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ABSTRACT: Membrane technology for gas separation has apparent
advantages such as compactness, ease of operation, and the possibility
of incorporation into hybrid systems. This review analyzes the
superstructure-based optimization models for membrane gas separa-
tion systems reported in the literature. The review describes and
analyzes the membrane permeation models embedded in the
optimization models and solution approaches, the superstructures
presented, the objective functions adopted, and outcomes for different
application cases. The progress is reported, and challenges and
opportunities for future research are suggested. The presented review
would be useful to researchers and engineers in membrane technology
research and development and could lead to the deployment and
adoption of membranes in various applicable industries, such as carbon
capture.

1. INTRODUCTION
Membrane gas separation has successfully been commercial-
ized for hydrogen recovery, hydrocarbon recovery, natural gas
purification, and production of enhanced nitrogen air.1 This
applies mainly to mixtures involving H2, CO2, N2, CH4, O2,
H2O, H2S, and light hydrocarbon gases. The advantages of
membrane processes include simple process flowsheets and
easy operational management.2 Thus, the membrane gas
separation industry was valued at about 1 billion USD in
2021 and is expected to grow in the coming years due to
population increase, economic growth in the global south, and
new membrane products and applications.1,3 Some of the
membrane gas separation operations in the research and
development stage that can be commercialized in the future
include olefin/paraffin separation and carbon capture.1

Research interest has been in membranes for carbon capture
in various capture technologies and mainly from power plants
in a bid to tackle the global challenge of climate change.4−6

Membrane-based post-combustion carbon capture has been
studied, and the feasibility has been evaluated in techno-
economic studies of carbon capture from flue gas from various
processes, such as power plants, cement manufacture, and blast
furnaces.7,8 CO2 is also separated in “biogas upgrading”, where
biomethane is produced while “CO2 is captured” simulta-
neously.9,10

Gas separation by membranes involves separating a gaseous
mixture using a permeable material that allows the passage of
one gas component more readily than the other(s). The ease at
which a gas component passes through the membrane is called

permeability.11 It is an intrinsic feature of the separating
material. Polymer membranes dominate the commercial
market, and optimization studies focus on these.12 The
“solution diffusion” mechanism of transport through a
polymeric membrane is widely adopted in modeling studies
and expressed in simpler terms in eq 1. Equation 1 shows that
the flux (Ji), which is the rate of flow (F) of feed gas (i) in a
membrane area (A) of permeability (ξ) and thickness (t) is
proportional to the permeance (ξ/t) and the change in partial
pressure on the feed side (also referred to as the retentate
side)21,64 and the permeate downstream side. It can also be
deduced that the flux is inversely proportional to the
membrane thickness. A thin membrane results in a higher
flux. In eq 1, x represents the fraction of the gas in moles, and P
is the operating pressure on the retentate side (r) and
permeate side (d).
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The permeability (ξ) of a gas through a membrane is a product
of the diffusivity and sorption.12 The driving force is equal to
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the partial pressure difference across the feed and permeate
sides. Since the partial pressure difference drives the
separation, a high concentration of the target gas in the feed
mixture has an inherent driving force. The concentration of the
target gas component can also be enhanced by recycle streams
and cascading stages where an enriched stream is fed into a
subsequent membrane stage, thus developing multistage
membrane systems. An elevated operating pressure on the
feed side is also advantageous; therefore, for streams at low
pressure, feed gas compression generates a higher retentate
operating pressure. The transmembrane partial pressure
gradient can also be generated by creating a vacuum on the
permeate side. A sweep gas reduces the target gas
concentration in the permeate stream, enhancing the partial
pressure difference.13,14 The equation presented is adopted
based on several assumptions, such as steady-state operations,
ideal gas conditions, negligible concentration polarization, and
negligible pressure drop. At a larger scale, these conditions may
not hold15,16 and the flux at the same operating temperature
and pressure would be reduced.

Commercial gas separation by membranes came online in
the 1980s. There are different commercial membranes
available for gas separation membranes. Polymers are the
most successful commercial membrane material used, because
they are less expensive and easily pliable.17,18 For instance,
cellulose acetate is used for natural gas purification by
removing CO2. Other common polymers are polysulfone and
polyamide, which have higher permeance and selectivity.19

These polymers are used in hollow fibers that can be easily
packed into permeators. Companies such as Air Liquide,
Honeywell, and MTR produce commercial membranes for gas
separation.18,19 The majority of the permeators are hollow
fibers, and a selected few are sold in spiral wound
configurations. The challenges facing gas separation mem-
branes include membrane stability over a wider range of
temperatures and degradation due to chemicals.18 Degradation
leads to frequent membrane replacement to recover membrane
flux and often necessitates pretreatment steps, making the
process economically unfavorable.

Consideration in process synthesis and design is given to the
membrane material, membrane thickness, permeator type, the
number of permeators, membrane flow pattern, and how the
driving force can be generated.12,20 The main flow patterns
considered are co-current, counter-current, and crossflow

patterns.21 A sweep gas is considered in the counter-current
flow pattern setup.14,22 The process flowsheet will include any,
a combination, or all of these strategies to meet the separation
targets, such as desired recovery and/or product stream
purity.23 Therefore, it is apparent that numerous combinations
of these strategies arise in multistage membrane-based gas
separation. From eq 1, it can be observed that, for a certain
membrane thickness, a tradeoff in membrane gas separation
exists between the membrane area and the driving force, which
translates to energy consumption. Compression and vacuum
operation results in higher operating costs as electricity drives
the compressors. A larger membrane area can result in higher
capital costs.23

A review study by Galizia et al.1 reasoned that, even though
an effort is being made to advance membrane production at a
large scale, new and more efficient membranes will contribute
only 5%−10% in reducing the gas processing cost. This is not
significant overall, and, as a result, few, if any, new membranes
have made a break into large-scale production and application
in recent years. Membrane production companies have focused
on improving membranes already on the market instead.1

Advances in process systems engineering are essential to make
gas separation by membranes competitive and lead to
commercial application in areas that are at the pilot stage,
such as carbon capture.24 Genuine research interest in the area
continues with simulation, techno-economic studies and
optimization studies being reported.25−27 The optimization
of membrane gas separation processes can be applied to
operating variables where the process flowsheet is determined
prior to the optimization process.28,29 Optimization of
membrane gas systems involves predetermining the process
flow and thereafter optimizing operating variables.30 In the
early work of Pettersen and Lien,31 several multistage (three)
membrane systems that involved recycling and reusing
retentate and permeate streams were proposed by hand. A
similar study on the heuristic determination of process flow
was carried out,32 and in the study, various two-stage and
three-stage membrane-based systems with stream recycling in
the process flowsheets were presented, and optimization was
carried out. The model developed as a Nonlinear Program
(NLP) was solved by the solver CONOPT in the General
Algebraic Modeling System (GAMS). Variables that were
optimized were the streamflow rates, area of the membrane,
compressor duties, etc. The studies highlighted that permeate

