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to the identification of high-
potential materials for cost-efficient membrane-
based post-combustion CO2 capture†

Simon Roussanaly, *a Rahul Anantharaman, a Karl Lindqvist ab

and Brede Hagena

Developing “good” membrane modules and materials is a key step towards reducing the cost of

membrane-based CO2 capture. While this is traditionally being done through incremental development

of existing and new materials, this paper presents a new approach to identify membrane materials with

a disruptive potential to reduce the cost of CO2 capture for six potential industrial and power generation

cases. For each case, this approach first identifies the membrane properties targets required to reach

cost-competitiveness and several cost-reduction levels compared to MEA-based CO2 capture, through

the evaluation of a wide range of possible membrane properties. These properties targets are then

compared to membrane module properties which can be theoretically achieved using 401 polymeric

membrane materials, in order to highlight 73 high-potential materials which could be used by membrane

development experts to select materials worth pushing towards further development once practical

considerations have been taken into account. Beyond the identification of individual materials, the

ranges of membrane properties targets also show the strong potential of membrane-based capture for

industrial cases in which the CO2 content in the flue gas is greater than 11%, and that considering CO2

capture ratios lower than 90% would significantly improve the competitiveness of membrane-based

capture and lead to potentially significant cost reduction. Finally, it is important to note that the

approach discussed here is applicable to other separation technologies and applications beyond CO2

capture, and could help reduce both the cost and time required to develop cost-effective technologies.
1 Introduction

Carbon capture and storage (CCS) is a key technology to limit
the impact of anthropogenic CO2 emissions from the power
generation sector and industry.1,2 It has been a focus of research
and development efforts for several decades.3,4 However, in
order to reach the deployment ambitions, the cost of CCS needs
be further reduced, with a special emphasis on the CO2 capture
part of the chain. In order to signicantly reduce the cost of CO2

capture, the combined development of advanced capture tech-
nologies and materials is essential. For membrane-based CO2

capture, one of the most promising emerging capture technol-
ogies,3,5 this means developing “good”membrane modules and
materials. This aspect has conventionally been addressed by
many strong international research groups through incre-
mental improvements in permeance from membrane modules
1, NO-7465 Trondheim, Norway. E-mail:

7250; Tel: +47 47441763

ology, Department of Energy and Process

tion (ESI) available. See DOI:

hemistry 2018
with moderate to very high selectivity, based on initial material
selection, and educated guesses regarding desired proper-
ties.6–11 However, in order to create a disruptive reduction in
cost of membrane-based capture, it is important to identify
a range of membrane properties, appropriate for the applica-
tion, which can compete with conventional CO2 capture tech-
nologies and further reduce costs.12 Recently, similar
approaches have been suggested for solvent-based CO2

capture.13–15 These systematic methodologies enable
researchers to provide recommendations, feedbacks and targets
on the best combinations of material properties for specic CO2

capture cases, thus supporting a rapid and cost-efficient devel-
opment of the technologies under consideration.

Even though membrane processes are conceptually
straightforward, complex and highly integrated multi-stage
membrane process layouts are frequently required to meet
desired product purity and targeted capture ratio. This results
in multiple process design and operation decisions to be
considered in order to ensure a suitable driving force for
separation and to minimize the cost of such membrane systems
considering the optimal trade-offs between the separation work
and membrane area requirements. Two main approaches have
been considered in the literature to design membrane systems.
Sustainable Energy Fuels, 2018, 2, 1225–1243 | 1225
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Fig. 1 Integrated techno-economic assessments approach to membrane-based CO2 capture.
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The rst type is parametric sensitivity-based approaches in
which a parametric sensitivity study for a single stage membrane
process is performed in order to identify “optimal” process
operating points and membrane area for the rst stage of the
process.16–20 The focus is, typically, on minimising energy
consumption. The results obtained from the rst stage are used
to perform a parametric sensitivity analysis for the second stage
of the membrane. The results from the second stage are
then checked to ensure that product purity requirements are met
and that a suitable design has been achieved. If not, the process is
repeated until the required specications are met. The cost of the
membrane system is calculated at the end using a suitable cost
model; if it is too high, the process is repeated. The advantage of
this approach lies in the visual representation of each membrane
stage used in the design process, which improves the under-
standing of the effects of individual process parameters. The
disadvantages are that costs are calculated at the end of the
design process when in fact the design trade-off between pressure
ratio and membrane area is directly related to costs. Further-
more, feedback related to membrane development are also be
inconsistent, complex and time-consuming.

The second type of approach is optimisation-based
approaches in which the membrane process is optimised
based on a superstructure that includes many possible combi-
nations of owsheet connections and is normally formulated as
a Non-Linear Program (NLP) or a Mixed-Integer Non-Linear
Program (MINLP).21–23 There is usually no interaction with the
designer in the design process. The advantage of this method-
ology is that it can potentially identify an optimal membrane
and system for given feed composition while including all
relevant process schemes in the superstructure. However, on
the other hand, it leads to little process insight and conse-
quently little feedback that can be given towards membrane
development. Moreover, this approach usually results in
complex process congurations.7
1226 | Sustainable Energy Fuels, 2018, 2, 1225–1243
Due to the limitations of existing approaches to the design of
membrane systems, a novel systematic methodology for the
consistent design of post-combustion membrane systems,
called the attainable region methodology, has been devel-
oped.12,24,25 This approach has been applied to the design of
membrane systems for CO2 capture from cement plants25 and is
shown to result in better designs than those available in the
literature.26

This paper presents a new approach to identify membrane
materials with a disruptive potential to reduce the cost of CO2

capture for both the power generation sector and the industry as
shown in Fig. 1. Furthermore, this paper also uses the attain-
able region methodology to establish targets on combinations
of membrane properties required for post-combustion
membrane-based CO2 capture to compete with the reference
solvent CO2 capture technology. These membrane properties
can then be used as basis for material development, provide
feedback to membrane developers and identify high potential
membrane materials. To reach this goal, the cost of membrane-
based CO2 capture is optimised and compared to the reference
capture technology for a wide combination of membrane
properties, as previously illustrated for a coal power plant case
at 90% CO2 capture ratio‡ (CCR).12

