
be maintained but recovery is reduced unless special provisions
are made in the design. The turndown capability of cryogenic sys-
tems strongly depends on the design. Partial condensation units
can maintain product purity at slightly reduced recovery at flows
down to 30–50% of design.

Reliability. It takes into account the on-stream factors which can
cause unscheduled shutdowns. Membrane systems are extremely
reliable with respect to the on-stream factor. The membrane sepa-
ration process is continuous and has few control components which
can cause a shutdown. Typically, the response to unscheduled shut-
downs is rapid. Absorption systems are moderately reliable. The
large equipment associated with the process for avoiding the for-
mation of degradation products and corrosion products and the
presence of particles can cause unexpected shutdowns. The cryo-
genic process is considered to be less reliable than the absorption or
membrane processes, mainly due not to the process itself but to the
need for feed pre-treatments. Failure of the pre-treatment system
usually results in contaminants freezing in the cold box, leading
to shutdown. In this case, a “thaw” is necessary prior to restart.
The pre-treatment system itself is often more complex than the
cryogenic system.

Ease of expansion. In some case, future expansion is contem-
plated even during the initial phase of a project.

Membrane systems expansion is very easy, since this only

requires the addition of identical modules. It is not necessary to
foresee the possible expansion during the design phase. Absorp-
tion systems can also be expanded, but it requires additional design
considerations and adds cost in the initial phase of the project. The
cryogenic units cannot be expanded if it is not foreseen during the
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Table 2
Comparison among some important design parameters.

Membrane system Absorption Cryogenic

Operating flexibility High (%CO2>20%) Moderate Low
Low (%CO2 < 20%)

Response to variations Instantaneous Rapid (5–15 min) Slow
Start-up after the variations Extremely short (10 min) 1 h 8–24 h
Turndown Down to 10% Down to 30% Down to 30-50%
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Reliability 100%
Control requirement Low
Ease of expansion Very high (modularity)
Energy requirement 0.5–6 MJ/kgCO2

[11]

esign phase. Generally they can be over-dimensioned and a capac-
ty increase is often obtained without modification to the cold box
tself through addition of a tail gas compressor.

Energy intensity. A key feature of post-combustion CO2 capture
rocesses is the energy requirement and the resulting efficiency
enalty on power cycles. In the absorption process a large amount
f energy is required to regenerate the solvent, to the steam pro-
uction for stripping and to a lesser extend the electricity required
or liquid pumping, the flue gas pump and, finally, the compression
f CO2 product [65]. Values for the heat requirement for the leading
bsorption technologies are between 4 and 6 MJ/kgCO2

, depending
n the solvent process. Typical values for the electricity require-
ent are between 0.06 and 0.11 MJ/kgCO2

for post-combustion
apture in coal-fired power plants and 0.21 and 0.33 MJ/kgCO2

for
ost-combustion capture in natural gas fired combined cycles.
ompression of the CO2 to 110 bar will require around 0.4 MJ/kgCO2

.
he energy required by a cryogenic unit is, obviously, higher than
he other two processes due to the cooling cycles. Therefore, the use
f this separation unit for CO2 capture can be justified mainly for
ery high feed flow rates. Energy Intensity of the membranes sys-
em is lower, or, at least, comparable with that of the absorption.
owever, the limited use of the membrane separation is mainly

elated to the low selectivity of membrane materials which induces
n indirect increase of energy requirement.

Table 2 resumes the comparison among the design parameters
escribed above for the three operations considered in the case of
O2 separation.

As previously told, the selection of the separation process may
e driven by specific considerations, strictly related to the output
o be obtained. The feed composition (CO2%), the feed conditions
pressure and temperature), the product purity and the final desti-
ation of the product strongly affect the choice (Table 3).

The composition of the feed and the product target are best con-
idered together when selecting a CO2 separation process because
he three processes have drastically different economies of scale
nd these parameters strictly influence the performance, reliability
nd pre-treatment required by the three upgrading processes.

Cryogenic separation offers recovery and purity significantly
igher than that of the other two technologies. However, this
echnology is suitable for the treatment of large stream volume

3 −1
>50,000 m (STP) h ), owing to the high costs related to energy
equirements. The direct competitor of membrane systems is, thus,
he ammine absorption.

Considering a typical membrane system (CO2/N2 selectiv-
ty = 50), the membranes can compete with the absorption only for

able 3
omparison among the three units as function of feed and product conditions.