Figure 1. Publications on the superstructure optimization of gas separation membranes.
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recycling would reduce the energy associated with compres-
sion. Similar studies have been reported.28,33−35 An advanced
approach would be to combine all these possible process
flowsheets into one and develop a model that determines the
optimum process flowsheet, this approach is the superstructure
approach.36

A superstructure is a figure representation of feasible
alternatives. In the solution process, the developed algorithm
selects the optimum route based on the constraints and
objective of the optimization.37 Reactive distillation, water
network synthesis, heat exchanger networks, and shale gas
exploration are some of the processes where superstructure
optimization approach has been used.38−40 The objective of
the superstructure approach is to simultaneously determine an
optimum flowsheet and obtain the optimum operating
variables. For a review of the superstructure-based process
synthesis systems, the reader is referred to a technical review
by Grossmann and coworkers.37 The paper gives a timeline of
the development of the framework for process optimization
from the first presented superstructure in 1972 to the current
building block-based representation. A comprehensive descrip-
tion of the various superstructure representations is discussed,
and solution approaches are presented.37

As far as could be ascertained, a review study of
superstructure-based membrane gas separation optimization
has not been carried out. A comprehensive literature search
was thus conducted using scientific databases such as Science
Direct and the SCOPUS database to identify published
materials on the subject matter, which included the topic of
superstructure optimization of membrane-based gas separa-
tion. The review studies about thirty journal articles that used
the superstructure approach for optimizing membrane-based
gas systems. Figure 1 shows a renewed interest in recent years
in the subject. The analysis includes the earliest study by Qi
and Henson,41 to the recent work by Yuyama and Kaneko.42

The themes of interest that were identified included the
membrane permeation model embedded in the superstructure-
based optimization model. The superstructure description,
including the components that synthesize the process, the type
of problem, strategies for solving for numerical solution, the
cost model, and the areas of application, were noted. In
addition, challenges were identified and recommendations
were suggested. The paper focuses on process design and
variable optimization. However, other aspects, such as the
process operation of membrane gas separation, have not been
reviewed.

2. DEVELOPMENT OF OPTIMIZATION MODEL
PROCESS

The optimization model includes the superstructure, the
membrane separation model, recovery constraints, and often
purity constraints; it also involves an objective function. A
solution strategy is employed, whereby the mathematical
approach is determined, the software the model will be
implemented, and a solution approach is adopted (stochastic
or deterministic). Figure 2 shows the steps involved from
conceptualizing to finding a numerical solution. Table 1 lists
the papers that present membrane gas separation super-
structure-based optimization models.

2.1. Permeation Model. Commercial membranes are
mainly polymer-based, and a desktop study of the progress of
membrane materials is reported.65 Polymeric membranes have
been assumed to be used in the superstructure-based

optimization of membrane gas separation. Consequently, the
solution diffusion mechanism described in the previous section
has been used to describe the mass transport from the
retentate side to the permeate side of the membrane. The
membrane is usually assumed to operate as a plug flow reactor,
and thus, ordinary differential equations are used to describe
the change in retentate flow rate with the membrane area.21

Specific membrane permeator models have been incorporated
into some studies.43,52

Qi and Henson,41 based their optimization studies on the
spiral wound module with a crossflow flow pattern. Early work
on the development of a detailed multicomponent spiral
wound permeator modeling showed that significant computa-
tional time was required,66 and hence an approximate model
that was solved in less than 1% of the time of the former was
subsequently used in the superstructure-based optimization
studies.32,41,43 Runge−Kutta-Gill approximations were applied
in solving differential equations that led to the membrane
permeation model.

Other studies21,67 appropriated an approximate method
termed “compartmentalization”, where the retentate side was a
compartment, and the permeate side was another compart-
ment operating at high and low pressure, respectively. These
compartments were divided into subcompartments linking one
another, and material balances were carried around each
subcompartment, according to the flow pattern. The flux
equation hence applies to a small area of the subcompartment,
and it is summed to find the total area of the complete
membrane stage. The compartmentalization model was later
implemented45 in the study of post-combustion capture by
superstructure optimization. Another discretization approach
was also adopted and implemented in MATLAB by Lee et al.
in 201864 in their proposed “tank in series” model for a hollow
fiber counter-current flow pattern.68

Finite difference methods were adopted in many studies as a
way to implement the permeation models in algebraic
modeling environments such as the General Algebraic
modeling Systems (GAMS).35,49,51,56 For instance, Arias et
al.49 and Mores et al.51 considered the backward finite
difference method. A similar approach was adopted56 where
a backward finite difference method was paired with the central
difference method to discretise the ODE into algebraic forms.
Gabrielli et al.63 implemented the differential equations in
MATLAB and used the solver ode15s, which is based on
numerical differentiation formulas.69 Finite element analysis
was also adopted in other works.53,54 Zarca et al.53,54 described
material transport in the hollow fibermembrane module by two
differential equations for the flow rate of components both on
the permeate side and the retentate side. The orthogonal

Figure 2. Steps and decision processes involved in superstructure-
based optimization of the seperation of gas mixtures by membranes.
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collocation method was implemented on the finite element
analysis approach that was used.

The Robeson correlation was also used to simultaneously
predict the optimal membrane permeance and selectivity in
superstructure-based optimization as a way to guide further
membrane development.44,47,64,70,71 Robeson70,71 illustrated
the relationship between selectivity and permeability by
plotting the logarithms of the separation factor and the
permeability of the more-permeant gas for various gas
mixtures. The result was a boundary for the permeability and
selectivity that existing membranes could achieve. A resulting
mathematical relation was established for this boundary, which
showed that the permeability (ξ) of a component (i) was equal
to a product of a constant (k) and its selectivity (s) over
another component (j) raised to an exponential factor n, which
is the gradient of the boundary line, as depicted in eq 2.