In order to identify the full potential of membrane-based
capture, six industrial and power generation cases are consid-
ered. While the CO2 capture ratio is oen set to 90%, or higher,
based on experience from solvent technologies, recent literature
has shown that considering lower CCRs could reduce costs in
the case of membrane-based capture.7,27,28 With this perspec-
tive, membrane properties are identied for a conventional 90%
CCR case, and for cases taking into consideration the potential
of lower CCRs. Finally, the combinations of membrane prop-
erties obtained are used to provide feedback regarding suitable
polymeric materials that could lead to membrane-based
‡ Dened as the amount of CO2 captured over the amount of CO2 in the ue gas.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Characteristics of the industrial and power generation cases

Basis Industrial case considered

Renery

Cement plant30 Steel plant31 Coal power plant32FG29 LSFO29 FCC29

Wet Feed ue gas mass ow [twet h
�1] 282 484 216 348 1965 2706

CO2 concentration [%wet,vol] 8.1 11.3 16.6 20.2 27.2 14.6
Dry Feed ue gas mass ow [tdry h

�1] 248 452 203 333 1893 2644
CO2 concentration [%dry,vol] 9.9 12.6 26.1 22 29.1 15.2

Fig. 2 Schematic view of the system boundaries for the industrial cases.§
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View Article Online
capture processes that are cost-competitive with solvent-based
capture.
2 Methodology
2.1 Study concept and system boundaries

This study aims to identify the membrane properties necessary
and, subsequently, suitable polymeric materials for membrane-
based separation to be cost-competitive with the reference
technology (MEA-based absorption) for post-combustion CO2

capture. In order to evaluate the full potential of the membrane-
based CO2 capture, six industrial and power generation cases
with the characteristics shown in Table 1 are considered: three
renery cases, a cement production plant, a steel plant, and
a coal-red power plant.

The three renery cases are based on CO2 capture from
different units of a high conversion renery with a crude
capacity of 350 000 barrel per stream day (BPSD).29 The rst
case, called “Renery FG”, considers CO2 capture of the CO2

emissions of the combustion of sweet renery off-gas associated
with the two catalytic reformers of the renery and accounts for
around 10% of the emission of the renery. The second renery
case, called “Renery LSFO”, considers capture of the CO2

emissions from the combustion of low sulphur fuel oil (LSFO)
associated with the two crude distillation units of the renery
§ It is worth noticing that in some cases, a share of the steam and electricity
required by the CO2 capture process may be produced within the industrial
plant through, for example, heat recovery from high temperature sources or
excess electrical power respectively.

This journal is © The Royal Society of Chemistry 2018
and which is responsible for around 21% of the renery's
emissions. The third renery case, called “Renery FCC”, is
based on capture from two uid catalytic cracker units of the
renery and represents 11.5% of the renery's emissions. The
cement case is based on CO2 capture from the ue gas of
a cement plant with a clinker capacity of 3000 tonne per day as
dened by the CEMCAP EU project.30 Finally, the steel case is
based on CO2 capture from the hot stoves and power plant ue
gases of a steel mill producing annually 4 million tons of hot
rolled coil (HRC) as dened by the IEAGHG.31 These two sources
are the largest CO2 emitting units of the steel mill, and produce
67% of the steel mill emissions. The coal-red power plant case
is based on CO2 capture from the exhaust ue gas of an
advanced SuperCritical pulverized fuel power plant with a net
power output of 754 MWe without CCS as presented in the
European Benchmarking Task Force report.32

Recent literature shows that lower CCRs can signicantly
decrease the CO2 avoidance cost of membrane-based CO2

capture,28 while solvent-based capture is oen considered to be
more cost-effective at CCR above 90%.30 Hence, the inuence of
CCR on the membrane properties required for cost-competitive
CO2 capture must be taken into account to assess the full
potential of membrane-based CO2 capture. The common 90%
CCR assumption is therefore treated as the base case in this
work, while the membrane processes are also evaluated for
CCRs between 50–90% to identify the cost-optimal operating
point and cost-reduction potential. It is worth noting that CCRs
below 50% are not considered as it is assumed that a certain
scale of each capture unit is needed to make CCS projects
worthwhile and impactful.
Sustainable Energy Fuels, 2018, 2, 1225–1243 | 1227
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Fig. 3 Schematic view of the system boundaries for the power generation case.

Fig. 4 Principal layout of the stage-wise membrane separation process for a two stages system.{
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Finally, two sets of system boundaries are considered as
shown in Fig. 2 and 3. In the case of the industry cases, it is not
necessary to include the industrial plant in the assessment, as
the implementation of CCS does not affect the plant produc-
tion.33 Therefore, in these cases, the assessment starts when the
cleaned ue gas from the CO2 source is sent to the CO2 capture
unit, where CO2 is removed from the ue gas using
a membrane-based or MEA-based process. The captured CO2,
with a purity of at least 95%, is then sent for conditioning and
pipeline export,34,35 while the rest of the ue gas is vented.
Meanwhile, in the case of the coal power plant, as the electricity
and steam consumed by the CO2 capture unit are produced by
the power plant, the power plant needs to be included in the
system boundaries, as shown in Fig. 3.
{ One- and three-stage systems uses one fewer or more membrane separation
units.

k Membrane congurations including sweep oen result in space intensive
ducting as well as modication of the industrial plant (for example
modication of the power plant boiler) which can be challenging for retrot cases.
2.2 Technical modelling of CO2 capture technologies

2.2.1 Membrane-based CO2 capture. The membrane based
CO2 capture processes evaluated in this study are derived from
membrane cascade process owsheets, as shown for a two-stage
conguration in Fig. 4. In this process, the wet ue gas is rst
cooled through a direct contact cooler and dried through 3 Å
molecular sieves before it enters the membrane system, in order
to avoid water permeation through the membrane. CO2 is
enriched through a number of membrane stages (one, two or
three stages) as the permeable component, up to a purity of at
least 95 mol%. The driving force for separation is provided by
feed gas compressors and permeate vacuum pumps. In order to
1228 | Sustainable Energy Fuels, 2018, 2, 1225–1243
ensure energy-efficient capture, part of the energy spent in feed
compression is recovered through retentate expanders. While
the CO2 product is obtained as the permeate stream from the
last membrane stage and is then sent to CO2 conditioning and
transport, the retentate stream from each membrane stage is
vented as exhaust gas aer expansion. It is worth noting that
“complex” owsheet congurations with sweeps,k recycles or
heat integrations are not considered here, so that the results
obtained are not limited to greeneld applications, but may be
used for retrot on existing infrastructure.

