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ABSTRACT

Membranes provide an efficient method for treating flue gases to capture CO: from various point
sources, achieving high recovery and purity rates. However, the lack of systematic process-level
design tools has limited the translation of advanced membrane materials into large-scale technical
and economic metrics. Thus, in this study, we present a superstructure model for the design of
membrane-based carbon capture, both from highly energy-intensive industries and from power
plants. The superstructure model enables the flexible design and global optimization of multi-
stage membrane systems. Multiple membranes are compared under technical performance indi-
cators (specific energy and specific area), while the already commercialized polymeric membranes
Polaris and PolyActive are taken into consideration for estimating their economic performance.
The presented framework establishes a robust link between material innovation and optimal pro-
cess design, providing a key tool for the large-scale deployment of membrane-based carbon cap-

ture.
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INTRODUCTION

As 2050 approaches, the efforts to achieve the net-
zero transition should be intensified. Under these terms,
Carbon Capture, Utilization, and Storage (CCUS) tech-
nologies should be strengthened across technical, eco-
nomic, and environmental dimensions and implemented
at an industrial scale. Post-combustion carbon capture
can assist energy-intensive industries and existing fossil-
fuel power plants in their decarbonization. Various tech-
nologies have been proposed and evaluated for this pur-
pose, with membrane process systems constituting a
promising option [1].

More specifically, membrane systems are charac-
terized by high energy efficiency, compact and modular
design, operational simplicity, and significant environ-
mental benefits relative to other state-of-the-art tech-
nologies, without the use of heating utilities, which can
be both costly and environmentally impactful. Most re-
cent advances focus on material development, while sig-
nificant gaps remain in optimizing membrane systems
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that utilize these materials at process level, and measure
their performance under industrial scales [2].

In particular, a comprehensive framework that finally
links advanced material properties and large-scale pro-
cess design is still missing. This work addresses this crit-
ical gap by introducing a superstructure modelling frame-
work that systematically optimizes membrane systems
for post-combustion carbon capture.

METHODOLOGY

Single-stage membrane model

Any membrane network is based on the combination
of multiple single stages. To model such a single-stage
system, the following assumptions have been made:

»= [Isothermal conditions along the length of the
membrane.

= Negligible pressure drops or concentration
polarization phenomena occur on the feed side of
the membrane module.
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Figure 1. Developed membrane module network.

= A cross-current flow pattern is implemented.

In a single-stage membrane process, the membrane
sheet is discretized along its length (z-axis) into a spe-
cific number of elements of length dz and area dA. In each
one of them, the transmembrane flux of a component in
a flue gas can be estimated using the solution-diffusion
model.

Ji(Z) = Pi.(Pfeedxfeed,i(Z) - Ppermxperm,i(z)) (1)
where P the permeance of the component i, and is a char-
acteristic of the membrane material used, Py,q and B,
the pressure applied in the feed and the permeate chan-
nel, respectively, Xseeq; and Xperm,; the molar fractions of
the component i in the feed stream and right after cross-
ing the membrane. A multicomponent mixture is consid-
ered, so i corresponds to CO2, N2, Oz, and H20.

The total flux can be estimated by the summation of
the fluxes of the individual components (Equation (2)). By
implementing the total and partial mass balances among
the elements, the rest of the flows and compositions can
be determined, through Equations (3-6):

components 2
Jior(2) = Z Ji(2) @
i=1
Qret(@) = Qeca(?) — Jr(2) dA 3)
Xiret(2) Qrer(2) = Xi peed(®) Qpeca@ — i da P
L

Qperm = Z Jtot(z)dA (5)

z=0

L
Xi,perm = ZZ:OJi(—Z)dA (6)

Qperm

Bempeli et al. /| LAPSE:2026.0489

Syst Control Trans 5:2297-2302 (2026)

where Qfeed and xifeed9 Qret and Xi,ret and Qperm and
X; perm the flow rates and the molar fractions comprising
the feed the retentate and the permeated side streams
(3, 4].