= ksi i j
n
, (2)

As part of a study,64 permeance and selectivity were assumed
to be variables that could be nonuniform in the different stages,
thus informing the characteristics of the membrane that would
give the optimum flowsheet and cost. Lee et al.64 showed that
membranes of different selectivity in different stages would be
economical in CO2 capture from coal-fired power plant flue
gas. Recently, Taifan and Maravelias27 also presented a model

that sought to optimize the membrane properties based on the
Robeson upper bound plot relation.

Optimization studies that incorporated facilitated transport
permeation models have also been reported.54,56 While
Chiwaye et al.56 included a fixed-site carrier-based model,
the model presented by Zarca et al.54 incorporated a basic
solution diffusion model, fixed-site carrier, and mobile carrier
transport models developed from and validated by preceding
experimental work.72 The detailed permeation model enabled
the optimization of the carrier load to simultaneously optimize
the permeability and selectivity of the membrane, as well as the
membrane network from limited process options. A detailed
review of facilitated transport models in membrane separation
was given by Rea et al.73

Gilassi et al.52 included the optimization of the hollow fiber
membrane parameters by allowing the number of fibers and
their length to be optimization variables. When the optimum
membrane area has been determined by computing fiber
number and length, the second step involves the optimization
of gas flow rates into the permeator and the packing fraction
based on the initial results. Discrete variables were thus
incorporated into the permeation model as integers, denoting
the number of modules required, adding complexity to the
model. A model with more discrete variables is usually more
difficult to solve and results in increased computational

Table 1. Studies Reporting Superstructure-Based Models for Membrane Gas Separation; Objectives, Solution Approach, and
Software

Solution
approach Software Permeance Objective function Reference

Deterministic GAMS, MINLP Given permeance Minimize cost 41
CONOPT2 and XA, DICOPT Given permeance Minimize cost 43
NLP Given permeance and Robeson

correlation
Minimize cost 44

GAMS, NLP Given permeance Minimize cost 45
GAMS, BARON Robeson correlation Maximize profit 46
GAMS, MINLP BARON Robeson correlation Minimize net present value 47
GAMS, MINL, SBB Given permeance Minimize gas processing cost 48
GAMS, NLP, CONOPT Given permeance Minimize cost 49, 35, 50,

51
GAMS, NLP, CONOPT Given permeance, Robeson

correlation
Minimize cost 62

AMPL, NLP, KNITRO Given permeance Minimize cost 7
AMPL, MINLP, BARON and COUENNE. Given permeance Minimize cost 52
GAMS, NLP, CONOPT Given permeance Minimize net present value 53
GAMS, NLP, OQNLP & CONOPT Variable permeance Minimize net present value 54
NLP, in house program, MIND based on
KNITRO algorithm

Given permeance Minimize cost 55
55

MINLP, GAMS, BARON Variable permeance for fixed site
carrier membrane

Minimize cost 56

MINLP, GAMS, DICOPT Given permeance Minimize cost 57
GAMS, BARON Given permeance Minimize energy 58
GAMS, BARON, ANTIGONE Given permeance Minimize cost 59
GAMS, SCIP 7.0 Given permeance Minimize cost 60
GAMS, SCIP 7.0 Given permeance Minimize cost 27
Aspen, sequential quadratic programming Given permeance Minimize cost 61

Stochastic Simulated annealing, NEQLU solver.41 Given permeance Minimize cost 21
21

MATLAB Genetic algorithm (GA) Robeson correlation Multiobjective optimization problem specific
energy and membrane minimization

63

MATLAB Genetic algorithm (GA) Commercial membrane and
Robeson correlation

Minimize cost inclusive of penalty function 64

Bayesian optimization Variable, predicted permeance 42
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times74,75 due to the solution space being noncontinuous and
the increase in options that have to be solved. Gilassi et al.52

employed a “partial stage cut” model developed in a previous
study for hollow fiber membranes. In the study, the
superstructure-based model would simultaneously determine
the optimal number of modules and their optimum size, in
addition to the membrane stages.76

The membrane configuration and flow pattern are usually
set beforehand and assumed to be crossflow, co-current,45,63 or
counter-current.52,56,64 The overall mass balance around the
permeator reflects the flow pattern and forms the membrane
permeation model. The choice of flow pattern in the
membrane permeator was one of the degrees of freedom in
a few studies. Uppaluri et al.21 presented a superstructure-
based model that allowed the selection of any of these three
patterns. The counter-current flow pattern favored lower gas
process cost; however, the differences in cost were low for the
different flow patterns. In a unique contribution, Velasco et
al.58 presented a “unified” permeation model that applies to gas
and liquid membrane separation.

Assumptions are generally made to reduce the complexity of
the superstructure models and allow finding a solution in
reasonable computational time. The common assumptions
made concerning gas permeation in membranes include the
assumption that the gas mixture exhibits ideal gas behavior and
that the process is considered a steady-state operation.
Concerning permeation, the permeance of each gas is usually
assumed to be independent of the other and is not affected by
changes in pressure and concentration. However, in facilitated
transport, this assumption is automatically dropped.56

Concentration polarization was assumed to be insignificant
in all the superstructure-based optimization studies. Concen-
tration polarization refers to the buildup of the less-permeate
component on the membrane as a result of the more-permeate
component having permeated and leaving the less-permeable
species to create a layer that impedes the transfer of the more-
permeable component and limits its access to the membrane
surface.77−79 A majority of studies considered negligible
pressure drop7,35,51,52,80 for simplification. Some studies

included Hagen−Poiseuille expression to capture the loss of
pressure on the permeate side only.43,64,81 A rigorous model to
account for pressure drop in spiral wound permeators was
incorporated in the multistage membrane separation opti-
mization model for CH4/CO2 separation by Datta and Sen.82

Some of these assumptions have been shown not to be
practical as pilot studies or more-accurate modeling has
indicated that the contributions of the parameters are
significant. Pressure drop has been noted in field trials.83 In
some pilot studies, concentration polarization was observed for
membrane separation of dry flue gas.15,84

2.2. Superstructure Evolution. Central to the super-
structure-based optimization of membrane-based gas separa-
tion is the superstructure. Figure 3 shows the superstructure
presented early for gas separation by membranes. It depicts a
process synthesis framework for simultaneously determining
the optimum process flowsheet and optimum operating
conditions for membrane-based gas separation.41