The membrane module is modelled as a binary component
separator in cross-ow conguration with negligible mixing on
the permeate side.36 Change of composition along the feed side
of the membrane is taken into account but pressure drops on
either side of the membrane are neglected. The use of a binary
component model is justied by the fact that the vast majority of
experimental and evaluation work has been done on binary
(CO2/N2) mixtures and very oen reports only this selectivity.6,7,36

While there are a few studies considering multi-component gas
mixtures,37,38 it is beyond the scope of this work to try to
extrapolate these results to membranes with vastly different
properties. Oxygen and minor components are lumped together
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Layout of the MEA-based CO2 capture process.42

Table 2 Data for cost evaluation of the membrane-based capture12

Parameter Value

Compressor (rst stage) [V per kW] 920
Compressor (second stage) [V per kW] 510
Expander [V per kW] 570
Vacuum pump [V per kW] 800
Cooler [V per m2] 370

2 36
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with nitrogen. Rotating equipment are set as isentropic expan-
sion or compressions of an ideal gas combined with an isen-
tropic efficiency of 80%. The assumption of negligible pressure
drops on each membrane side is a common one,36 although
admittedly restrictive. This is particularly true on the permeate
side where even a small pressure drop will incur a large change
in absolute pressure due to the lower permeate side pressure
(typically vacuum conditions**). It should be noted that the
pressure drop is intrinsically linked to the membrane module
design and manufacturing (e.g. length of hollow bres and the
ow pattern), and this information is rarely available for
membranes in the research stage. Additionally recent studies
have shown that membrane module selectivity is not a constant
as is usually considered in estimating membrane system
performance in literature.38,39 In light of this, the results of this
work should be interpreted as the general trend of required
module membrane performance required to compete with MEA.

To identify the range membrane properties required for
membrane-based process to be cost-competitive with post-
combustion MEA-based CO2 capture, membrane properties in
the following ranges are evaluated: 5 to 200 for CO2/N2 selectivity
and 0.25 to 15 m(STP)

3 (m2 h bar)�1 in terms of CO2 permeance.††
The membrane separation process (number of stages and oper-
ating conditions for each stage) is optimised for each combina-
tion of selectivity and permeance according to the attainable
region approach. The methodology and numerical model, previ-
ously described and illustrated in detail,12,24,25,28 minimise the CO2

avoided cost by considering the detailed investment and oper-
ating costs of a membrane-based process rather than focusing
only on energy efficiency. More details on the membrane process
design and characteristics resulting from the approach used here
are illustrated in previously published studies.25,40 This model
optimises and assesses the CO2 avoided cost of the membrane
process for each of the six cases, the 2400 combinations of
** A minimum permeate pressure of 0.2 bar is here considered.

†† 1000 GPU is equivalent to 2.7 m(STP)
3 (m2 h bar)�1.

This journal is © The Royal Society of Chemistry 2018
membrane properties, and the CO2 capture ratios considered. The
cost results obtained are nally compared with the reference
MEA-based capture technology to identify which combination of
properties would lead to a cost-competitive membrane process.

2.2.2 MEA-based CO2 capture. With several plants under
operation and demonstration, solvent-based capture is the
most mature technology for CO2 capture. As is common in
literature, an absorption process based on monoethanolamine
(MEA) is treated here as the reference CO2 capture technology to
benchmark the membrane-based processes.

In the MEA-based process, the exhaust ue gas is rst pres-
surised to compensate the pressure drops inherent to the
process. The exhaust is then cooled through a direct contact
cooler before passing through a packed absorption column, in
which the CO2 present in the ue gas is absorbed in a 30% wt
MEA aqueous solvent. While the absorbed CO2 is recovered
chemically bound to the solvent at the bottom of the absorber
(CO2-rich solvent), the ue gas aer absorption also goes
through a water-wash packing section in order to limit water
and solvent makeups, as well as solvent emissions to the
atmosphere. Meanwhile, the CO2-rich solvent is pumped and
pre-heated to 120 �C through a heat exchanger by the regen-
erated lean solvent, before being sent to the top of the stripper.
In order to break the chemical bound between the CO2 capture
Membrane module [V per m ] 40
Reference module cost [kV] 286
Reference module area [m2] 2000
Reference pressure [bar] 55

Sustainable Energy Fuels, 2018, 2, 1225–1243 | 1229
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Table 3 Cost data related to utilities consumption

Case Industrial cases Coal power plant case

Purchased electricity cost [V per MWh] 58.1 (ref. 30) —
LCOE of the power plant without CCS [V per MWh] — 63.3 (ref. 12 and 32)
Climate impact of electricity [gCO2

per MWh] 306.4 (ref. 30) 763 (ref. 32)
Steam cost [V per GJ] 7 (ref. 30) —
Climate impact of steam [kgCO2

per GJ] 56.9 (ref. 30) —
Cooling water supply Seawater cooling Cooling tower
Cooling water temperature increase constrain [�C] 10 10
Cooling water cost [V per m3] 0.025 (ref. 41) 0.21a

MEA make-up cost [V per kgMEA] 1300 (ref. 32) 1300 (ref. 32)

a Estimated based on the cost of cooling towers and a water makeup of 3% at a cost of 0.39 V per m3
water makeup.
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and solvent as well as maintain the regeneration in the stripper,
a signicant amount of heat is provided to the stripper by
a reboiler. The vapour from the stripper is then cooled to
separate water, while the puried CO2 is sent to conditioning
and transport. Finally, the lean solvent recovered at the bottom
of the stripper is cooled through the heat exchanger and
a cooler to enhance the absorption process before being pum-
ped back to the top of the absorber.

It is important to note that the steam required in the
regeneration process can be provided by various means.30 Here,
in order to represent the most representative scenarios in each
case, the steam required by the stripper is assumed, in the
power plant case, to correspond to low pressure steam extracted
the power plant, while it is assumed to be provided by natural
gas boilers in the industrial cases (Fig. 5).