Membrane module network

The implemented superstructure model is com-
prised of 3 membrane stages. To model this network,
Equations (1)-(6) are developed once for each stage, and
additional mass balances are introduced to specify the
connections between them. The retentate stream of each
stage can either exit the system or be recycled to the
feed of the previous stage. The retentate from the 1st-
stage has the lowest CO2 content, thus it is assumed to
exit the system directly. For the permeate streams con-
centrated in COg, the option of feeding them to the next
stage or bypassing this route is available for all 3 stages.
This feature enables the determination of the presence
or the absence of a membrane stage without introducing
integer variables, despite the discrete nature of the deci-
sion [3, 5].

In Figure 1, a schematic of the developed network is
shown, with all allowable connections depicted. Dashed
lines correspond to plausible flows, whose presence or
absence gives the final configuration of the system, and
is a subject of the optimization performed.

To increase the driving force at each stage, com-
pressors and vacuum pumps are installed on the feed and
permeate sides, respectively. To determine their energy
consumption (kW), Equation (7) is applied to either the
compressors (c) or the vacuum pumps (vp), using the
corresponding efficiency and flow rate.

1073y Prigh\ 7~ (7)
Wy =——- « RTQ « ( ) ~1
cfop nc/up y—1 [ Plow

Turbines are also included in the network at the side
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of the retentate streams that either exit the system or be-
ing recycled, to recover part of the electricity used for
compression. The recovered energy (kW) is calculated

through Equation 8.
-1
= >y7 )
1 — (=W
Phrigh

The heat capacity ratio y (-) is determined based on
the composition of each gaseous stream, while the effi-
ciency for the compressors, the vacuum pumps and the
turbines are equal to 0.85, 0.7 and 0.9 [6].

Dewrb | _V
W turb = {162 .}/—1

«RTQ »

Key performance indicators

In this analysis, the developed superstructure mem-
brane module network is used to estimate both the tech-
nical and economic performance of different membrane
materials. Thus, appropriate key performance indicators
are defined. Based on them, the evaluation of the de-
signed systems is determined.

The primary key process performance metrics are
specific  energy (MJ/kgco.) and specific area
(m?/(kgco./s)). These two metrics are strongly influenced
by the properties of the membrane material and the com-
position of the flue gas being treated, and they exhibit a
trade-off.

SE = w total (9)
XCOZ,perm QpermMWCOZ
SA Atotallo3 (1 O)

XCOZ,perm Qperm MWCOZ

Moreover, during the design of a carbon capture
system regardless of the technology implemented, spe-
cific purity and recovery rates should be achieved. For
this reason, the corresponding metrics can be calculated
through Equations (11-12), respectively. These two met-
rics are introduced as constraints during the design of the
membrane systems studied here.

Pucoz — XCOZ,perm (1 1 )

1- XHZO,perm

Receoy = XCOZ,perm * Qperm (1 2)
XCOZ,feed * Qfeed

From literature, the purity of the final stream of captured
CO2 should be at least 95% to enable storage or utiliza-
tion as raw material, while recovery should reach values
of 90%.

For cost calculations, the methodology presented in
previous works [4, 7] is followed. In the present work, we
adopted fixed values for the electricity price and for the
membrane material, equal to 0.1$/kWh and 50$/m? [4, 7].

Membrane materials and case studies

In Table 1, the material properties of CO2 permeance
Bempeli et al. /| LAPSE:2026.0489

(GPU) and the selectivity values for CO2/N2, CO2/O2, and
CO2/H20 (-) required by the process model are reported
for 5 materials. The selected membranes belong to dif-
ferent material classes, resulting in markedly different
combinations of their properties. Two are polymeric and
already at commercial scale (Polaris and PolyActive); two
are facilitated-transport-based (FSC and FT-PVAm); and
one is an inorganic, graphene-based membrane (NSLG,
nanoporous single-layer graphene).

Table 1: Material properties of membranes tested during
the analysis/optimization [4, 8].

