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a b s t r a c t

The potential of a nitrogen-selective membrane for postcombustion CO2 capture from a coal-fired power
plant was investigated in this study. Bi-objective optimization was performed using the nondominated
sorting genetic algorithm II (NSGA-II) to simultaneously minimize energy consumption and membrane
surface area requirement with targets of 490% CO2 capture and 95% purity. The properties of the
nitrogen-selective membrane used in the calculation are based on measurements of nitrogen and
hydrogen transport in vanadium at high temperatures (ca. 600 1C). The lowest energy consumption was
found to be 1.1 GJ/metric ton CO2 with a hybrid nitrogen- and CO2-selective membrane system.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Studies have indicated that increases in atmospheric CO2

concentration have caused irreversible climate changes such as
global warming and an increase in extreme weather events [1].
With the average atmospheric CO2 level reaching 400 ppm [2], the
reduction of anthropogenic CO2 emissions is a climate change
mitigation strategy long due. Currently, 30 gigatons (Gt) of CO2

from the combustion of fossil fuels is emitted worldwide on an
annual basis, and approximately 40% of the emissions come from
power plants and other large stationary sources such as cement
production plants and refineries [3]. Carbon capture and seques-
tration (CCS) is investigated as a measure to reduce CO2 emissions
from these sources [4]. In particular, postcombustion capture, or the
separation of CO2 from the flue gas after fuel combustion, has the
advantage of being more easily retrofitted to existing units [5,6] and
has been the focus of many studies [7]. In particular, membrane
separation has been studied as a postcombustion capture technology
for its advantages such as a small footprint, environmental friendli-
ness, i.e., no solvent involved in the separation process, and energy
use that is potentially competitive with amine absorption, the most
developed carbon capture technology [8].

Research on modeling and optimization of postcombustion
membrane separation systems has been primarily centered on
polymer-based CO2-selective technologies [5,7–20], where the CO2

in flue gas – most often modeled as a binary mixture of CO2 and
N2 – is preferentially permeated across the membrane and con-
centrated and collected in the permeate stream. Although the
application of CO2-selective membranes in postcombustion cap-
ture has shown great potential, one of the challenges this applica-
tion faces is low CO2 feed concentrations and subsequent lack of
driving force for mass transfer across the membrane. CO2 con-
centrations in flue gas range from 12 to 15 vol% in coal-fired power
plants [3]. Besides gas compression, which is typically achieved by
feed compression or permeate vacuum pumping, more sophisti-
cated process designs such as multistage separation and stream
recycling will need to be employed to achieve more stringent
separation targets such as 90% capture and 95% product purity
[5,15,19].

In the current study, the concept of nitrogen-selective mem-
branes has been assessed as a postcombustion capture option.
Multiobjective optimization was performed for different mem-
brane process designs to identify the operating conditions that
minimize the energy penalty and membrane surface area while
meeting the stringent purity–recovery constraints for the capture
unit. The concept of the nitrogen-selective membrane has been
experimentally validated using pure vanadium membrane foils
[21]. Although the membrane is currently under development and
testing at the laboratory scale, the technical feasibility of such a
membrane for industrial-level postcombustion capture applica-
tions may be worth investigating due to potential energy savings
associated with CO2 capture. In particular, two potential advan-
tages motivated our study. First, the predominantly higher N2

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/memsci

Journal of Membrane Science

http://dx.doi.org/10.1016/j.memsci.2014.04.026
0376-7388/& 2014 Elsevier B.V. All rights reserved.

n Corresponding author. Tel.: 650 724 9449; fax: 650 725 2099.
E-mail address: jen.wilcox@stanford.edu (J. Wilcox).