More information on the details of the MEA-based process
considered can be found in previously published studies.41,42
2.3 Cost evaluation methodology

The cost estimates used and generated in this study are devel-
oped to be representative of Nth of a kind plants and are given in
2014 Euro prices. The investment cost data not directly available
in 2014 prices are updated following the Chemical Engineering
Plant Cost Index43 and the European Power Capital Costs Index
excluding nuclear power‡‡44 for the capture processes and the
power plant respectively, while the utilities costs are updated
based on an average annual ination rate of 1.7%.12

2.3.1 Investment costs. A bottom up approach is here
adopted to evaluate the investments of the CO2 capture processes.
In this approach, the direct cost of each item of equipment, in the
appropriate material, are estimated using Aspen Process
Economic Analyzer® based results from the technical modeling.
However, the membrane module cost is assessed following the
cost adopted by Zhai and Rubin36 (see Table 2), and the frame-
work cost is assessed following the Van der Sluijs et al. equation45

updated by Roussanaly et al.24 to reect the inuence of the
module design pressure,§§ as shown in eqn (1). The total
‡‡ The EPCCI tracks and forecasts the costs associated with the construction of
a portfolio of power generation plants in Europe, and is thus an indicator of the
market price of the power plants.

§§ It is worth noting that an upper limit of 25 000 m2 of membrane area per
module is used in order to avoid unrealistically large modules.

1230 | Sustainable Energy Fuels, 2018, 2, 1225–1243
investment costs are then obtained by multiplying the sum of the
direct costs with an indirect cost factor of 1.31.32

It is worth noting that for membrane-based capture,
regressed linear direct cost functions (see Table 2) are used
for each item of equipment12 as the numerical
membrane model optimises the process to minimise the
overall costs.

Direct costmembrane framework ¼

reference framework cost

�
module area

2000

�0:7�
module pressure

55

�0:875

(1)

2.3.2 Operating costs. The annual xed operating costs
comprise of replacement of materials, maintenance, insurance
and labour costs, and are set to 6% of the investment costs.24 In
order to take the degradation of the membrane over time into
account, an annual replacement of 20% of the membrane
module area is considered, with a cost of 8 V2014 per m

2.{{36

The variable operating costs cover consumption of utilities
such as water, electricity, steam and solvent make-up, and are
based on the estimated consumptions of utilities and the cost
data shown in Table 3. In practice, it is important to note that
the cost of some utilities, such as electricity, steam and cooling
are expected to differ between the industrial cases and the
power generation case.

In the industrial cases, electricity is expected to be purchased
from the European grid, while steam is assumed to be produced
by a natural gas boiler at the industrial site.30 It is worth noting
that in practice different steam supply scenarios (in terms of
source, cost and climate impact) for solvent regeneration may
be achievable and would hence impact the cost of solvent based
CO2 capture as illustrated in Roussanaly et al.30 Optimal steam
supply scenarios for solvent-based capture is however highly
specic to combination of type of industry, production process,
local characteristics and are therefore not considered in the
present work.

However, in the power generation case, the electricity and
steam consumptions associated with CO2 capture decrease
{{ Zhai and Rubin suggested a replacement cost ve times lower than the module
investment cost.

This journal is © The Royal Society of Chemistry 2018
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the net power output of the plant. Therefore, in such a case,
the CO2 capture need to be optimised and assessed taking
into account its impact on the levelised cost of electricity
(LCOE) and climate impact of the power plant, as described in
detail previously.12

2.3.3 Key performance indicators. The CO2 capture cost is
used here as a Key Performance Indicator (KPI) in order to
optimise the membrane process and compare the two capture
technologies.

For the power generation case, as the cost of electricity is an
output of the power plant with CCS design,33 the CO2 capture
cost needs to be calculated according to the equation presented
by Rubin46 and shown in eqn (2).

CO2 capture cost ¼ ðLCOEÞCCS � ðLCOEÞref�
tCO2

per MWh
�
ref

� �
tCO2

per MWh
�
CCS

(2)

where
� (LCOE)CCS and (LCOE)ref are the LCOEs of the plant with

and without CCS [V per MWh].
� (tCO2

per MWh)CCS and (tCO2
per MWh)ref are the CO2 emis-

sion rate of the plant with and without CCS [tCO2
per MWh].

For the industrial cases, the CO2 capture cost can be calculated
by dividing the annualised costs of capture by the annualised
amount of CO2 avoided (see eqn (3)).33 The annualised amount of
CO2 avoided is dened as the amount of CO2 captured minus the
Fig. 6 Cost breakdown of the MEA-based CO2 capture process.

Table 4 Characteristics and performances of the MEA-based CO2 capt

Parameter

Renery

FG LSFO

Wet feed ue gas mass ow [twet h
�1] 282 484

CO2 concentration [%wet,vol] 8.1 11.3
Electricity consumption [kWh per tCO2,captured] 35.8 26.0
Steam consumption [GJ per tCO2,captured] 3.46 3.35
MEA make-up [kgMEA per tCO2,captured] 1.83 1.37
CO2 capture cost [V per tCO2,avoided] 68.7 57.6

This journal is © The Royal Society of Chemistry 2018
direct CO2 emissions associated with the steam and electricity
consumption of the CCS infrastructure. Including the direct CO2

emissions is especially important as the direct CO2 emissions
associated with steam and electricity consumption can signi-
cantly vary between the two capture technologies.40

CO2 capture cost ¼
annualised investmentþ annual operating cost

annualised amount of CO2 avoided
(3)

In both cases, the CO2 capture cost is calculated for
a discount rate of 8% and an economic lifetime of 25 years.32 In
addition, the investment costs assume that construction is
spread over a three-year period (with a 40/30/30 allocation).32
3 Results
3.1 Performances of the reference capture technology

In order to validate the results of the referenceMEA-based capture
process before comparing the two CO2 capture technologies, the
technical and cost performances of the reference technology
(MEA-based CO2 capture) are presented here for a 90% CCR.
While the main technical performances of this capture process
can be found in Table 4 for the different cases considered, the CO2

capture cost and its breakdown are displayed in Fig. 6. When
looking at the different cases, the cost evaluation shows that the
ure process