Membrane system Absorption Cryogenic

Feed composition (CO2%) >15% >5% >5%
CO2 purity 80–95%a >95% 99.99%
CO2 recovery 60–80%a 80–95% 99.99%

a Considering a CO2/N2 selectivity of 50 in one stage process.
Moderate Limited
High High
Moderate Very low
4–6 MJ/kgCO2

[4] 6–10 MJ/kgCO2
[9]

CO2 concentration in the feed stream higher than ca. 15%. This is
a crucial consideration in the membrane design because the flue
gas stream arrives to the capture system with an inlet pressure
slightly higher than 1 bar and the net pressure difference through
the membrane provides the driving force for the separation. Con-
cerning the CO2 recovery and purity they are strictly related to the
membrane properties (selectivity and permeance). With the mem-
branes currently available on the market, the absorption shows
better performances with respect to membrane technology.

The current membrane systems cannot offer, in the mean time,
high recovery and high purity in one stage. As a consequence, the
improvement of the membrane properties and, in particular, the
increase in the selectivity becomes the bigger challenge for making
membranes competitive with absorption. A more detailed discus-
sion on this point will be done in the next section.

4. Simple tool for a preliminary analysis on the prospects
for membranes in CO2 capture from flue gas

From the above considerations, it appears clear that the mem-
brane operations are a suitable separation process for CO2 capture
particularly for the treatment of streams containing more than 15%
of CO2, like that coming out from steel production plants. How-
ever, it is very interesting to analyse the possible application of
membrane GS in the treatment of the flue gas coming out from a
power plant, where the CO2 concentration is around 15%, being
it the major contributor on greenhouse gases emissions. In this
paragraph, the potentialities of the membrane GS for the separa-
tion of a stream containing 13% of CO2 (typical flue gas coming
form power plant) has been proposed, focusing the attention on
the application of one stage membrane system. In particular, a
simple tool taking into account the influence of the most impor-
tant parameters affecting the membrane system performance has
been introduced in terms of general maps of CO2 purity versus CO2
recovery. These are useful for analysing different design solutions
in terms of membrane area and compression/vacuum load ratio
to be installed, comparing different systems for having the same
performances.

Table 4 reports the stream conditions, the membrane selectiv-
ity and the operating parameters that will be used as case study in

the following calculations. These have been chosen also referring
on the consideration done on membrane materials properties cur-
rently available in literature, indicated in the previous sections of
the paper.

Table 4
Feed conditions and operating parameters.

Flue gas composition 13% CO2 87% N2

Flue gas pressure 1 bar
Selectivity 30, 50; 100; 150; 300
Pressure ratio 5; 10; 20; 50
Number of stages 1
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Table 5
Parameters used for comparison between model and literature results.

FSC membrane [21] PVAmHM
(50,000 MWCO)/PSf (�)

PVAm/PPO (�)

Permeance (m3 m−2 h−1 bar−1) 0.2 0.4a

Selectivity CO2/N2 50 65a

Feed pressure (bar) 10 5
Permeate pressure (bar) 1 0.1
CO2 fraction in feed 0.1 0.1
Feed flow rate (m3 h−1) 0.024 0.024
Membrane area (cm2) 20 20
CO2 Recovery indexb (%) 14 37
CO2 Permeate Purity (%) 75 87
� 0.17 0.04

CO2 permeated preferentially in the first part of the module.
The maps could be the starting point in the carbon capture and

storage process design. In fact, global economic considerations on
the final electricity cost and CO2 storage technology allow the opti-
mal performance (that is, a point on the CO2 purity vs. recovery plot)
A. Brunetti et al. / Journal of Me

A dimensionless 1D mathematical model for the multi-species
teady-state permeation in no sweep mode and co-current con-
guration has been used for the calculations. In the case of binary
ixtures (CO2–N2) the model consists of a system of 2 ordinary dif-

erential (for the retentate side) and 2 algebraic (for the permeate
ide) equations (1)–(4).

Feed/Retentate side

dϕRetentate
CO2

d�
= −�CO2

(
� xRetentate

CO2
− xPermeate

CO2

)
(1)

dϕRetentate
N2

d�
= −

xFeed
CO2

xFeed
N2

1
˛CO2/N2

�CO2

(
� xRetentate

N2
− xPermeate

N2

)
(2)

Permeate side

Permeate
CO2

(
�
)

= ϕFeed
CO2

− ϕRetentate
CO2

(
�
)

(3)

Permeate
N2

(
�
)

= ϕFeed
N2

− ϕRetentate
N2

(
�
)

(4)

In the equations ϕCO2 , ϕN2 are the dimensionless molar flow rate,
or CO2 and N2, respectively and � is the dimensionless module
ength.

i = Qi

Q Feed
i

(5)

= z

L
(6)

i and � are the parameters affecting the performance of a one
tage membrane system, the permeation number and the feed to
ermeate pressures ratio, respectively.

