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Abstract

Considering the transition to cleaner energy sources, the use of renewable energies and
alternative fuels to replace fossil fuels is a goal for reducing greenhouse gas emissions.
Biogas is a promising option to substitute natural gas, but adequate purification of the
produced biogas is necessary (the CO: content of the raw biogas must be reduced). Membrane
technologies have proven its technical viability to purify biogas until the defined requirements.
Moreover, membranes based on biopolymers could reduce the environmental footprint of
these purification processes. Nevertheless, due to the trade-off between purity and recovery,
single-stage processes are not able to attain desired targets, so multiple stages are required to
reach the desired high purities and recoveries at the outlet of the biogas purification system.
The aim of this study is to advance in the use of biopolymer-based membranes for the
separation of CO2/CH4 and evaluate the economic competitiveness of the designed multistage
purification process. For this purpose, a chitosan composite membrane with organic (ionic
liquid) and inorganic (titanosilicate) fillers in the selective layer was used to study the

multistage configuration, considering CO> and CHs as both target products. The process



configuration is based on three membrane units operating in series to enrich CO: in the
product stream from the permeate line, while the retentates are collected from each stage and
mixed to obtain a CHs-rich stream in the retentate. The target objectives were purities and
recoveries of >95% of CO; in the permeate outlet, and >97% of CHj4 in the retentate outlet
stream of the multistage process. The stage-cut was the main decision variable. The economic
evaluation of the proposed three-stage separation process was performed for different process
scales, from small installations to large plants (100-1000 Nm? h'! feed flowrate basis),
operated with two different pressure ratios (8 and 16). Total specific costs and contributions
of the different cost terms to fixed and operation costs were estimated. Operating costs were
the largest contributor to total costs in all the scenarios studied. To highlight the total specific
costs for the installations of 1000 Nm? h™!' capacity, the obtained total costs were 0.33 and
0.20 US $ Nm™ for the 8 and 16 pressure ratio values respectively. This latter cost was
competitive when compared to the cost published in literature. Moreover, a sensitivity
analysis was performed to evaluate the effects of increased specific costs of materials
(membrane cost) and energy (electricity cost) on the total specific costs of the three-stage

separation process.
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1. Introduction



Fossil fuels, such as coal, oil, and natural gas, have played a pivotal role in driving global
greenhouse gas emissions and they must be considered the most significant contribution to the
ongoing challenge of global warming and climate change !. The combustion of fossil fuels is
responsible for most CO; emissions. The burning of coal in power plants, fuels like gasoline
and diesel in cars and other means of transport, and natural gas in heating systems release vast
amounts of CO; into the atmosphere, trapping heat and causing average global temperatures
to rise.

Recognizing the role of fossil fuels in global warming is essential for addressing the urgent
need to reduce emissions, transition to cleaner energy sources, and take meaningful steps
towards mitigating the impacts of climate change on a global scale 2. Besides the development
of policies that promote energy efficiency; carbon capture, utilization and storage; or
sustainable land use to mitigate the consequences of CO. emissions, the transition to cleaner
and more sustainable energy sources is a critical step to replace the use of fossil fuels and

avoid CO» emissions 3.

This search for viable alternatives to fossil fuels has been intensified, focusing on two primary
categories: renewable energies and alternative fuels *. Renewable energies, including solar,
wind, and hydroelectric power, offer significant promise in transitioning away from fossil
fuels. In tandem with renewable energies, alternative fuels are crucial in diversifying the
energy matrix and reducing specifically the carbon footprint of the transportation sector >°.
One notable option is biofuels, derived from organic matter like crops, algae, and waste
lignocellulosic materials. Bioethanol and biodiesel are the most widely used biofuels, offering
compatibility with existing vehicles and infrastructure. Hydrogen, though still in the early

stages of development, holds immense promise as a clean fuel when produced using

renewable energy sources. Additionally, synthetic fuels, such as synthetic gasoline or diesel



produced from captured carbon dioxide and renewable hydrogen, have gained attention as

innovative replacements for fossil fuels.