Cement plant Steel plant Coal power plantFCC

216 348 1965 2706
16.6 20.2 27.2 14.6
18.0 14.9 11.3 21.6
3.26 3.22 3.18 3.3
0.99 0.85 0.68 1.16
56.1 49.2 42.0 43.0
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CO2 capture cost varies between 69 and 42 V per tCO2,avoided. It is
worth noting that these numbers may appear to be slightly lower
than those oen presented in the literature47,48 as the cost of
conditioning before transport, which typically adds around 10 V

per tCO2,avoided,
35 are not included. As observed in the literature,42,49

the CO2 capture cost decreases non-linearly as the CO2 concen-
tration increases.kk This decrease is due to a reduction in both
steam and electricity consumption, as well as a reduction in
investment costs, and therefore xed operating cost, with the CO2

concentration in the ue gas. Furthermore, as is frequently
illustrated in the literature,30,42,47 the cost of energy consumption is
the main contributor (60–75%) to the CO2 capture cost.

Regarding the coal power plant case, it is worth noting that
the CO2 capture cost obtained is signicantly below than those
of the industrial cases in the same range of CO2 concentrations.
The main reason for this discrepancy is linked to the lower
steam cost in the power plant case. Suitable steam is available in
coal power plants at a signicantly lower production cost than
in an industrial plant.30 This lower cost of steam is estimated to
reduce the CO2 capture cost in the power plant by approximately
13 V per tCO2,avoided compared to a case in which the steam
would be produced by natural gas boiler. Due to this variation in
steam production cost, the coal power plant can be expected to
advantage CO2 capture technologies which require steam, like
solvent-based capture, while the industrial cases can be ex-
pected to be more suited to CO2 capture technologies which do
not require steam, like membranes.
3.2 Comparison of capture technologies at 90% CO2 capture
ratio

Costs of membrane-based CO2 capture compared to post-
combustion MEA-based capture at 90% CCR is presented in
Fig. 7 over the range of considered membrane properties and
for the six cases considered. As a wide range of membrane
properties are evaluated, membrane permeance and selectivity
are displayed using the X- and Y-axis while the relative cost is
represented using colour coded areas (see colour bar in gure).
In these graphical representations, the bluer the combination
of membrane properties is, the more cost-competitive the
membrane-based capture is. In contrast, the redder the
combination of membrane properties is, the more cost-
competitive MEA-based capture is. It is worth noting that due
to potential changes in the number of stages between combi-
nations of membrane properties, coarse separation between
areas may be obtained.

In the renery fuel gas case, the results displayed in Fig. 7(a)
show that only a narrow range of membrane properties can
result in a process cost-competitive with MEA-based capture,
and that the potential cost reduction remains limited. Indeed,
permeances of at least 2.5 m(STP)

3 (m2 h bar)�1 with high
selectivity or selectivities of at least 40 with high permeance are
required for membrane-based capture to become cost-
competitive with MEA-based capture. Furthermore, the cost
kk It is worth noting that the amount of ue gas varies signicantly between cases
and that there are thus also variations in economies of scale between cases.

1232 | Sustainable Energy Fuels, 2018, 2, 1225–1243
reduction potential of membrane-based capture remains below
30%, even for membranes with both high permeance and high
selectivity.

However, as the concentration of CO2 in the ue gas
increases, the range of membrane properties which can result
in a cost competitive process compared to MEA-based capture
expands rapidly and a signicant cost-reduction can be ach-
ieved, as illustrated in Fig. 7(b) to (e). This is especially true for
the renery FCC, cement and steel cases, in which a very wide
range of membrane properties can achieve large cost reductions
in CO2 capture costs compared to an MEA-based process.
Indeed, in both the renery FCC and cement cases, permeances
as low as 1 m(STP)

3 (m2 h bar)�1 with medium to high selectiv-
ities or selectivities as low as 25 with medium to high per-
meance can result in membrane-based processes able to
achieve at least 30% cost reduction compared to MEA. In these
two cases, membrane-based processes can achieve cost reduc-
tions beyond 50% for membrane permeances higher than 4.5–6
m(STP)

3 (m2 h bar)�1 and selectivities higher than 50–60. For the
steel case, the cost comparison shows that the vast majority of
combinations of membrane properties can achieve cost reduc-
tion in CO2 capture cost beyond 50%.

Meanwhile, for the coal power plant case, a more limited
range of membrane properties results in processes capable of
competing with MEA-based capture, and limited cost reduc-
tions can be achieved. Indeed, due to the lower cost of steam in
this case, the MEA-based process has an advantage over
a membrane process. The evaluation shows that to reach
competitiveness, permeances higher than 3 m(STP)

3 (m2 h bar)�1

with medium to high selectivities or selectivities higher than 45
with medium to high permeances are required. However,
reductions in CO2 capture cost between 10 and 30% can be
achieved with permeances higher than 6 m(STP)

3 (m2 h bar)�1

with high selectivity or selectivities higher than 80 with high
permeances.

Overall, at 90% CCR, the results show that membrane-based
capture have a strong potential to be competitive and provide
good cost-reduction potential for industrial cases with CO2

content above 11%. Moreover, the higher the CO2 content, the
wider the range of membrane properties which can result in
a cost-competitive process and the stronger the cost-reduction
potential is. However, as shown through the coal power plant
case, the cost of steam production can have a signicant impact
on the range of membrane properties required to reach
competitiveness.