The superstructure presented41 shows feed that can be fed
to any of the membrane stages and retentate and recycle
streams that can also be sent to any of the membrane stages for
further separation. Material balances are carried out around the
mixers and splitters present, as well as around the membrane.
The product can be collected from the retentate side or the
permeate side, depending on the specifications of the system.
The stream fed to the retentate side of the membrane is
compressed. A cross-flow spiral wound permeation model was
incorporated, and the membrane elements were considered
discrete with a fixed area size. Binary variables also denoted the
existence or nonexistence of process units and process stream
connections. A binary gas was considered, and the problem
was formulated as a MINLP. The model was applied, and the
benefits were demonstrated in studies of enhanced oil recovery
(in CO2/CH4) operations and natural gas treatment where
CO2 concentration should be reduced to lower than 2%. A
follow-up study was later published, which considered a
multicomponent gas mixture based on the superstructure.43

The model involved a high-pressure feed gas, which needed no
compression, and the feed pressure was uniform in all the

Figure 3. Superstructure presented for multistage membrane optimization by Qi and Henson.32 [Reproduced with permission from ref 41.
Copyright 1998, Elsevier.]
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stages. Several superstructures have been developed based on
this framework with various modifications for the optimization
of various applications such as CO2 capture from flue gas.7,52,81

Adding more capabilities21,67 presented an extended super-
structure that allowed recycle of the sum of permeate streams
and the sum of retentate streams to any of the membrane
stages and included vacuum pumping on the permeate side
(Figure 6a, presented later in this work). In the development of
the model, the feed side was referred to as a high-pressure
state, and the permeate side as a low-pressure state. The
membrane stage was considered to be a compartment of the
model, and the membrane profile was represented as
subcompartments. Lee et al.64 extended the superstructure
presented by Qi and Henson41 to include “pressure
controllers”, which included expanders on the retentate
streams to enable reduction of pressure of a preceding stream
to match the pressure of the destination stream. The
superstructure also included compression and vacuum
operation.

An earlier superstructure-based optimization model for
membrane gas separation was also presented in 1998,85

where the state-space approach previously presented for
reverse osmosis networks86 was adopted. The MINLP
developed was applied to a “hybrid gas membrane con-
densation system”.85 The approach was also later adopted and
applied to superstructure-based optimization of gas separation
of methane by a membrane.46,47 The superstructure is
presented in Figure 4 and shows the stream distribution box

and matching box. In the representation, the distribution box
comprises units such as membrane separation, splitters, mixers,
compressors, and vacuum pumps. The search space can be
reduced by prohibiting some connections that are obviously
not beneficial to enable easy computation of the solution. For
example, the mixing of product retentate and final permeate
product stream can be forbidden, and the recycling of streams
to the stage of origin can also be excluded. Additionally,
expansion cannot succeed compression as efficiency losses will
be incurred.85 The superstructure enabled the use of both N2
and CH4 selective membranes in a hybrid system for CH4
purification system, which demonstrated that such systems are
most cost-effective.47

A complex superstructure made of two networks, a module
network and a membrane stages network, was devised by
Kookos.44 Simplified cascading stages were also proposed,
instead of an all-inclusive network superstructure. This is
necessitated by the fact that high-pressure operations such as
natural gas sweetening do not require feed compression,
whereas low-pressure operations such as the separation of flue
gas for CO2 capture entail feed compression to enhance the
driving force. A simplified superstructure with cascading
membrane stages had also been adopted earlier for CO2
capture from coal-fired power plants flue gas.45 Aliaga-Vicente
et al.48 suggested two superstructures for low-feed-pressure gas
and for high-feed-pressure gas to be separated. The super-
structures with two distinct regions of cascading stripping and
cascading enriching sections also included the possibility of
using the permeate from one stage to be a sweep in the
proceeding stage. Figure 5 elaborates on the design. The feed is
not split and is only fed to the first stage of the stripping stage.
The cascading superstructure was also proposed to avoid the
complications that are brought by the “full connectivity
approach”.63 The authors sought to establish attainable regions
for gas separation membrane systems. In the most complex
framework presented, recirculation of permeate streams to
previous membrane stages was allowed after compression,
while the retentate was sent to the next membrane stage. When
attainable regions for the enrichment and stripping models
were compared, the scenario with permeate recirculation had
wide attainable regions and was the scenario that could achieve
recovery of 90% CO2 recovery and product purity of 95%.

A similar nonexhaustive connections approach was devised
to reduce complexity and computational effort in multistage
gas membrane superstructure-based optimization. A four-
membrane-stage superstructure was proposed where two
permeators were fixed, and if required, a third and fourth
stage will become operational.49 The feed was always fed to the
first stage, and the permeate was compressed to match the

Figure 4. State-space approach applied to membrane gas separation
systems presented by Scholz et al.46 [Reproduced with permission
from ref 46. Copyright 2015, Elsevier.]

Figure 5. Cascading superstructure presented by Aliaga-Vicente et al.48 [Reproduced with permission from ref 48. Copyright 2017, John Wiley and
Sons.]
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subsequent membrane operating pressure. Both the retentate
and permeate−recycle streams from the other membrane
stages were enabled to feed into this first stage. Atmospheric
pressure was considered on the permeate, as there was no
vacuum operation on the permeate side. Recovery of energy by
a turbine located at the residue end was possible. A follow-up
study based on the superstructure incorporated vacuum
operation51 and the results showed that the cost of CO2
capture was reduced by allowing the permeate operating
pressure to be optimized. Zamarripa et al.87 adopted the
approach and had some of the six maximum membrane stages
fixed. The membrane network was integrated with a coal
power plant’s process flow sheet.

The most recent approach in process intensification was
presented by Demirel and coauthors.88 The approach is
characterized by “fundamental building blocks”, where a block
can be any possible operation unit. In a single block, operations
such as mixing, reaction, and separation occur, and these can
be filled blocks with catalysts. Materials can flow across the
block boundary, which can be defined as free-flowing, slightly
restrained, or restrained, for example, in the case of
membranes. Process intensification and synthesis are achieved
by developing a mathematical programming optimization
model based on the building blocks arranged side by side.
The result is an optimum process flowchart that provides
optimized operating parameters.

Membrane separation can be represented by two blocks, one
of which can represent the retentate side and the other
representing the retentate side. Demirel et al.59 presented how
a gas membrane superstructure such as that previously

presented21 (Figure 6a) could be captured by a building
blocks representation (Figure 6b).

Figure 6 shows the green and red lines representing the flow
of streams such as feed, retentate, and permeate streams from
source blocks to possible destination blocks. The membrane is
located at the block boundary where flow is from the retentate
block and passes onto the permeate block. The mixers and
splitters are stated as blocks. As the figure shows, the permeate
can flow and be mixed within the mixer block, which is then
mixed with the feed in another block. The figure shows the
counter-current configuration, and by changing the direction of
the arrows, the crossflow or co-current configuration can easily
be represented and thus incorporated into the model. In the
model presented, the flow pattern can thus be automatically
determined from the three options embedded in the model.59

Equipment such as pumps and vacuums is also modeled in the
model. In the process, the process routes depicted by refs 21
and 67 are captured in this approach. The results showed
improved results.