Biogas is another energy resource that can be produced through the anaerobic digestion of

organic materials, such as agricultural waste, food scraps or animal manure ’

. This process
involves microorganisms breaking down these organic materials in the absence of oxygen,
resulting in the release of biogas, which primarily consists of methane (CH4) and carbon
dioxide (CO). Biogas can be captured, cleaned, and used as a substitute for natural gas,

making it a sustainable and environmentally friendly energy option on the transition to

complete decarbonization of the energy supply.

2. Biogas upgrading: Background

One of the main advantages of using biogas to replace fossil fuels is its environmental
sustainability 8. Unlike natural gas, biogas is a low-carbon fuel. It is considered carbon-neutral
because the CO; released when burning biogas is offset by the CO. absorbed during the
growth of the organic materials used to produce it. This makes biogas a valuable tool in
reducing net greenhouse gas emissions and mitigating climate change. Additionally, biogas
production helps manage organic waste and reduces the environmental impact of landfilling
or incinerating such materials. Biogas production not only generates energy but also reduces
odors, lowers the risk of groundwater contamination, and minimizes methane emissions that
would otherwise occur in landfills. Biomethane can be injected into existing natural gas

pipelines, making it compatible with existing infrastructure.

Both raw biogas and natural gas require treatment to reduce the CO; content. Natural gas
fields have very different CO2 concentrations, ranging from almost CO»-free wells in Siberia

to unexploited examples with contents above 70% in Malaysia ° . Nevertheless, the level of
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CO: concentration in most commercial gas fields is below 20% ' . The typical CO>
concentration range in biogas is 30-40% '!, although the composition of raw biogas depends
strongly on the nature of the substrate and the corresponding operation conditions. Before
biogas utilization, it must be purified to remove CO; and other impurities, like H>S, NH3 and
other organic minor compounds. Several reviews have revised all the available technologies
for upgrading biogas '*'7, and membrane technology has been proved as a viable alternative.
There are even some commercially available systems based on polyimide hollow fiber
membranes to purify biogas, although they do not contemplate the simultaneous recovery of

CO; yet 18,

The separation of CO2 and CH4 from biogas usually employs polymeric membranes that show
large permeability for CO, while CHs is retained ! as well as resistance to the presence of
impurities that shorten membrane lifetime. Besides, for membrane separation to be
competitive with more mature alternatives multiple stages are required to reach the desired
high CH4 purity and overcome the trade-off between the purity and recovery efficiency.
Therefore, the study of multistage permeation and recycling steps, as well as hybrid systems,
has been the focus of research to overcome the drawbacks of single-stage membrane

separation 2025,

Torre-Celeizabal et al.?® reported a compilation of studies focusing on optimizing membrane
processes for the CO2/CHj4 pair separation in biogas upgrading, as well those involving carbon
dioxide removal from natural gas, as a more mature field of application. The multistage
designs and superstructures were solved using various mathematical tools based on custom-
built membrane unit models, most of them linked or interfaced to different simulation and

26 In addition to engineering

optimization commercial packages, as detailed elsewhere
toolboxes for process systems, combined approaches of materials and process design methods

also offer a straightforward link between the membrane performance, optimal process
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structure, and cost. Those studies could be extended to more complex systems, including
multicomponent feed compositions, multimembrane systems, or multitarget problems, such as
combined biogas upgrading and carbon capture objectives *?7! | Significant progress has
also been made in the development of membrane materials specifically designed for the
separation of CO»/CH4 mixtures from different sources, ranging from advanced polymers,
such as thermally rearranged polymers and of intrinsic microporosity to metal-organic
frameworks, carbon, silica and zeolite types, and more recently, biopolymers 3233

Biopolymer-based membranes evaluated for biogas upgrading include micro- and nano-
cellulose 3*, PVA blends in nanocomposite membranes 2° , poly-lactic acid (PLA)-based
membranes 3*% | and chitosan (CS)-based membranes and the formulation as mixed matrix

membranes (MMMSs) 34 | These biopolymer-based MMMs seem sustainable alternatives for

CO,/CHy separation, pending mature development for its further implementation.

Therefore, the aim of the present work is to contribute to the evaluation of biopolymer-based
membranes for the separation of CO»/CHs, with a techno-economic analysis employing
simulation and optimization tools, to evaluate the competitiveness of a multistage
configuration that provides high quality CO, and CH4 as both target products. The analysis
pays attention to the corresponding costs and energy consumption terms related to different

plant capacities and operation conditions.