4 Discussions
4.1 Comparison of capture technologies at optimal CO2

capture ratios

Although the long-term goal of carbon capture and storage is to
achieve CCRs of at least 90% in order to signicantly reduce the
climate impact of industry and power generation sources,
considering lower CCRs in early deployment stages could
reduce implementation costs in terms of both absolute and
normalised costs. This is especially the case for membrane-
based CO2 capture as highlighted by recent literature.7,27,28,50 It
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8se00039e


Fig. 7 Cost of membrane-based CO2 capture compared to post-combustion MEA-based capture at a 90% CCR depending on the membrane
properties for the six cases considered: (a) refinery FG (b) refinery LSFO (c) refinery FCC (d) cement (e) steel (f) coal power plant.
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is therefore important to investigate the impact of considering
CCRs below 90% on the range of membrane properties required
to compete withMEA-based CO2 capture. As solvent-based capture
does not benet from lower CCRs, the cost of membrane-based
capture at cost-optimal CCRs is compared (in V per tCO2,avoided)
to the CO2 capture cost capture cost of MEA-based capture at 90%
CCR. It is worth noting that, in the case of membrane-based CO2

capture, the cost-optimal CCR and associated cost reductions
compared to 90% CCR are highly dependent on the membrane
properties and the specic case being considered.28

The costs of membrane-based CO2 capture at optimal CCRs
compared to MEA-based capture are displayed in Fig. 8 over the
range of membrane properties considered earlier and for the six
cases considered. The optimal CCRs of the membrane process
and associated cost-reduction for the different membrane
This journal is © The Royal Society of Chemistry 2018
properties are presented in Appendix A. The results show that
considering CCRs lower than 90% can signicantly benet
membrane-based CO2 capture. Lower CCRs greatly increase the
range of membrane properties which can result in processes
that are cost-competitive with MEA-based capture, as well as
offering opportunities for major reductions in costs. Indeed, in
all six cases, the vast majority of membrane properties would
result in capture processes which can be cost-competitive with
MEA-based capture. Furthermore, for the industrial cases with
CO2 concentrations above 11% (renery fuel oil, renery FCC,
cement and steel cases), most of the membrane properties can
result in capture processes that are capable of achieving at least
30% cost reduction compared to MEA-based capture. This cost
reduction potential is even stronger in cases with a CO2

concentration higher than 16% (renery FCC, cement and steel
Sustainable Energy Fuels, 2018, 2, 1225–1243 | 1233
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Fig. 8 Cost of membrane-based CO2 capture at optimal CCRs compared to post-combustion MEA-based capture depending on the
membrane properties for the six cases considered: (a) refinery FG (b) refinery LSFO (c) refinery FCC (d) cement (e) steel (f) coal power plant.
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cases), as most of the membrane properties can achieve a cost
reduction greater than 50%.

For the coal power plant case, considering CCRs lower than
90% can also signicantly increase the potential of membrane-
based CO2 capture, as shown in Fig. 8(f). However, due to the
low CO2 capture cost of the MEA process in this case, only
limited cost savings can be achieved with membrane-based
capture, unless membranes with high permeances and
medium to high selectivity are used.

All in all, these results show that considering CCRs lower than
90% for membrane-based CO2 capture can signicantly increase
its cost-competitiveness compared to MEA-based capture, as
both a wide range of membrane properties can be considered
and signicant cost reduction can be achieved. Hence, in the
early stages of deployment, considering membrane-based CO2

capture with CCRs below 90% may be a good strategy for kick-
1234 | Sustainable Energy Fuels, 2018, 2, 1225–1243
starting large-scale CCS deployment, especially from industrial
CO2 sources, at both low absolute and normalised costs.
Furthermore, although this is not investigated here, hybrid
processes based on the combination of membrane and another
technology (absorption, low-temperature.)51,52 could further
increase the potential of membrane for CO2 capture.
4.2 Material perspective

This section illustrates how the membrane properties targets
identied in Sections 3.2 and 4.1 are used to identify polymeric
materials which could be used to develop membranes with high
potential for CO2 capture from industry and power generation.
Here, the focus is set on diffusion-based polymeric materials,
since relevant material properties (selectivity and permeability)
have been reported in the literature for a large number of
materials. Focusing on the material properties gathered by
This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Membrane properties required for cost-competitive membrane CO2 capture, including the upper bound limitations and membrane
material data for a 90%CCR and the six cases considered: (a) refinery FG (b) refinery LSFO (c) refinery FCC (d) cement (e) steel (f) coal power plant.
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Powell et al.53 and Scholes et al.,54 401 diffusion-based polymeric
materials are evaluated in this paper.*** Furthermore, the
Robeson upper bound approach,55 which links the maximum
selectivity which can be achieved for a given permeability, is
also evaluated in order to assess the full potential of
diffusion-based membranes.††† As both the material data
and the upper bound approach refer to permeability, which is
*** It is worth noting that in practice millions of membrane materials could be
considered however, compiling a reliable list of these materials goes far beyond
the focus of the present study.

††† It should be emphasised that the present paper does not assess the full
potential of all polymeric membranes for post-combustion capture, as the
recent research focus is on trying to breach the Robeson upper bound through
various approaches.

This journal is © The Royal Society of Chemistry 2018
a material characteristic, rather than permeance, which is
a membrane module characteristic, the thickness of the
polymeric material layer needs to be assumed.‡‡‡ Three
thicknesses are evaluated in order to represent both
state-of-the art and thicknesses that are normally
achievable by membrane development experts:56,57 100 nm,
500 nm and 1 mm. Membrane thicknesses below 100 nm
are not considered in this work. Indeed, the
permeance and selectivity of thin lms (below 100 nm)
can be difficult to predict as they depend on the
selective layer thickness, as well as the characteristics of
‡‡‡ This work assumes a linear relationship between the membrane thickness
and permeance, while this may not be the case in practise.

Sustainable Energy Fuels, 2018, 2, 1225–1243 | 1235
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Fig. 10 Membrane properties required for cost-competitive membrane CO2 capture, including the upper bound limitation and membrane
material data for cost-optimal CCRs and the six cases considered: (a) refinery FG (b) refinery LSFO (c) refinery FCC (d) cement (e) steel (f) coal
power plant.
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the support and gutter layers of the membrane,58

and may not follow the same trend as well-known thick
lms.59

The achievable membrane properties of the 401 polymeric
materials and the Robeson upper bound are plotted in Fig. 9
and 10 against the membrane properties targets obtained in all
six cases considered at both 90% CCR and cost-optimal CCRs.
Table 5 also presents the number of materials which can
result in a cost-competitive membrane process depending on
different cost-reduction levels, constraints regarding
minimum thickness, and CCR scenarios. First, it is worth
noting from the distribution of the data that most of the
materials result in very low membrane permeance, below 0.75
1236 | Sustainable Energy Fuels, 2018, 2, 1225–1243
m(STP)
3 (m2 h bar)�1, even when a very thin membrane layers

are investigated.
For the 90% CCR evaluation, the comparisons show that for

the renery fuel gas, the renery fuel oil and the coal power
plant cases, only a limited number of materials can result in
a cost-competitive process and that very thin membrane layers
would be required. This trend is conrmed through the
Robeson upper bound lines, which show that even with thin
membrane thicknesses, only limited cost reductions can be
achieved. However, for the renery FCC, cement and steel
cases, the results show that a large proportion of the polymeric
materials evaluated could result in cost-competitive
membrane-based capture even with thick membrane layers.
This journal is © The Royal Society of Chemistry 2018
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Table 5 Number of materials which can result in a cost-competitive membrane process depending on different cost-reduction levels,
constraints regarding minimum thickness, and CCR scenarios