2.3. The Objective Function. The objective function is
the key point of any optimization.89 Objective functions based
on economics are desirable since the business exists to make a
profit. Single cost-based objective functions are dominating in
the reviewed pool. The objective is usually determined for a set
of recovery and purity targets of product streams. The
objective has been to minimize gas processing cost, total
annual cost,21,45,67 specific cost,7,44,52,64 net present value53,54

and maximizing profit.46,47 In another study, minimizing
energy was the objective.58 While many were single-objective
problems, multiobjective problems were also presented.63,82,87

Figure 6. Building block representation of a gas separation membrane superstructure previously presented in the literature: (a) Uppaluri et al.21 and
(b) Demirel et al.59 [Panel (a) has been reproduced with permission from ref 21. Copyright 2004, American Chemical Society, Washington, DC.
Panel (b) has been reproduced with permission from ref 59. Copyright 2021, American Chemical Society, Washington, DC.]
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The variation of the cost of electricity against the rate of
capture of CO2 was explored and presented in a Pareto front.87

In determining these economics-based objective functions, the
capital costs and operational costs must be computed. Since
the optimum flow sheet is dependent on the cost model, to
understand the membrane process without the influence of the
cost parameters, Gabrielli et al.63 carried out multiobjective
optimization. Energy consumption and specific membrane
areas were minimized simultaneously in this multiobjective
analysis.

Penalty functions can also be added to objective functions to
allow analysis of solutions that do not achieve the separation
targets set.21,64 A universal separation index (Rony Index)
applicable to all chemical separation processes90,91 was also
adopted as the objective in superstructure-based membrane gas
separation.44

2.3.1. Cost Models Embedded in Optimization Models.
The cost model has an impact on the results of the
optimization, such as the flow sheet, energy, and membrane
area. A majority of the studies considered minimizing the total
annualized cost as the objective function. The total annualized
cost is the sum of the capital and operating expenditure. The
project life is assumed, the cost of purchase and installation of
the equipment is also considered, and interest rates are taken
into account in determining the capital costs. From the
computed total capital costs, annualized capital costs are thus
determined and presented. Operating costs are computed from
energy consumed in running compressors and vacuum
operation over a period of time, and in some instances, the
cost of cooling water was considered.45 It was reported that the
capital recovery factor had the greatest impact on the total
annualized factor.51 The cost of equipment will have an
influence on the outcome of optimization and determine the
energy consumption of the system and the size of the
membrane size. If the membrane is expensive, then a smaller
membrane area is preferable, as it is traded with huge power
consumption. A large membrane area would have a greater
impact on the capital costs.

2.4. Solving Optimization Models for Gas Membrane
Networks. Superstructure-based optimization problems are
complex and difficult to solve; both deterministic and
stochastic methods were used to obtain numerical solutions.
It is apparent from Table 1 that the deterministic approach is
popular, as about 80% of the researchers utilized this method.
GAMS has been used extensively as the modeling platform of
choice and, to a minor extent (A Mathematical Programming
Language) AMPL.92 The optimization models developed are
nonlinear, and hence, NLP problems are formulated. MINLP
models are presented in models that denote the existence of
process streams and pieces of equipment with binary variables,
and integer variables are included in determining the number
of module fibers in a hollow fiber membrane. Solvers and
algorithms accessed within GAMS, for instance, BARON,
CONOPT, and DICOPT (CONOPT, XA, CPLEX) were
selected in several studies. The problems are difficult to solve
due to nonlinearity, and being nonconvex pauses the challenge
of missing the global optimum and settling on the local
optimum instead. Initializing with different starting points and
setting bounds on variables has been reported as a strategy to
improve the chance of finding better solutions when local
solvers are utilized.43,52 Such strategies also lead to short
computational times (few seconds).43,53,54 Global optimality
therefore cannot be proven in many instances. A study revealed

that the use of local solvers such as CONOPT could give
suboptimal solutions (Velasco et al.58). For instance, the
solution found by CONOPT showed the energy consumption
that was about four times higher compared to the energy
consumption from the solution provided by the global solver,
BARON (Velasco et al.58). In an attempt to address this
challenge, Velasco et al.58 detailed how to ensure that the
global solution is not excluded and how to remove
infeasibilities when MINLPs are solved by the branch and
reduce algorithm, BARON. It was highlighted that applying
bounds on all nonlinear term variables was essential to ensure
that the global solution is reached. Disaggregation of logarithm
terms was also necessary to hasten BARON to finding a
solution. Recent developments to use other solvers such as
ANTIGONE, SCIP, and COUNNE are welcome.27,52 Several
thorough reviews on solvers are available.93,94 The GAMS
website highlighted the progress that had been made in solving
MINLP and mentioned the improvements in the BARON
performance. The update by Stefan Mann in 202295 on the
GAMS website indicated that BARON was able to solve more
problems and faster than it did in 2015. BARON is desirable to
users that implement problems in GAMS because it is a global
solver that does not require an initial value solution close to
the optimum to initiate. However, BARON is often more
computationally demanding. The use of MINLP solvers such
as BARON and ANTIGONE is favorable to users who are not
familiar with decomposition techniques, as may be the case for
people interested in membrane gas separation. These solvers
have the advantage of being able to handle many more
problems. The use of bender decomposition may be
computationally more efficient if the problem is structured
and can be easily rewritten into a problem.94,96 Several reports
report the robustness of BARON finding solutions and solving
complex problems in a shorter time than the other solvers. The
use of general benders decomposition would require more
iterations to solve a problem.94,96 Few attempts have been
made to rewrite models in structures that may allow for bender
decomposition algorithms. Recent progress has taken the
direction of developing models and formulating surrogate
models to make solving models easier.