Material Pco. acoz/N:  Ac0:/0:  ACOH.
(GPU) o
Polaris 2200 50 10 0.1
PolyActive 1450 46 17 0.1
FSC 838 95 21 0.1
FT-PVAmM 1456 165 10 0.1
NSLG 10000 30 13 1.0

Syst Control Trans 5:2297-2302 (2026)

These materials and their performances are tested
for the treatment of a number of flue gases, ranging from
highly concentrated point-sources, with CO2 content of
13-24% (coal power plant, cement plant, oil refinery) to
more diluted ones with <8% CO: content (natural gas
power plant, aluminium industry).

Optimization framework

The aforementioned membrane module network is
formulated as a nonlinear programming (NLP) problem in
the GAMS-Python environment, GamsPy. No integer var-
iables are introduced into the system of equations, and
discrete decisions, such as the presence or absence of a
membrane module in the final system configuration, are
determined entirely by the model's continuous variables.
Despite the absence of integer variables, the final prob-
lem remains non-convex due to the nature of the equa-
tions that comprise the model of the developed super-
structure. Such optimization problems can be difficult to
solve and to guarantee global optimality. To prevent such
issues, the global solver BARON [9] is used.

Two different optimization problems are solved for
each material and case study:

= the bi-objective optimization of specific energy
and specific area, by implementing the weighting
method, and

» the single objective minimization of the capture
cost.

In both cases, optimization is performed subject to
two constraints: purity (95%) and recovery (90%), which
are implemented as inequality constraints.
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Figure 2: Technical Pareto fronts when treating a flue gas from a coal power plant with composition xco.=13.7%,
XN.=72.8%, X0.=3.6% (up) and from a natural gas power plant with composition Xco,=3.9%, Xn.=75.2%, X0,.=12.3%
(below), under purity and recovery constraints of 905 and 90% respectively. Each curve is comprised of points

with a variety of system configurations.

RESULTS AND DISCUSSION

Technical bi-objective optimization

In this series of optimization problems, the Pareto
front curves for the specific energy and specific area of
the studied membrane materials are generated for all
membrane materials listed in Table 1. We report the re-
sults for two case studies with high and low CO2 concen-
trations (Figure 2). The two objectives are closely corre-
lated with the composition of the treated flue gas and the
material properties. By using the superstructure model
rather than a fixed-configuration model for membrane
process, we produce Pareto fronts along which the
points represent optimal configurations with different
numbers of membrane stages and connections among
them. The exact configurations suggested by the optimi-
zation are described in Table 2 and are shown in the Pa-
reto fronts of Figure 2 with different symbols.

This approach finally allows a detailed comparison
between materials, and the identification of limiting prop-
erties that determine each material's performance de-
pending on the case study.

Bempeli et al. /| LAPSE:2026.0489
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From this analysis, we observe that the CO2/0: se-
lectivity of the membrane material affects the allowable
and feasible configurations on the Pareto front, particu-
larly when the Oz content is high. For example, in the Pa-
reto fronts of specific energy-specific area of the FSC
and FT-PVAm membranes, for the coal power plant case
study, all the points correspond to systems with 2 stages
thanks to the high selectivity. At the same time, the lower
CO2 permeance of these materials leads to higher spe-
cific area values.

For diluted flue gases with CO2 concentrations < 8%,
as in a natural gas power plant, the estimated specific
energy and specific area values increase significantly.
More specifically, the curves of most materials consist of
points corresponding to systems with 3 stages, and only
the curves for FSC and PolyActive (which have higher
C02/02 selectivity) contain points corresponding to sys-
tems with 2 stages.

Moreover, we notice that some of the tested mem-
branes achieve similar performances in terms of specific
energy and area, by adopting different operating condi-
tions or system configurations depending on the mem-
brane properties. However, with diluted flue gases, the
2300
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Figure 3. Best two minimum capture cost values for Polaris and PolyActive for capturing CO2 from a cement plant,

and an aluminium plant.

separation is more challenging, and all membranes re-
quire more complex configurations to meet the con-
straints of recovery and purity.