Journal of Membrane Science 465 (2014) 177–184

www.sciencedirect.com/science/journal/03767388
www.elsevier.com/locate/memsci
http://dx.doi.org/10.1016/j.memsci.2014.04.026
http://dx.doi.org/10.1016/j.memsci.2014.04.026
http://dx.doi.org/10.1016/j.memsci.2014.04.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2014.04.026&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2014.04.026&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2014.04.026&domain=pdf
mailto:jen.wilcox@stanford.edu
http://dx.doi.org/10.1016/j.memsci.2014.04.026


concentration in flue gas provides a higher driving force for gas
separation, where N2 instead of CO2 is selectively permeated
across the membrane. Second, the concentrated CO2 stream exits
from the high-pressure retentate stream instead of the low-
pressure permeate stream. This may displace part of the compres-
sion energy required for product compression for pipeline trans-
port and subsequent storage.

Present optimization work on postcombustion membrane
separation mostly concerns single-objective optimization on
separation costs or energy use. However, a capture process should
satisfy two criteria that have immediate implications for operating
and capital costs, namely low parasitic energy consumption and a
small footprint. In this study, multiobjective optimization was
performed on nitrogen-selective membrane systems and com-
bined nitrogen- and CO2-selective membrane systems. Energy
consumption and membrane surface area required for a 650-
MW coal-fired power plant were simultaneously minimized using
the built-in MATLAB function gamultiobj, which implements the
genetic algorithm (GA) for multiobjective optimization.

2. Methodology

2.1. Reference plants and flue gas

The flue gas data for the reference plant used in this study are
shown in Table 1. Unless otherwise specified, the data are based
on a 650-MWgross pulverized coal (PC) power plant in the
Integrated Environmental Control Model (IECM) software pro-
gram. IECM was developed by Professor Edward Rubin and
colleagues of Carnegie Mellon University for assessing perfor-
mance, emissions, and cost of fossil-fueled power plants [22].
Medium-sulfur Appalachian coal was used as the fuel for the
reference plant.

The flue gas from the PC plant also contains trace components
such as NOx, SOx, and Hg, but their impact on membrane
performance was not considered in the current study. Further-
more, the flue gas was treated as a binary mixture containing ca.
15 mol% CO2 and 85 mol% N2. The CO2 and N2 concentrations were
calculated from the original compositions of the flue gas streams
in Table 1.

2.2. Nitrogen-selective membranes

A schematic of a nitrogen-selective membrane is shown in Fig. 1.
The countercurrent flow scheme was chosen to model a tubular
membrane module. The tubular membrane configuration is com-
monly used in hydrogen production and purification membrane
units [24], which would be similar to those used in nitrogen-selective

membrane applications. In Fig. 1, the compressed feed enters at a
pressure, ph. While the feed passes along the axial direction of the
membrane module, nitrogen is selectively transported through the
membrane and is concentrated on the permeate side. The retentate
stream, having a higher CO2 concentration than the feed, is collected
as the product.

In membrane process modeling, it is common convention to
assume that the pressure drop along the axial direction of the feed
side is negligible [25]. With this assumption, the product stream
exits from the nitrogen-selective membrane at ph and can be
directly compressed to a higher pressure for pipeline transport.
This could prevent energy loss from recompressing the product
from a low pressure. In contrast, in a CO2-selective membrane
process, the product stream is the low-pressure permeate stream.
Although some energy can be recovered from the expansion of the
high-pressure retentate stream, the pressure increase from feed
compression cannot be directly used in the compression for
pipeline transport.

An ideal nitrogen-selective membrane has been modeled, in
which nitrogen is transported across the membrane via a solu-
tion–diffusion mechanism, with the membrane impervious to CO2

for two reasons: (a) the membrane has minimal defects to allow
for the passage of CO2 through Knudsen diffusion and (b) CO2 is
insoluble in the metallic materials and thus cannot be transported
across the dense membrane via the solution–diffusion mechanism.
Under this assumption, the N2/CO2 selectivity was assumed to be
41000, and N2 concentration in the permeate stream was
assumed to approach 100%. This high selectivity is also found in
H2/CO2 membranes, which share the same permeation mechanism
with nitrogen-selective membranes [26].