When the objective of the optimization is related to cost, a
number of constraints and variables in the model are related to
pressure, such as the cost of compressors, expanders, vacuum
pumps; in addition, membrane area, feed flow rate, and
retentate flow rate are considered. The pressure becomes a
complicating variable in the optimization problem, impacting
the flux and equipment duties. Setting a target pressure range
through a prescreening exercise that precedes optimization
would simplify and narrow the search space.67 A sequential
approach to ensuring global solutions can be affected.50 The
optimization is initially carried out where the sum of
membrane area is minimized, and then a second optimization
run has the minimization of energy as the objective function.
The two runs give the lower and upper bounds of variables,
which will be set in a final optimization run where the annual
cost of capture is made the objective function. A smaller search
space is thus created by the set bounds, which should shorten
the computational time. The approach is rooted in the tradeoff
between energy and size of membrane area, where minimizing
these should provide the minimum value and maximum values
of the variables. A further benefit of this approach is that the
initial optimization runs provide feasible solutions, which can
be used as starting points for the final optimization.
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Stochastic methods are a useful solution strategy for solving
superstructure-based membrane-based gas separation. Uppa-
luri et al.21,67 applied a simulated annealing algorithm that was
applied to determine the optimal membrane network and
optimum operating conditions. Genetic algorithms have also
been adopted for solving superstructure-based optimization
models63,64 as examples of stochastic methods application. The
benefits of genetic algorithms include better handling of
discrete variables, increased chance of finding global solutions
and ease handling of discontinuous functions.97 Lee et al.64

used a genetic algorithm solver in MATLAB to obtain a
numerical solution to a two and three-stage superstructure-
based problem for separating CO2 from N2. Similarly, Shafiee
et al.98 applied the genetic algorithm approach in MATLAB to
solving a three-stage membrane superstructure problem for
optimizing CO2 capture in a flow sheet that was automatically
connected to Aspen Plus for easy computation of cryogenic
conditions. The use of genetic algorithms may pause the
challenge of high computational times.99

3. FIELDS OF APPLICATION
Superstructures may be developed as frameworks for general
application and then applied to various case studies to
showcase the benefits; however, recently, the superstructures
developed have been tailor-made for specific gas separations.
For instance, some frameworks for post-combustion CO2
capture include product compressors. The areas of application
analyzed include hydrogen recovery, natural gas treatment,
carbon capture, biogas upgrading, and enhanced air
production, among others. It was found that superstructure-
based optimization was vital as it reduced the cost of
membrane gas separation, compared to simulation results,
based on the process flow sheets determined earlier by
hand.49,56 For instance, a 14% reduction in the total annualized
costs was noted when a superstructure-based model was
applied to CO2 capture, compared to a two-stage process.49

3.1. Hydrogen Recovery. A case study of separating
syngas to produce high-purity, high-pressure 99% H2 on the
retentate side was considered to analyze the impact of the
choice of flow pattern. Though the counter-current flow
pattern resulted in the lowest cost of separation, the difference
was small for the results realized for the co-current and
crossflow patterns.21 A single stage could not achieve 99% pure
hydrogen and a recovery of 95% when H2 was recovered from
CH4-laden refinery streams. The compressor cost contributed
20% to the system cost.

3.2. Air Enrichment. Kookos44 showed that increasing the
nitrogen stream from 95% to 99% would double the
annualized cost of the membrane system in nitrogen-enhanced
air production. Since the Robeson upper bound relation was
used, it was predicted that membranes of higher permeance
and lower selectivity than the membranes available at that time
would meet the high-purity nitrogen-enhanced air. Optimiza-
tion of the feed flow rate of the gas mixture is important, and
separation targets can be met at low cost, as observed in the
optimization of membrane network producing oxygen-
enriched air.21

3.3. Natural Gas Treatments. Separation of gas mixtures
containing natural gas is an important field of membrane
application. The goal is to meet pipeline transportation and
grid compatibility specifications.100 In the gas separation
operation, the concentration of natural gas is enhanced. The
membranes used can be selective for either CH4 or

contaminant gases. Suitable membranes for the application
are discussed in detail.100 The separation by membranes
involves removing CO2, nitrogen, hydrocarbons, and H2S.

12

The separation of the CO2/CH4 mixture is also carried out in
enhanced oil recovery. CO2 is injected into the oil well, and the
CH4 produced thus has a high concentration of CO2. A similar
process is the removal of CO2 from a CH4 mixture that has
been of interest in biogas upgrading as a carbon capture
technology. Superstructure-based optimization models have
been applied to CH4 mixture gases.

An MINLP superstructure-based model was formulated and
applied to natural gas treatment and enhanced oil recovery
initially to separate a binary gas mixture of CO2/CH4 and,
later, a four-component gas mixture.41,43 The goal was to
reduce the CO2 concentration to less than 2% from about 20%.
Retentate and permeate recycle streams were enabled, and
operating pressure was a variable that was optimized when the
objective was to minimize process cost. The results showed
that a four-stage membrane process was more economical than
a three-stage. It was also consistently observed that
optimization of membrane area as a continuous variable
resulted in a lower cost than summing elemental membrane
units of a fixed area size. Although differences were noted in
optimum operating conditions for binary gas mixture and
multicomponent gas mixture, the optimal flowsheet did not
vary.

3.4. Post-Combustion CO2 Capture. While the earliest
models developed for gas separation by membranes were
applied to enhanced air separation and purification of natural
gas, more superstructure models have been developed
specifically for CO2 capture. Much work has been carried
out on optimizing the separation process of CO2 from flue gas
for CO2 capture since reducing carbon emissions is one of the
significant challenges that need to be tackled cur-
rently.7,45,49,51,64 A thorough review of the process systems
engineering approach to carbon capture utilization and storage
was carried out recently by Hasan et al.24 Traditionally,
membranes have been applied in the separation of gas mixtures
at high pressure and high concentrations of target component.
Post-combustion CO2 capture thus requires more innovation
and ingenious process routes to make it economically feasible
since the flue gas is delivered to the membrane plant at low
pressure and low CO2 concentration. The challenge that
membrane-based CO2 separation from flue gas from coal-fired
power plants faces is low driving force.101 This necessitates an
even higher pressure ratio to be in effect, of which the possible
pressure ratio could be limited by the membrane mechanical
properties and prohibitive economics. Huang et al.102 argued
that the pressure ratio that can be effected maybe limited,
despite a large membrane permeance.

Superstructure-based optimization indicated that increasing
the recovery rate increased the cost of CO2 capture
exponentially.64 The results also showed that the optimum
membrane stages were dependent on the superstructure. For
instance, in the study by Gabrielli et al.63 the optimum
membrane stages were found to be three and optimization
based on a higher number of stages did not improve the
results. However, studies based on a different superstructure
found four stages to be optimal.49,51 The use of water vapor as
sweep gas would result in a lower membrane area that is,
however, traded with higher energy consumption and results in
a minimal savings in cost (∼1%).56 Optimizing both the
retentate and permeate pressure and allowing nonuniform
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pressure values in different membrane stages resulted in
efficient energy consumption and reduced specific cost of
capture and the CO2 avoided.56 Superstructure-based opti-
mization studies of carbon capture from wet cement flue gas
showed that the cost of capture is about 1.5 times the cost of
CO2 capture computed when a dry two-component flue gas
was considered.62 The results allude to the importance of
developing models that are close to real conditions.