CO2 = PermeanceCO2 AMembranePFeed

xFeed
CO2

Q Feed�
(7)

= PFeed

PPermeate
(8)

The permeation number expresses a comparison between the
wo main transport mechanisms involved. A high permeation num-
er corresponds to a high residence time for the stream and, then,
o a high permeation through the membrane with respect to the
otal flux along the module.

For given feed composition, membrane properties (species
ermeance and selectivity), module geometry (total installed mem-
rane area and module length) and fixed operating conditions (feed
ow rate and pressures) the solution of equations system provides
he species dimensionless flow rate profiles and composition along
he module length for both the membrane sides. The overall mem-
rane module performance in terms of, for instance, final species
urity and total recovery in the permeate stream are easily calcu-

ated considering the value of state variables (species composition)
t the module exit. Any combination of membrane properties, mod-
le geometry and operating conditions providing the same set of
arameters (�i and �) leads to the same solution for the mem-
rane system (dimensionless species profiles along the membrane
odule and overall membrane module performance).
Fig. 4 also shows the model validation with experimental data

vailable in the literature for gas mixture measurements giving
O2 concentration on permeate side and indirect information on
O2 recovered. Unfortunately, the main part of papers present in
he literature, concerning the CO2 separation by means of mem-
ranes, report only pure gas measures, not considering mixtures.

herefore, the model has been validated considering only two dif-
erent facilitated site carrier (FSC) membrane types. The first one
s prepared casting PVAmHM (50,000 MWCO) on a flat sheet PSf
lm; the second membrane types was obtained depositing a PVAm

ayer on PPO hollow fiber. Table 5 resumes the parameter used for
� 10 50

a Properties measured under vacuum.
b Calculated by the other data available in the reference.

the comparison between model and literature results. In particu-
lar, the CO2 recovery index, not directly reported in the literature
work, was calculated in this work from the other data available in
the reference.

The investigation of whole range of operating conditions (feed
pressure and flow rate) produces global maps showing all the pos-
sible solutions for the considered gas separation membrane system
(Fig. 2), expressed as parametric curves for both permeation num-
ber and pressure ratio. Each point in the maps corresponds to the
total membrane module performance for a given set of operating
conditions.

In particular, the CO2 permeate purity is here plotted as a func-
tion of CO2 recovery for different pressure ratios (�, ranging from
5 to 50) and permeance number (�CO2 , from 0.05 to 1).

In the maps all the parametric curves at constant pressure ratio
have a same trend: the higher the recovery the lower the CO2 purity
in the final permeate stream. Moreover, increasing the operating
feed pressure (that is, increasing �) the curves move up, which
means that a higher purity is achieved at the same CO2 recovery.

At a given permeation number (Fig. 2, dashed lines), the CO2
purity increases with the recovery, in the left part of the plot (low
stage-cut). Whereas, in general, a higher permeation number leads
to a higher recovery but lower purity; in fact, the main part of the
feed flow rate permeates through the membrane and N2 dilutes the
Fig. 2. CO2 permeate purity versus recovery index for different pressure ratios (con-
tinuous lines) and permeation numbers (dashed lines). Feed CO2 composition = 13%.
CO2/N2 ideal selectivity = 30.
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Table 6
Different possible operating conditions for feed ratio of 20 and permeation number
of 0.2.

PFeed (bar) Q Feed
CO2

(m3 (STP) h−1) xFeed
CO2

/(xFeed
CO2

@20 bar) (%)
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20 5 PermeanceCO2 AMembrane 100%
10 2.5 PermeanceCO2 AMembrane 50%

1 0.25 PermeanceCO2 AMembrane 10%

o be univocally individuated on the maps; the parametric curves
rossing on this optimal point provide the corresponding pressure
atio and permeation number.

For instance, 64% CO2 purity and 61% recovery corresponds to a
ystem having a pressure ratio (�) of 20 and a permeation number
�CO2 ) of 0.2. For a given geometry and membrane (PermeanceCO2 )
his pair of parameters can be obtained by means of infinite differ-
nt couples of operating condition; Table 6 reports some of them.

Each point in the solution space of Fig. 2 can be obtained by
eans of all the different set of operating conditions providing

he same �CO2 − � pair (corresponding to the parametric curves
rossing each-other in the considered point). Table 6 reports some
xamples; it is possible to see that for a given performance (CO2
urity and recovery), the lower the feed pressure the lower the
eed flow rate in the membrane module. This fact is easily under-
tood considering that at a lower feed pressure also the permeation
riving force is reduced (constant �). Changing the operating con-
itions, according to the Eqs. (7) and (8), the membrane module
rovides the same performance in terms of CO2 purity and recovery.