The equation used to calculate the nitrogen flux in metals can
be derived from combining Fick's first law of diffusion and
Sieverts' law. The equation has been described in Buxbaum and
Kinney's work for hydrogen transport in metals [27] and was
adopted in this study for calculating the nitrogen flux:

JN2
¼ PM

δ
ð ffiffiffiffiffiffiffiffiffiffiffiffi

phxN2

p � ffiffiffiffiffiffiffiffiffiffiffi
plyN2

p Þ ð1Þ

such that JN2
is the nitrogen flux [mol/m2 s], PM is the metal

permeability [mol/m s Pa1/2], and δ is the membrane thickness
[m]. The ratio PM/δ is defined as the permeance. ph and pl are the
total gas pressures [Pa] on the feed and permeate sides, respec-
tively, and xN2 and yN2

are feed-side and permeate-side nitrogen
mole fractions, respectively. It can be seen in Eq. (1) that the
partial pressure on the feed side, phxN2 , must be higher than that
on the permeate side, plyN2

, in order for the nitrogen flux from the
feed to permeate side of the membrane to be positive. This would
impose a constraint on the operating pressures used, i.e., ph and pl.
A similar relationship was described in a study by Merkel and
coworkers [7] for CO2-selective membranes.

The membrane properties used in this study are listed in
Table 2. The higher value of PM is the permeability of hydrogen
in vanadium at ca. 600 1C [27] and has been chosen as a bench-
mark for nitrogen transport in the materials of focus in the current
study due to similarity in transport mechanisms. The lower value
of PM was calculated from the measurements of nitrogen transport
in vanadium carried out by Özdoğan [21] and is in agreement with
the permeability calculated from previous measurements of nitro-
gen diffusion in vanadium [28]. In Özdoğan's experiments, high

Table 1
Flue gas data used in the study.

Unit

Temperature 41000 (from furnace)
[23], 40 (from stack)

1C

Pressure 1.01 bar
Flow rate 2.1 million m3 (STP)/hr

Composition
N2 69.8 mol%
H2O 12.9 mol%
CO2 12.2 mol%
O2 4.3 mol%
Ar 0.8 mol%

Fig. 1. Schematic diagram of a nitrogen-selective membrane.

M. Yuan et al. / Journal of Membrane Science 465 (2014) 177–184178



operating temperatures were required for measureable nitrogen
fluxes to diffuse across vanadium membrane foils [21]. The N2/CO2

selectivity was assumed to be 41000, similar to the H2/CO2

selectivity of dense metallic membranes for hydrogen separation
when no structural defects are present [26]. The properties of the
CO2-selective membrane are based on the two-stage membrane
separation unit available in IECM.

2.3. Membrane process designs

Six membrane process designs for the reference plant have
been investigated. The process flow diagrams of these designs are
shown in Fig. 2. The symbols used in the process diagrams are
defined in Table 3. The capture unit can be installed either after
the furnace or after the stack, depending on whether high-
temperature flue gas is preferred. This will be discussed in detail
later in this section. The designs with only nitrogen-selective
membranes have been modeled for high and low nitrogen per-
meance scenarios as defined in Table 2. The benchmark value for
nitrogen permeability, i.e., 1�10�7 mol/m s Pa1/2, was used in the
hybrid nitrogen- and CO2-selective membrane processes.

The temperatures of the inlet streams to the compressors,
vacuum pumps, and expanders were the decision variables within
the model, thereby offering flexibility in the energy optimization,
as the power consumption in both compression or expansion and
heating or cooling is dependent on the stream temperature, as
shown in Eqs. (3)–(5).

Feed compression in the single-stage or second-stage nitrogen-
selective membrane is required by the positive flux constraint
discussed previously. For the same reason, when the nitrogen-
selective membrane is used in the first stage of a two-stage
process, feed compression becomes optional. The designs that
reflect this difference are Designs PC-2/PC-3 and Designs PC-4/PC-
5. In Designs PC-2 and PC-4, the feed gas is cooled to a relatively
low temperature and followed by compression. The compressed
stream is reheated to 600 1C before entering the nitrogen-selective
membrane. In Designs PC-3 and PC-5, the pressure difference in
the first stage is created only by vacuum pumps. The high-
temperature stream from the furnace is sent to the first-stage
nitrogen-selective membrane, and no heating is needed. When the
CO2-selective membrane is used in the first stage, the flue gas, if at
a high temperature, needs to be cooled down to the operating
temperature range of the polymer-based membrane, as shown in
Design PC-6.