Cost reduction
compared
to MEA [%]

Thickness
constraint [nm]

Renery FG Renery LSFO Renery FCC Cement plant Steel plant
Coal power
plant

90%
CCR

Optimal
CCR

90%
CCR

Optimal
CCR

90%
CCR

Optimal
CCR

90%
CCR

Optimal
CCR

90%
CCR

Optimal
CCR

90%
CCR

Optimal
CCR

$0% $100 9 43 39 67 123 211 154 241 229 262 2 62
$500 — 3 4 18 59 84 64 98 110 129 — 17
$1000 — — — 3 43 52 46 60 66 77 — 4

$10% $100 — 25 18 53 96 180 110 211 228 260 — 44
$500 — — — 4 51 64 55 80 109 123 — 4
$1000 — — — 3 33 42 41 50 66 72 — 1

$30% $100 — — — 14 50 92 60 116 100 203 — —
$500 — — — — 11 29 13 36 47 70 — —
$1000 — — — — 3 9 3 12 28 37 — —

$50% $100 — — — — — 36 4 46 40 89 — —
$500 — — — — — 3 — 4 3 21 — —
$1000 — — — — — — — — 1 4 — —
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The Robeson upper bound lines similarly indicate that
signicant cost reduction could be achieved even with thick
membrane layers.

When considering the potential of CCRs lower than 90%, the
comparisons show that a large number of polymeric materials
can result in cost-competitive membrane processes. Indeed,
except for the renery fuel gas case, a signicant share of the
materials evaluated can result in cost-competitive processes
even when only thick membrane layers are considered.
Furthermore, comparison of the Robesson upper bound lines
with the colour area shows that signicant cost reduction
compared to MEA-based capture could be reached with
diffusion-based materials, especially if thin membrane layers
can be achieved. It is worth noting that the Robeson upper
bound lines show that for the renery FCC, cement and steel
cases, cost reductions stronger than 30% could be achieved
with diffusion-based materials, even with if only thick
membrane layers can be achieved.

All in all, the comparison of membrane materials with the
properties targets make it clear that a large proportion of the
materials evaluated could result in cost-competitive membrane
processes and even reduce the cost of CO2 capture, especially for
the renery FCC, the cement and steel cases, and/or if CCRs
lower than 90% are considered. In addition, the Robeson upper
bound approach demonstrates that developing thin membrane
layers are important to exploit the potential for cost reduction.
Furthermore, the combination of the properties targets approach
and the material perspective is used to identify promising
materials for post-combustion membrane-based CO2 capture. In
order to provide support for membrane development, a list of 73
materials identied to have the most potential§§§ are
presented in Appendix B. Additionally, the maximum
thickness requirements to reach different levels of cost-reduction
potential compared to MEA-based capture are provided in ESI†
§§§ Here dened as having the potential to lead to a membrane process at least
30% cheaper than MEA-based capture for at least one of the cases considered
even when only membrane layer above 1 mm are considered.

This journal is © The Royal Society of Chemistry 2018
for all materials, cases and CCR scenarios considered. These lists
could be used by membrane development experts to identify
materials worthy of further development once both thickness
constraint and practical considerations (such as mechanical
resistance, stability over time, etc.) are taken into account. It is
worth noting that literature shows that, in practice, some of these
high-potential materials identied are already being considered
by membrane development experts with promising results.60–64

5 Conclusions

In order to signicantly decrease the cost of CO2 capture, the
combined development of advanced capture technologies and
better materials is required. For membrane-based CO2 capture,
one of the most promising emerging capture technologies, this
means developing “good” membrane modules and materials.
While this is traditionally done through incremental develop-
ment of existing and new materials, this paper presents a new
approach to identify membrane materials with a disruptive
potential to reduce the cost of CO2 capture for six potential
industrial and power generation cases.

For each of the cases considered, this approach rst iden-
ties the membrane properties targets required to reach cost-
competitiveness and different cost-reduction levels compared
to MEA-based CO2 capture, through the evaluation of a wide
range of possible membrane properties. These membrane
properties targets give an idea of the potential of membrane-
based CO2 capture for the cases considered, as well as the
impact of important parameters such as the CO2 capture ratio.
In the cases considered here, the obtained ranges of membrane
properties target show the strong potential of membrane-based
capture for industrial cases with CO2 content in the ue gas
above 11%, and that considering CO2 capture ratios lower than
90% signicantly increases the competitiveness of membrane-
based capture and leads to signicant cost reduction potential.

The membrane properties targets are then used to identify
materials with a strong potential for membrane-based CO2

capture. In the present paper, focus was on 401 polymeric
Sustainable Energy Fuels, 2018, 2, 1225–1243 | 1237
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materials whose characteristics have been reported in the
literature. Based on these material properties, membrane
module performances which could be theoretically achieved
are evaluated and compared to the identied membrane
properties targets, to highlight materials with the greatest
potential. This approach results in a list of 73 high-potential
materials which can be used by membrane development
experts to select materials worth promoting for further
development once practical development considerations are
taken into account.