Looking to the data in Table 6 and assuming a 1 m3(STP) h−1

f flue gas per module in the case of 20 bar of feed pressure, the
eed flow rate decreases to 50 or 10%, respectively, when the feed
ressure is reduced to 10 or 1 bar. Therefore, to process a given flue
as flow rate, the lower the feed pressure the higher the membrane
rea. On the contrary, since usually the flue gas disposal takes place
t almost atmospheric pressure, a high feed pressure leads to a
igh compression load to be accounted for in the overall membrane
ystem evaluation.

As example to highlight this aspect, in Table 7 are considered
perating conditions related to two different feed pressures of 20
case A) and 1 bar (case B). The point “C” of Fig. 2 represents both
hese conditions. It must be pointed out that in the case B the feed
ressure is assumed to be exactly the one of the flue gas in the
ower plant smokestack.

In the case A, the flue gas feed stream has to be compressed up
o 20 bar; assuming the compression load proportional to the flow
ate and to the pressure ratio, for 1 m3(STP) h−1 of flue gas this load
s 20 a.u.

According to Eq. (7), in the case B the feed flow rate
3 −1
o be send in the module is 0.05 m (STP) h (1/20 of the

ase A); moreover, a vacuum pump is needed for reducing
he permeate down to 0.05 bar. In this case the compres-
ion load is 0.12 a.u., being proportional only to the flow rate
ffectively sucked, that is 0.0062 m3 (STP) h−1 per module =

able 7
omparison of compression/vacuum load and membrane area for two different sets
f operating condition.

Case A Case B

� 20
�CO2 20
CO2 permeate purity (%) 64
CO2 recovery (%) 61
PFeed (bar) 20 1
PPermeate (bar) 1 0.05
QFeed (m3 (STP) h−1) 1 0.05
Compression load (a.u.) 20 2.4
Membrane modules 1 20
Fig. 3. CO2 permeate purity versus recovery index for different � (continuous lines)
and different �CO2 (dashed lines). Feed CO2 composition = 13%. CO2/N2 ideal selec-
tivity = 50. Symbols: experimental data from literature [21].

(QFeedxFeed
CO2

/(CO2 permeate purity × CO2 recovery)) and to the pres-
sure ratio (always 20). Finally, considering that in the case B 20
modules are necessary to process the same flue gas flow rate treated
in the case A, the conclusion is that passing from the case A to
the case B there is a reduction from 20 to 2.4 a.u. of compres-
sion/vacuum load and an increase from 1 to 20 membrane modules
(Table 7).

A higher CO2/N2 ideal selectivity leads to different maps (the
curves move up). Fig. 3 shows the map of one stage membrane
system solutions calculated for an ideal selectivity of 50.

In the case of a pressure ratio of 10, the simulation provides
a maximum achievable CO2 purity in permeate stream of around
76% (i.e., recovery close to zero). The purity decreases monotoni-
cally down to 39% when recovery is 76%. In the same figure some
experimental results [21] present in the literature are also reported.
In both cases a good agreement between the model and the exper-
imental data was found. This confirms the suitability of this model
as a simple tool for an analysis on the perspectives for membranes
in CO2 separation. As already mentioned comparing the maps at
˛CO2/N2

= 30 and 50, the increase of selectivity leads to an increase
in membrane module performance and, in particular, the achiev-
able CO2 purity at a given recovery. In the meantime, discussing
about the maps it was pointed that also the increase in pressure
ratio produces the same effects on the purity. In this paragraph, a
comparison between the influence of pressure ratio (�) and mem-
brane selectivity (˛) was proposed.

Figs. 4–6 show the effect of ideal selectivity on the membrane
module performance at pressure ratios of 10, 20 and 50, respec-
tively. In Fig. 4 the CO2 permeate purity as a function of recovery has
been calculated for a pressure ratio of 10. In the case of ˛CO2/N2

= 30,
the CO2 purity reduces progressively from 69 (its maximum value,
when recovery is close to 0%) to 13% (the feed composition, when
the recovery is total). When ideal selectivity of 50, 100, 150 and
300 are considered, the maximum achievable purity increases up
to 76, 84, 88 and 93%, respectively. On the other side, at a high
recovery all the curves at different selectivity approach asymptot-
ically to a limit trend, converging to the feed composition (13% of
CO2). Assuming as lower suitable limit the 80% of CO2 in the perme-
ate stream, membranes with ideal selectivity of 30 and 50 cannot
match, at � = 10, this limit. A selectivity of 100 allows a recovery up
to 22% to be obtained, whereas the CO recovery limit becomes 32
2
and 39% for selectivity of 150 and 300, respectively.