In the designs with only nitrogen-selective membranes, CO2

capture is essentially 100% from the assumption that minimal
defects are present in the nitrogen-selective membrane. In the
hybrid designs with both nitrogen- and CO2-selective membranes,
CO2 capture was set to 90%. CO2 product purity was set to 95% for
all of the designs.

Three-stage compression with intercooling was applied for all
feed and product stream compression processes, with the product
compressed up to 139 bar. It was also assumed that cooling from

Table 2
Nitrogen- and CO2-selective membrane properties.

Parameter Value Unit

Nitrogen-selective membrane
Nitrogen permeability, PM (high) 1�10�7 mol/m s Pa1/2

Nitrogen permeability, PM (low) 5�10�13 mol/m s Pa1/2

Thickness, δ 10 μm
N2/CO2 selectivity 41000 –

Operating temperature 600–900 1C

CO2-selective membrane
CO2 permeance 1000 GPUa

CO2/N2 selectivity 50 –

Operating temperature r40 1C

a 1 GPU (gas processing unit)¼3.35�10�10 mol/m2 s Pa.

Fig. 2. Membrane process designs for the reference coal-fired power plant. Design
PC-1 (a) is a single-stage nitrogen-selective membrane unit. Designs PC-2 (b) and
PC-3 (c) are two-stage nitrogen-selective membranes. Designs PC-4 (d) and PC-5
(e) are two-stage units with the nitrogen-selective membrane in the first stage and
CO2-selective membrane in the second stage. Compression is applied on the first-
stage feed in Designs PC-2 and PC-4, but not in Designs PC-3 and PC-5. Design
PC-6 (f) is a two-stage unit with the CO2-selective membrane in the first stage and
nitrogen-selective membrane in the second stage.

Table 3
Definition of symbols used
in process flow diagrams.

Compressor

Vacuum pump

Expander

Heating or
cooling unit

M. Yuan et al. / Journal of Membrane Science 465 (2014) 177–184 179



higher temperatures to as low as 30 1C does not incur additional
energy use, and that the heat recovered from the process could be
used for steam generation with minimal losses.

2.4. Modeling and optimization of membrane processes

To evaluate the true potential of nitrogen-selective membranes
for industrial-scale CO2 capture, rigorous optimization is required.
The membrane modeling studies available in the literature mostly
deal with single-objective optimization or parametric analysis
with costs or energy consumption as the objective [7,8,12–
14,16–19]. However, a capture plant should satisfy two criteria
that have direct implications for operating and capital costs,
namely low parasitic energy consumption and a small footprint.
Thus, a multiobjective optimization showing the trade-off
between the objectives would be essential for design and opera-
tion purposes. In the present study, the nondominated sorting
genetic algorithm II (NSGA-II) proposed by Deb and coworkers
[29] was used for multiobjective optimization. The algorithm is
available in MATLAB's Global Optimization Toolbox. The optimizer
minimized energy consumption and total membrane surface area
simultaneously. The multiobjective GA options used for each
design are listed in Table 4. The decision variables and their lower
and upper bounds are listed in Table 5. A pressure of 0.2 bar was
chosen to represent the lower pressure limit of large-scale
industrial vacuum pumps due to practical considerations dis-
cussed in previous membrane modeling studies [7,15]. The dehy-
dration temperature used in CO2 compression in a DOE/NETL
report on coal- and natural gas–fired power plants [30] has been
chosen as the lower bound of the inlet temperature to compres-
sors, vacuum pumps, and expanders. The positive flux require-
ment, i.e., the feed-side partial pressure must be higher than the
permeate-side partial pressure, serves as another constraint on the
stream pressures and compositions in all of the designs.