3.4.1. Unique Aspects of Minor Components from Flue
Gas from Coal-Fired Power Plants. The other aspect to
consider in modeling CO2 capture from membrane flue gas is
that the gas mixture contains about 10% water.103 Water in the
gas mixture increases the complexity of the optimization
model, because condensation of the water in the membrane
modules must be accounted for. Additionally, water has high
permeance in the polymer membranes that are used to capture
CO2. Many studies49,51,64 simplified the problem by assuming
a binary gas mixture of major components N2 and CO2 since
nitrogen comprises about 70% of the flue gas produced in the
combustion of coal in the boiler of a coal-fired power plant.
Hasan et al.45 faced this challenge head-on by including a
superstructure that involved several options of dehydration
that could reduce the water in the feed gas to 0.1%. The model
was solved initially, and the optimum dehydration system
solution was adopted as the choice of cooling in the multistage
superstructure dedicated to determining the membrane
network for the CO2-enriched product stream. The super-
structure showed possible dehydration routes such as
compression and cooling, triethylene glycol (TEG) absorption,
membrane dehydration, and refrigeration. For flue gases with
different water concentrations (5.5%−15%), the results
indicated that TEG was the most economical to dehydrate
the flue gas to 0.001 mole fraction.

Humidified flue gas has been considered; however, the
process involved a cooling stage, where water was removed in a
cooling stage to about 3% under atmospheric conditions.56 It
would be interesting to combine the dehydration super-
structure and membrane superstructure to form a single
integrated superstructure to simultaneously determine the
dehydration technology of the flue gas, the optimum water
concentration in the feed stream, and the optimum membrane
network. A study by Arias et al.62 determined how assuming a
binary flue gas impacts the optimization results compared to

optimizing based on multicomponent humidified flue gas from
the cement manufacturing. The result showed that additional
costs were incurred compared to processing dry flue gas.
Additional constraints are required to ensure that condensation
does not occur in the membrane module, and thus, additional
process equipment, such as coolers and condensers, is added to
the superstructure. A pilot scale study carried out by Scholes et
al.104 showed that the concentration of water in the flue gas
impacted negatively on the permeance and selectivity, possibly
due to concentration polarization;104 thus, polarization may
have to be considered in the permeation model for more
realistic optimization model results.

In a similar regard, minor components, such as SO2 and
NOx that are present in the flue gas have been assumed to have
negligible effects and have not been accounted for in
optimization studies. Experimental work showed that these
minor components105 have an impact on the permeance of
CO2 and, at the least, reduce CO2 permeance. Similar results
were demonstrated in an experimental and simulation study.106

The observation was that the permeance decreased by 17.7%
when an SO2-free gas was used compared to a gas with 5000
ppm of SO2. It was also reported that SO2 would have a
minimum impact on the CO2 separation by fixed site carrier
membranes as the transport of CO2 was facilitated by a
different mechanism, and thus competitive adsorption was not
at play. It is thus necessary that future studies consider these
minor components in their studies to bring optimization
results closer to a more practical scenario.

In the capture of CO2 from flue gas, superstructure
optimization has been reported to reduce cost and membrane
area compared to a predetermined process flow sheet. In
another study,49 multistage optimization decreased costs by
12%, energy by 6.3% and membrane size required by 7.8%. It
was noted in the study of Arias et al.49 that the superstructure-
based solution and cost of capture were higher than the
computed cost for an integrated coal and membrane system.
The two-membrane-stage simulation study that involved air
sweep and the CO2‑enhanced air fed to the boiler achieved the
lowest costs and higher CO2 purity. Thus, it would be
interesting to include air sweep in the superstructure targeted
for CO2 capture from flue gas from power plants, as presented
in the previous techno-economic study.22 To close this gap,87 a
model was developed that incorporated the power plant in

Figure 7. Membrane network superstructure for CO2 capture from power plant inclusive of a liquefier and integrated with the power plant.87

[Reproduced with permission from ref 87. Copyright 2018, Elsevier.]
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conjunction with six stages of membranes, as depicted in
Figure 7. Initially, the flue gas is fed to a fixed first stage, and
the retentate is fed to the first of two stages (not fixed) of
membranes, from which the permeate from these cascading
stages combines with the permeate from the first stage. The
output is compressed, cooled, and sent for liquefication. The
gases from the liquefication column are separated and sent to
another two-stage membrane train (not fixed) to recover CO2
from the liquefier. While the permeate is sent to the product
stream and combined with the permeate from the previously
mentioned stages, the retentate is mixed with the retentate
from previous stages and fed to a membrane which operates an
air sweep at the permeate. The permeate side stream, which
contains CO2, is fed to the power plant.

Gilassi et al.107 combined a simplified two-stage membrane
superstructure with an enzymatic absorption system for CO2
capture from flue gas (Figure 8). The retentate from the two

membrane stages was fed into the absorption system. The
hybrid system approach resulted in a 64% reduction in
CAPEX, compared to a standalone membrane system. Such
innovative process for CO2 capture is encouraged.

A superstructure that enabled compression or expansion to
increase or decrease the pressure of the retentate gas to match
the pressure of the destination stage.64 In the superstructure,
all the flue gas was fed to the membrane first stage, and then
the gas separation network would form after that. A similar
superstructure was presented in another report,52 and both
studies showed that three-stage membrane systems were
optimal.

It can then be deduced that the superstructure influences the
number of membrane stages. However, the upper bound on
the membrane size can influence the optimum number of
stages. While some studies have membrane area bounds for the
stages, some studies do not explicitly provide upper
bounds.51,108 In one study,64 the minimum membrane stage
area was stated to be 100 000 m2, and the maximum possible
was 1 500 000 m2.