In practice, the approach presented here can also be used to
evaluate the potential of other membrane materials (for
example, novel glassy polymers or mixed matrix membranes) as
the present study considers only a fraction of all possible
membrane materials,65,66 but can also be adapted to other types
of CO2 capture technologies, such as solvent-based capture or
Fig. 11 Achieved cost reductions of the membrane-based CO2 captu
industrial and one power generation cases considered: (a) refinery FG (b)

1238 | Sustainable Energy Fuels, 2018, 2, 1225–1243
adsorption-based capture, and extended to different applica-
tions (biogas upgrading, hydrogen purication, air separation,
acid gas removal, etc.). Adopting such approaches could help to
reduce both the cost and time required to develop a technology
and therefore contribute to attain commercially viable CO2

capture technologies.
Appendix A: cost-optimal CCRs and
associated cost reductions when
considering lower CCRs

The cost reductions in the membrane process achieved by
considering lower CCRs are presented in Fig. 11, while the
associated cost-optimal CCRs are presented in Fig. 12 for the six
cases evaluated in this study.
re when considering optimal CCR rather than 90% CCR for the five
refinery LSFO (c) refinery FCC (d) cement (e) steel (f) coal power plant8.

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Cost-optimal CCRs of the membrane-based CO2 capture for the five industrial and one power generation cases considered: (a) refinery
FG (b) refinery LSFO (c) refinery FCC (d) cement (e) steel (f) coal power plant.
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Table 6 (Contd. )

Polymeric material
name

CO2/N2

selectivity [—]
CO2 permeability
[Barrer]

Matrimid 5218, 21 days cross-
linking

24.1 4.7

Matrimid 5218, 32 days cross-
linking

22.2 3.4
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Appendix B: list of polymeric materials
identified to have the most potential
for membrane module development

The list of 73 polymeric materials identied to have the most
potential for membrane module development is presented in
Table 6.
Table 6 List of 73 materials identified to have the most potential,a

among the 401 polymeric materials considered, for development of
membrane modules for post-combustion CO2 capture

Polymeric material
name

CO2/N2

selectivity [—]
CO2 permeability
[Barrer]

Poly(trimethyl-prop-1-ynyl-silane) 17.4 28
Poly(3,3-dimethyl-but-1-yne) 10.6 19 000
EO/EM/AGE (80/20/2) 55 13.0
EO/EM/AGE (77/23/2.3) 46 773
EO/EM/AGE (96/4/2.5) 44 680
TMeCat–durene 27 67
TMMPD 19.6 114
6FDA–FDA/HFBAPP (1/1) 17.8 24.5
PI-3 22.9 32
PI-5 25.8 62
PMDA–APPS/PEO3(80) 50 99
PMDA–mPD/PEO4(80) 53 136
PMDA–ODA/PEO4(80) 52 151
PMDA–pDDS/PEO4(80) 52 167
NTDA–BDSA(30)/CARDO 41 70
6FDA–FDA/HFBAPP (1/1) 52 5.2
DM14/MM9 (70/30) 66 96
DM14/MM9 (50/50) 36 195
DM14/MM9 (50/50) 64 144
DM14/MM9 (30/70) 36 260
DM14/MM9 (30/70) 63 210
DB30/MM9 (100/0) 63 93
DB30/MM9 (90/10) 64 105
DB30/MM9 (70/30) 36 210
DB30/MM9 (70/30) 67 141
DB30/MM9 (50/50) 35 270
DB30/MM9 (50/50) 62 179
DB30/MM9 (30/70) 34 330
DB30/MM9 (30/70) 60 250
DM23/MM9 (90/10) 38 51
DM23/MM9 (90/10) 66 145
DB69/MM9 (90/10) (cooling) 34 27
DB69/MM9 (90/10) (cooling) 56 240
DB69/MM9 (90/10) (heating) 62 98
DM14/MM23 (30/70) (cooling) 35 400
DM14/MM23 (30/70) (cooling) 62 240
DM14/MM23 (30/70) (heating) 35 420
Matrimid 5218 62 250
Matrimid 5218, 1 day cross-
linking

25.6 6.5

Matrimid 5218, 3 days cross-
linking

25.6 7.4

Matrimid 5218, 7 days cross-
linking

25.2 6.0

Matrimid 5218, 14 days cross-
linking

24.6 5.1

6FDA–durene, 5 min cross-linked 15 1.9
6FDA–durene, 10min cross-linked 12.3 136
6FDA–durene, 15min cross-linked 14.1 91.8
6FDA–durene, 30min cross-linked 11.6 70
6FDA–durene, 60min cross-linked 10.6 30.3
Poly(phenyl oxide) 5.35 2.1
Poly(phenyl oxide)–nylon (20%) 14.4 61
Poly(phenyl oxide)–nylon (20%)
with PSMA (2 wt%) as
compatibilizer

16.15 24.8

Poly(phenyl oxide)–nylon (20%)
with PSMA (4 wt%) as
compatibilizer

38.7 12

Poly(phenyl oxide)–nylon (20%)
with PSMA (6 wt%) as
compatibilizer

35.87 17

Polyvinyl acetate 27.43 12.9
Polyvinyl acetate with 15pph
zeolite 4A

34.7 3.1

Polyvinyl acetate with 20pph
zeolite KFI

30.7 2.4

Polyvinyl acetate with 15pph
zeolite H-ZK-5

53.6 4.9

Polyvinyl acetate with 15pph
zeolite Na-SSZ-13

41 4.9

Polyvinyl acetate with 15pph
zeolite SAPO-34

41.7 4.5

Polyvinyl acetate with 15pph
zeolite SAPO-44

44.4 4.4

Silicone rubber 51.8 4.9
Silicone rubber with polyethylene
glycol particles

11 14.3

Silicone rubber with activated
carbon particles

42 4.9

Silicone rubber with polyethylene
glycol and activated carbon
particles

15 29.4

Silicone rubber with activated
carbon and carbonate particles

47 24.2

Silicone rubber with PEG +
activated carbon and carbonate
particles

20.1 16.2

Polysulfone 40.5 14.3
MCM41/polysulfone 24.8 4.5
MCM41/polysulfone with
mesoporous silica 30%wt additive

25.3 7.6

Amine-MCM41/polysulfone with
mesoporous silica 20%wt additive

23.4 22.9

MCM48/polysulfone with
mesoporous silica 10%wt additive

29 7.3

MCM48/polysulfone with
mesoporous silica 20%wt additive

26.4 8.5

a Here dened as having the potential to lead to a membrane process
at least 30% cheaper than MEA-based capture for at least one of the
cases considered even when only membrane layer above 1mm are
considered.
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OPEX
 Operating expenditures

TDC
 Total direct costs.
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