For a countercurrent flow pattern in an ideal, dense nitrogen-
selective membrane, the required surface area, A [m2] can be
calculated by integrating Eq. (2) from the retentate-stream N2

concentration, xo, to the feed-stream N2 concentration, xf:

dA
dxN2

¼ Loð1�xoÞ
ð1�xN2 Þ2ðPN2=δÞð

ffiffiffiffiffiffiffiffiffiffiffiffi
phxN2

p � ffiffiffiffi
pl

p Þ
ð2Þ

such that Lo is the retentate-stream flow rate [mol/s], and xN2 is the
N2 mole fraction on the high-pressure side of the membrane and is
a variable along the axial direction. Eq. (2) can be derived from Eq.
(1) and the mass balance equations for a countercurrent flow
pattern in a dense-phase, symmetric membrane as described in
Geankoplis [25]. The derivation is outlined in the Appendix A.

The equation used for calculating the surface area of the
polymeric, CO2-selective membrane with a cross-flow flow pattern
has been described elsewhere in the literature [25,31].

The power used in heating and cooling was calculated by Eq.
(3), where _n is the molar gas flow rate [mol/s], Cp,mix is the mole-
averaged constant-pressure specific heat [J/mol 1C] of the gas
stream, and ΔT is the temperature change [1C] of the gas stream.
The efficiency of the heating and cooling processes, ηheating=cooling ,

was assumed to be 85%.

Pheating=cooling ¼
_nCp;mixΔT

ηheating=cooling
ð3Þ

The compression power consumed by compressors and
vacuum pumps can be calculated as [5,8,14,15]

Pcompression ¼
_n

ηequip

kRTin

k�1ð Þ
pout
pin

� �ðk�1Þ=k
�1

" #
ð4Þ

such that k is the heat capacity ratio, Tin is the inlet gas
temperature [K], pin and pout are inlet and outlet stream pressures
[bar], respectively, and ηequip is the equipment efficiency [%].

The power recovered by expanders can be calculated as [14]

Pexpansion ¼ ηequip
_nkRTin

ðk�1Þ 1� pout
pin

� �ðk�1Þ=k" #
ð5Þ

In Eqs. (4) and (5), adiabatic processes were assumed, and the
equipment efficiency of all compressors, vacuum pumps, and
expanders was assumed to be 85%, with the exception of the
product compressors, which was assumed to be 80%. The efficien-
cies are based on corresponding parameters in the CO2-selective
membrane unit in IECM.

3. Results

The Pareto curves showing the optimal ranges of required
energy and membrane surface area are shown in Figs. 3 and 4.
The energy penalty was defined to be the ratio of separation
power consumption to gross generation of the reference plant. The
energy use breakdown of all the process designs is shown in
Table 6. The ratios of CO2- to nitrogen-selective membrane surface
area in the hybrid designs are listed in Table 7.

4. Discussion

In nitrogen-selective membrane processes, there exists a trade-
off between the energy used for separation and the required
membrane surface area. The same trend has been observed in
separation processes with CO2-selective membranes [14,15,18]. By
comparing PC-2 and PC-3 results, it can be seen that the use of
vacuum pumps on the permeate stream in the nitrogen-selective
membrane lowers compression energy use, similar to CO2-selec-
tive membrane processes and as expected. However, vacuum
pumping plays a less direct role in reducing compression energy
in nitrogen-selective membranes than in CO2-selective mem-
branes. In the latter, vacuum pumping is applied to the CO2-rich
permeate stream, which is about one-tenth of the feed flow rate.
Less energy is consumed because a gas stream of a much smaller
flow rate is compressed. In contrast, in nitrogen-selective mem-
branes, vacuum pumping is applied to nitrogen streams having
flow rates comparable to those of feed streams. Nevertheless,
vacuum pumping contributes to the reduction of separation

Table 4
GA options used in this study.

Design Pareto fraction Crossover fraction Population size Generations

PC-1 0.5 0.7 50 70
PC-2 0.5 0.7 100 200
PC-3 0.5 0.7 100 100
PC-4 0.5 0.8 100 200
PC-5 0.5 0.9 100 150
PC-6 0.5 0.8 100 200

Table 5
Decision variables in this study.