4. RECENT DEVELOPMENTS IN
SUPERSTRUCTURE-BASED OPTIMIZATION OF GAS
SEPARATION BY MEMBRANES

Table 2 shows the articles that incorporate unique and new
techniques for solving superstructures. These include a new
superstructure approach (building blocks) for process
intensification,59 the use of surrogate models to shorten
computational time,60 and the adoption of artificial intelligence
approaches.109

Following the development of a novel intensification
approach,88 the “building blocks” approach was applied to
the different membrane process systems (gas separation,
pervaporation, membrane absorption, reverse osmosis separa-
tion).59 The model offers flexibility and opportunities for
improvement, as was demonstrated by achieving better

solutions than those presented in the literature and allowing
the determination of the flow pattern in the membrane
module. The building elements of the model include energy
and material flow. The model developed was a MINLP
implemented in GAMS and various example problems from
literature were solved by BARON and also ANTIGONE. The
approach showed superiority in that better solutions were
realized for case studies previously presented for super-
structure-based optimization. For instance, a 56% cost saving
was observed when the building-block-based model was
applied to a superstructure-based optimization model liter-
ature.21

Taifan and Maravelias60 developed a model for the
optimization of membrane systems that included surrogate
models. Surrogate models were developed to accurately
capture the permeation of components in nonbinary mixtures
for both cross-flow and counter-current flow patterns. The
model developed also allowed the use of fewer membrane
stages than the maximum set, thus effectively optimizing the
number of membrane stages automatically. The tightening of
constraints was also suggested to aid in solving the MINLP.
The solver SCIP was used to solve the model in GAMS. The
results also indicated that assuming a negligible pressure drop
resulted in lower separation costs. Additionally, an integrated
reactor-membrane superstructure-based optimization system
was proposed, as illustrated in Figure 9 with the goal to further
create opportunities to reduce the cost of the process.

In a subsequent work, Taifan and Maravelias27 sought to
simultaneously optimize the membrane material with the
membrane network and operating conditions. Three scenarios
were considered, where (i) the same membrane material was
considered in all the membrane stages, (ii) different
membranes would be selected for different membrane stages,
and (iii) the membrane properties such as selective layer
thickness, membrane permeance, and selectivity would be
optimized based on the Robeson plot and relations. Physics-
based surrogate models previously used in the previous study
were employed. The superstructure was novel in that it allowed
several products to be collected other than conventionally the
retentate and the permeate. Permeate streams and retentate
streams could be mixed to give a specific product. In total,
three products could be collected. The model was applied to
biogas upgrading, and the model could select different sources
of biogas of differing concentrations of components and thus
different costs of biogas. The results reiterated that the use of
different membranes in different stages results in a lower cost

Figure 8. A simplified flow diagram for a two-stage membrane
superstructure with an enzymatic absorption system for CO2 capture
from flue gas from the work of Gilassi et al. [Reproduced with
permission from ref 107. Copyright 1998, Elsevier.]

Table 2. Recent Articles on Gas Separation Membrane
Optimization

Reference Description

110 Artificial neural networks optimization to optimize membrane
optimization problem; applicable to nanofiltration and gas
seperation

59 Building blocks approach (MINLP, BARON, ANTIGONE)
60 Surrogate models for permeation of multicomponent mixtures

(GAMS, MINLPSCIP solver)
27 Integrated reactor and membrane superstructure network

(MINLP)
109 Artificial neural networks − nonsuperstructure
61 Assessing the suitability of a biobased polymer membrane for

CO2/CH4 separation process
42 Simultaneous determination of membrane molecular structure

and process design through machine learning combined with
optimization
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of separation.47 The importance of considering multicompo-
nent gases instead of simplifying models by assuming binary
gases was highlighted. A comparison of the optimization
carried out when the N2 component is neglected, and
optimization is based on a binary mixture of only CH4, and
CO2 demonstrated that the cost of separation is under-
estimated compared to when N2 is considered, even though its
concentration is very low (<5%). The study also found that the
crossflow flow pattern was economical compared to the
counter-current flow pattern when the binary mixture was
considered. However, when the multicomponent mixture was
considered, the counter-current flow pattern was slightly more
economical, as previously reported.21

Gasoś et al.109 developed ANN surrogate models for the
separation of CO2 from N2 by use of a single-stage and a
double-stage membrane process with retentate from the
second stage being fed back to the first stage. A dual objective
was set to minimize the electricity consumption and increase
the amount of CO2 recovered per a given membrane area. The
computational time was significantly reduced when the results
were compared to the solution obtained by a genetic
algorithm. Superstructure-based membrane modeling can
develop further in this direction.

Yuyama and Kaneko42 have recently proposed the
simultaneous determination of the membrane molecular
structure and process design through an optimization
approach. A machine learning model is developed to determine
the permeability of molecules (N2, O2, and CO2) from possible
molecule structure descriptors. The predicted permeability
leads to a virtual membrane, which is used in process design
with the objective of achieving set separation targets.

5. CHALLENGES AND OUTLOOK
While advances are being made in superstructure-based gas
separation by membrane technology, there seems to be
minimal advancement in the superstructure design; hence,
process design and flowsheets have largely remained
unchanged. Few studies have compared the results yielded
from the different superstructures presented. The building
block model for membrane gas separation was compared to the
superstructures previously submitted.59 The building block
approach and several artificial intelligence approaches are
commendable developments.59,110 It can also be noted that
solution techniques have not been significantly improved and
are not varied. This could be attributed to the solution
techniques and also solution tools available to different
research groups.

Some suggested process flow designs depicted in techno-
economic studies, such as using part of retentate as sweep gas,

have not been incorporated and presented in superstructure
development.22 Due to the complex nature of superstructure-
based models and difficulties in obtaining solutions, many
components and designs brought forward in simulation studies
have not been incorporated in superstructure-based optimiza-
tion of gas membranes. These include the design of flash tanks
and bubble columns and the mixing of streams at different
temperatures, which would require incorporating an equation
of state to account for thermodynamic properties. This could
be implemented by calling an external function in GAMS, as
reported.111−113 A model that considered nonideal conditions
such as real gas, concentration polarization, and nonisothermal
conditions in a hollow fiber membrane was published. Such a
rigorous model could be embedded in superstructure-based
optimization modeling.114

While optimization seems to be the ultimate solution, its
feasibility and practicality have been questioned. For more
practical use, a predetermined flow sheet that is known to be
practical is preferred to a flowsheet provided by a super-
structure-based optimization solution. However, in the case of
a new process design, it would be easier as the determined
flowsheet can be constructed to scale in design. Gas separation
by membranes can also be carried out in membrane reactors.
These have not been addressed in this work, and future work
should be in that direction. Monjur et al.115 has presented
interesting work in this area, where a process intensification
strategy for the application has been proposed based on the
building block method.
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