Same simulations are shown in Figs. 5 and 6 for � = 20 and 50
and them look qualitatively similar to Fig. 4, but the all the curves
at different selectivity are shifted towards higher purity and recov-
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Fig. 4. CO2 permeate purity versus recovery index for pressure ratio 10 at different
CO2/N2 ideal selectivity from 30 to 300.

F
C

e
f
r
a
6
p
c
t

F
C

ig. 5. CO2 permeate purity versus recovery index for pressure ratio 20 at different
O2/N2 ideal selectivity from 30 to 300.

ry. The maximum achievable purity at selectivity 100 increases
rom 84 (� = 10) to 91 and 94% for the pressure ratios 20 and 50,
espectively. At a higher pressure ratio also the maximum achiev-
ble CO2 recovery is higher and for selectivity 100 it exceed the

0% and 80% for � = 20 and 50, respectively. However, even if a
ressure ratio of 50 is operated, membranes with selectivity 30
annot produce the minimum purity required. Independently from
he pressure ratio, all the curves at different selectivity converge

ig. 6. CO2 permeate purity versus recovery index for pressure ratio 50 at different
O2/N2 ideal selectivity from 30 to 300.
e Science 359 (2010) 115–125 123

always to the feed CO2 composition value at total recovery, but at a
higher � the absolute value of the limit slope is higher. In general,
the space of solutions for different membrane selectivity at a given
pressure ratio can be divided in two zones. In the first one, at low
CO2 recovery, the permeate stream purity is strongly affected by
the membrane selectivity: a high ˛ allows high CO2 purity to be
achieved. In the second zone, high CO2 recovery, on the contrary,
the membrane selectivity does not affect at all the membrane mod-
ule performance (the asymptotical approach of all the curves), the
permeate purity being controlled only by the pressure ratio: a high
� allows to produce a permeate stream highly concentrated in CO2.

Therefore, for designing membrane system for CO2 removal
from flue gas in a logic of strong reduction of greenhouse gas emis-
sions (at least 80% CO2 recovery with 80% purity in the recovered
stream), a higher operating pressure ratio is required in addition to
high efforts in R&D for improving materials and, thus, membrane
selectivity.

5. Conclusions

Some general guidelines to rightly drive the application of mem-
brane GS technology as suitable operation for CO2 capture from
flue gas emissions are given. The membrane system performance
is strongly affected by the flue gas conditions (the low CO2 concen-
tration and pressure) and this is, actually, the main problem related
to their limited application for CO2 capture in post-combustion
process.

Considering as case study a flue gas stream containing 13% of
CO2, some general maps of CO2 recovery versus CO2 purity have
been introduced, taking into account the membrane characteristics,
the flue gas conditions and the desired output to be obtained. These
constitute as useful tool for an immediate and preliminary analysis
on the membrane technology suitability for CO2 separation from
flue gas.

Different membrane selectivities ranging from 30/50 (commer-
cial membranes) up to 150 (of most promising membranes) and 300
(as ideal value, not currently reliable) and different feed pressure
ratios were considered. The results showed that, with currently
available membranes (selectivity up to 50), it is not possible to
get, simultaneously, interesting CO2 recovery and purity (80% CO2
in permeate stream). In order to fit this target, the mathematical
simulations showed the fundamental role played by the operating
pressure ratio more than selectivity. In fact, with a selectivity of
100 (value already reached in the lab by some membrane mate-
rials), shifting the pressure ratio from 10 to 20 or 50, the CO2
recovery passes from 22% to more than 60% or 80%, respectively. A
high pressure ratio is necessary also when high selective (100–150)
membranes are operated.

Nomenclature

X molar fraction
Q flow rate (m3 (STP) h−1)
Z membrane module axial coordinate (m)
L membrane module length (m)
Permeance membrane permeance (m3 (STP) m−2 h−1 bar−1)
AMembrane membrane area (m2)
P pressure (bar)
a.u. arbitrary unit
Superscripts
Feed feed phase referred to
Retentate retentate phase referred to
Permeate permeate phase referred to
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Greek letters
� pressure ratio
˛ membrane selectivity
ϕ dimensionless flow rate
� permeation number
� dimensionless axial coordinate

Acronyms
CCS Carbon Capture and Storage
FSC Facilitated Site Carrier
GS Gas Separation
MWCO Molecular Weight Cut Off
PSf Polysulfone
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