Decision variable Lower and upper
limits

Feed pressure (if feed is compressed) 1–10 bar
Permeate pressure 0.2–1 bar
Temperatures of inlet streams to compressors,
vacuum pumps, and expanders

�40 to 30 1C

Interim (first-stage) CO2 purity Satisfies the positive
flux constraint

M. Yuan et al. / Journal of Membrane Science 465 (2014) 177–184180



energy by allowing the high-temperature feed to be sent to the
separation unit, thus eliminating cooling and heating use asso-
ciated with feed compression. This can be seen by comparing the
heating and cooling power (in MW) of PC-2 with PC-3 and PC-4
with PC-5 in Table 6.

Targets of 490% capture and 95% CO2 purity can be simulta-
neously achieved in the nitrogen-selective membrane in a single
stage. However, from the modeling results, it can be seen that the
application of this technology in large-scale postcombustion
capture processes is constrained by both energy use and mem-
brane surface area. For postcombustion capture from the PC plant,
the separation energy use is not sufficiently competitive with that
of other proposed capture technologies. The optimal range of
energy use is 2–5 GJ/metric ton using nitrogen-selective mem-
branes alone. In comparison, the separation energy use of absorp-
tion is in the range of 3–4 GJ/metric ton CO2 [4]. Typical energy use
of CO2-selective membranes is approximately 1–3 GJ/metric ton
CO2 based on the modeling results in the literature [7,8,10,12–20].
Direct comparison of the three systems requires caution. Absorp-
tion primarily uses heat, a low-value form of energy, whereas
membrane separation consumes electricity [5,19]. The nitrogen-
selective membrane uses a mix of electric and thermal energy.
Although numerical conversion between electric and thermal
energy is possible in general, such conversion for the nitrogen-

selective membrane in the context of carbon capture would be
complicated by factors such as the effectiveness of heat integra-
tion, the energy sources available and the associated emission
factors.

As shown in Table 6, a large proportion of the energy use in
nitrogen-selective membranes is for cooling and heating, which is
required by feed-stream compression and the high operating
temperature of the nitrogen-selective membrane. Although ther-
mal energy is of lower value compared to electricity, an improved
heat exchanger network design, with the possibility of concurrent
stream recycling, should be contemplated to reduce the cooling
and heating use if the nitrogen-selective membrane is to be used
in large-scale capture processes. In addition, it may be useful to
work toward the design and development of nitrogen-selective
membrane materials that require lower operating temperatures.

Design PC-5, where the nitrogen-selective membrane acts as a
CO2 enricher, has shown potential for being as energy-efficient as
the CO2-selective membrane systems described in the literature.
Such a design may become a niche application for nitrogen-
selective membranes in postcombustion capture, especially when
flue gas CO2 concentration is too low for CO2-selective membranes
to be effective, such as in a natural gas combined-cycle.

In view of current permeability measurements, the required
membrane surface area of the nitrogen-selective membrane would

Energy penalty [%
 gross generation]

74 

127 

105 

84 

95 

116

32 

84 

53 

42 

63 

74 

Energy penalty [%
 gross generation]

Fig. 3. Pareto curves of (a) Designs PC-1 and PC-2 and (b) Design PC-3. The high permeability scenario corresponds to a nitrogen permeability of 1�10�7 mol/m s Pa1/2, and
the low permeability scenario corresponds to 5�10�13 mol/m s Pa1/2. All the three designs achieved 100% capture and 95% purity of CO2. 1 tonne = 1 metric ton.
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be too high for large-scale applications. In comparison, the
required surface area of CO2-selective membranes for capture at
similar scales is on the order of 105–107 m2 [7,10–12,14–20].
Indeed, membrane surface area is not the only indication of the
final capture plant size. The land use of the capture plant is also
dependent on the surface area–to‐volume ratio of the membrane.
However, capital cost may become an important concern if the