Table 2: Description of the membrane networks sug-
gested after the technical and economic optimization.

Double Stage Systems

System Recycle of the 2" stage retentate to

A the 1t stage feed

System Recycle of the 2" stage retentate to

B the 1t stage feed and bypass of the
1%t permeate to the final outlet

System Recycle of the 2" stage retentate to

C the 1t stage feed and recycle of the
2nd stage permeate to the 2" stage
feed

Triple Stage Systems

System D Recycle of the 2" and 3™ stages reten-
tates to the feed of the previous stage

System Recycle of the 2" and 3™ stages re-

E tentates to the feed of the previous
stage and bypass of the 2" stage per-
meate to the final outlet

Cost minimization

The evaluation of economic performance is limited
to the commercialised membrane materials, Polaris and
PolyActive, for which price data are available. In this anal-
ysis, the capture cost is used as the objective function. In
Figure 3, we report the results for two case studies: one

Bempeli et al. /| LAPSE:2026.0489

Syst Control Trans 5:2297-2302 (2026)

with high COz content (cement plant: Xco.=18%, xn.=63%,
Xo. =10%) and one with lower CO2 content (aluminium
plant: Xco.=4%, xn.=74.6%, X0.=20.5%). In particular, we
show the minimum capture cost (optimal), along with the
next-best optimal value (near-optimal).

In the case of the Cement plant, with high CO2 con-
tent, the minimum capture cost can be secured with a
double-stage system. However, for the membrane mate-
rial Polaris, a slightly higher capture cost (~2%) can be
achieved with a triple-stage system. The analysis of
near-optimal solutions can be very helpful during deci-
sion-making. Indeed, a triple-stage system has typically
lower specific energy consumption, thus it can be pre-
ferred in cases of an increase in the electricity price,
which is always prone to a plethora of uncertainties, to
enhance robustness in the economic performance of the
system.

For the more dilute flue gas erIrESaéuminium plants,
the next-best points for both materials'have higher spe-
cific energy and specific area values, under the same
system configuration. This means that, for challenging
separations with low CO2 and high Oz concentrations, the
points with minimum cost lie at the very end of the Pareto
front, in the region of lower specific energy. In this case,
achieving a similar capture cost with a different configu-
ration would require adding a 4™ stage, which would
lower specific energy and increase specific area.

Robustness of the computational framework
The presented framework constitutes a key tool for
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evaluating the performance of both established and
emerging membrane materials at the process level. To
improve the robustness and the computational efficiency
of the model simultaneously, we have built the model as
a non-linear program, avoiding discrete variables and de-
fining a maximum number of possible recycle and bypass
streams based on preliminary analysis. Also, we use the
global solver BARON to ensure global optimality, given
the non-convex behaviour of the superstructure that in-
troduces many local minima in the solution domain.

Finally, the framework allows to perform both tech-
nical and economic optimization of different material
properties under multiple case studies. By determining
the optimal membrane network and operating conditions
for each available material, we can determine the best
option for each case study.

These results may also contribute to identify mate-
rial properties that are desirable to improve the perfor-
mance of the membrane process and to drive material
enhancements in this direction. Finally, the ability to iden-
tify alternative designs with similar performance metrics
provides the flexibility to consider both the operability of
each design in real-life applications and its robustness
under uncertainty.

CONCLUSION

We present an inclusive and detailed superstructure
model capable of addressing multiple case studies
across membrane materials and flue gas compositions.
The framework enables us to identify optimal process
configurations through fast and robust multi-objective
technical and economic optimization. A range of mem-
brane materials with varying material properties is tested,
and the optimal configuration at both the structural and
operational levels is determined. Through technical opti-
mization, material performance targets are established to
improve process feasibility. Such a framework consti-
tutes an important advance in bridging the gap between
small-scale material development and large-scale imple-
mentation of membrane process systems.
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