metallic membranes used for nitrogen separation are more
expensive than polymeric membranes per unit surface area. It
can be seen by comparing the high- and low-permeability scenar-
ios that low nitrogen permeability significantly increases the
required membrane surface area, although the variations in
permeability do not greatly change the calculated optimal ranges
of energy use. In addition to enhancing nitrogen permeability in
the membrane materials, the development of thinner membranes
will reduce the required membrane surface area by increasing the
permeance (i.e., mass-transfer coefficient) and consequently the
nitrogen flux. The reduction in membrane thickness will also
reduce the amount of membrane material used for the same
surface area required, which may further reduce the cost of the
membrane. An example of an ultrathin metallic membrane can be
found in a recent article, in which the reported thickness of a pure
palladium membrane is 0.93 μm [32]. Although reducing the
membrane thickness is just as important as increasing the perme-
ability, there are physical limitations associated with reduced
thickness such as more defects and lower stability.

In the optimization of hybrid membrane systems, the summa-
tion of the surface areas in the first and second stages was
considered as one of the objective functions. This essentially
means that equal weight was assigned to the two membranes,
and an underlying assumption is that the two membranes have
comparable scale-up potentials and that the modules occupying
the same land area would have similar costs. This assumption is
subject to change in cases where one type of membrane is
preferred for its lower energy use or smaller land use than
the other.

An observation on the optimized compressor, vacuum pump,
and expander inlet temperatures may offer some insight into the
workings of the optimizer. The lower bound of temperatures
(Table 5) was initially set to a low value with the intent that the
compression energy would be optimized by varying the inlet
temperature. However, the optimized inlet temperatures that
correspond to the optimal energy–membrane surface area points
on the Pareto curves in Figs. 3 and 4 mostly remained above 0 1C,
indicating that the optimization resulted from a balance of
(a) compression energy use and heating and cooling use and

Energy penalty [%
 gross generation]

85.6 

87.3 

86.5 

86.1 

86.9 

21 

38 

30 

25 

34 

Energy penalty [%
 gross generation]

59.1 

59.5 

59.2 

59.3 

59.4 

59.6 

59.7 Energy penalty [%
 gross generation]

Fig. 4. Pareto curves of (a) Design PC-4, (b) Design PC-5, and (c) Design PC-6. Nitrogen
permeability was assumed to be 1�10�7 mol/m s Pa1/2 for all the three designs. The
CO2-selective membrane had a permeance of 1000 GPU and CO2/N2 selectivity of 50.
Separation targets were 90% capture and 95% purity. 1 tonne = 1 metric ton.

Table 6
Power use breakdown by component.

Design Feed and
permeate
compr. [%]

Product
compr.
[%]

Heating
and
cooling
[%]

Expander
recovery
[%]

Total
power
[MW]

PC-1, high perm. 38–44 4–5 51–57 – 514–621
PC-1, low perm. 38–45 4–5 50–58 – 510–648
PC-2, high perm. 28–36 4–5 60–67 – 614–747
PC-2, low perm. 22–27 2–5 69–76 – 608–1140
PC-3, high perm. 38–46 5–11 44–57 – 244–570
PC-3, low perm. 37–46 5–11 44–58 – 243–577
PC-4 30–31 10 60–61 2 502–512
PC-5 60–68 23–39 6–21 5–6 136–214
PC-6 44–48 9–10 54–57 10–11 346–349

Table 7
Surface area ratios of CO2� to nitrogen-selective
membranes.

Design Ratio

PC-4 11–17
PC-5 1–3
PC-6 108–186
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(b) the two objective functions, i.e., the total energy consumption
and the membrane surface area. That is to say, the bi-objective
optimizer strives for a strategy that achieves the overall
minimization.

In this modeling work, it was assumed that nitrogen only
permeates through the membrane via a solution–diffusion
mechanism. At the current stage of development, however, defects
may be present in the membrane materials, allowing for the
passage of CO2 as well as nitrogen via Knudsen diffusion. In
addition, other components such as O2, SO2, and water vapor in
the flue gas may compromise the membrane materials through
oxidation, sulfurization, and other reactions under flue gas condi-
tions. Future work will investigate the oxidant- and sulfur-
resistance of the membrane materials. Oxidant removal and
desulfurization will also likely be considered along with heat
integration as an improvement to the current process design. In
general, real material properties and flue gas conditions and other
non-idealities need to be incorporated in future modeling studies
and should be addressed initially at the lab scale if industrial-scale
carbon capture is one of the applications envisioned for a
nitrogen-selective membrane technology.

5. Conclusions

This modeling study investigated the possibility of applying a
metallic nitrogen-selective membrane to postcombustion carbon
capture from a coal-fired power plant. Capture and purity targets
of 490% capture and 95% CO2 purity can be obtained simulta-
neously in the nitrogen-selective membrane in a single stage.
When the nitrogen-selective membrane is used as a feed CO2

enricher, the design has the potential to compete with other
capture technologies described in the literature in terms of energy
use. However, some key issues need to be addressed before the
membrane can be used under real flue gas conditions on an
industrial scale.

� Energy consumption by heating and cooling, which is required
by the high operating temperature of the membrane, needs to
be lowered. This will require efforts in both process design and
material development.

� Membrane permeance needs to be significantly improved to
lower the required membrane surface area for separation. This
can be achieved by improving nitrogen transport and/or by
reducing the membrane thickness. The nitrogen-selective
membrane would potentially be able to compete with CO2-
selective membranes in terms of land use if the permeance
were to be lowered by at least 2–3 orders of magnitude from
the current range.

� The effects of other components, e.g., O2, SO2, and water vapor,
in the flue gas will need to be investigated in both laboratory
and modeling studies.
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Appendix A

Derivation of membrane surface area required for separation
using an ideal, dense nitrogen-selective membrane.

The schematic diagram of a countercurrent flow pattern across
the membrane is shown in Fig. A.1.

The overall flow balance and mass balance on nitrogen on the
control volume is

L¼ L0þV ðA:1Þ

LxN2 ¼ LoxoþVyN2
ðA:2Þ

such that L and V are molar flow rates of streams entering and
leaving the left-side boundary of the control volume, respectively,
and L0 is the molar flow rate of the retentate stream. xN2 ; yN2

, and
xo are nitrogen mole fractions associated with L, V, and L0,
respectively.

Under the assumption of an ideal nitrogen-selective mem-
brane, yN2

¼ 1. Combining Eqs. (A.1) and (A.2) and rearranging:

L¼ Loð1�xoÞ
1�xN2

ðA:3Þ

The nitrogen flux permeated across the membrane can be
calculated by combining Fick's first law and Sieverts' law:

JN2
¼ dLN2

dA
¼ dðyN2

LÞ
dA

¼ PM

δ

ffiffiffiffiffiffiffiffiffiffiffiffi
phxN2

p � ffiffiffiffiffiffiffiffiffiffiffi
plyN2

p� �
ðA:4Þ

such that LN2 is the nitrogen flow rate passing through the
membrane. Since yN2

¼ 1; LN2 ¼ L. Eq. (A.4) becomes

JN2
¼ dL
dA

¼ PM

δ

ffiffiffiffiffiffiffiffiffiffiffiffi
phxN2

p � ffiffiffiffi
pl

p� � ðA:5Þ

Mass balance on nitrogen on the differential volume element is

LxN2 ¼ ðL�dLÞðxN2 �dxN2 ÞþyN2
dL ðA:6Þ

Rearranging Eq. (A.6), invoking yN2
¼ 1, and neglecting the term

dL dxN2 :

L dxN2 ¼ ð1�xN2 ÞdL ðA:7Þ
Combining Eq. (A.7) with Eqs. (A.3) and (A.5) and rearranging:

dA
dxN2

¼ Loð1�xoÞ
ð1�xN2 Þ2ðPN2=δÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
phxN2

p � ffiffiffiffi
pl

p� � ðA:8Þ
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