3. Description of the membrane separation system

3.1. Membrane unit

Regarding to the membrane material, a biopolymer-based composite membrane, identified as
5 wt.% ETS-10/ILCS/PES, was selected from previous studies that covered the synthesis,

characterization and performance evaluation of different ionic liquid-chitosan-mixed-matrix
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composite membranes. The 5 wt.% ETS-10/ILCS coated membrane was selected considering
the total membrane area required to carry out the target separation for CO2/CHa, as validated
with experimental laboratory separation data 37 ETS-10/ILCS mixed matrix membranes had
previously been studied for the separation of CO2/N2, which are important in the context of
post-combustion CO> capture systems, obtaining experimental data on membrane
composition, and solubility, diffusivity and permeability '. The solution-diffusion model has

been used to describe the mechanism of transport of components across the membrane.

Each membrane unit was represented as a crossflow membrane model based on a cell-in-
series assumption, where the membrane unit was divided into 100 equal-sized cells, to solve
the steady-state material balances and transport equations, being detailed in previous studies
3637 The separation performance was defined by the purity and recovery of each component at
the outlet stream of each membrane unit, taking CO, and CH4 as key components in the

permeate and retentate streams, respectively.

The simulation of the membrane unit required (i) the determined parameters of the membrane
performance behaviour, and (ii) the process operation variables that included the pressure
ratio and the stage-cut (as the ratio of the permeate and feed flowrates), to calculate the
product streams and the required membrane area. The corresponding parameters of the
selected membrane, 5 wt.% ETS-10/ILCS/PES, were given as CO2 permeance, value of 3.4
103 m? STP m2h'! bar!, a selectivity and a separation factor of 20 for the pair CO2/CH4. The
pressure ratios considered in this study were set to 8 and 16 (as p/po 4:0.5 and 8:0.5 on bar
basis respectively). In the case of setting product targets, the stage-cut was the decision

variable, being considered the range 0.05-0.95.

3.2. Multistage process configuration



A multistage process was configured as three-stage membrane units operating in series on the
permeate line to produce a COz-enriched product stream as the outlet permeate stream from
the third stage. The process outlet on the retentate line was a CHs-enriched stream, obtained
from mixing the retentate streams of every stage. Intermediate compressors (and the
associated heat exchangers) were included in the permeate line to set the feed pressure (and
temperature) at the inlet of each membrane unit, specifying a pressure ratio for operation. The
options of using a compressor to adjust the feed pressure to process, and an expander for the
CHgy-enriched product stream was also considered for estimating the total processing costs.
Schematic flowsheets of the three-stage separation process were provided in the following

section with the results of the techno-economic analysis.

The targets considered in this study, with the stage-cut operating at each stage as decision
variable, were the products quality in the process outlet streams, expressed in terms of purity
and recovery of components, values > 95% related to COz in the permeate line and >97% for
CHa in the retentate line (calculated the recovery ratios referred to the process feed stream). A
feed composition of 35:65 (v/v) % CO2:CH4 was taken as reference of biogas. Other
impurities present in raw biogas, like H>S, NH3 and organic compounds, were not taken into
consideration. Although they may affect the performance and stability of membranes as well
as the quality of the final gas streams, a preliminary study did not offer significant influences
on chitosan-based composite membranes due to the high hydrophilicity resistance of these
membranes. Nevertheless, further work taking into account the impurities will be carried out
in a future work. Plant capacities in the range of 100-1000 Nm? h'! were considered, to
include the necessities of biogas upgrading from small plants associated to agricultural

activities, to larger industrial plants.

The three-stage process was formulated as a custom-built programming of a nonlinear

problem, using GAMS as the mathematical tool for the process simulation and optimisation to
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targets. GAMS was the first software system to combine the language of mathematical
algebra with traditional programming concepts to efficiently describe and solve optimization

problems and is one of the leading commercial tools for optimization 4243,

The formulation in mathematical terms (eq.1) aimed to maximize the product quality at the
process outlet with the objective function f(x) defined as the sum of purity and recovery of the
components from the feed stream, subject to equality constraints 4n(x) such as the material
balances, separation process design equations, cost equations and correlations used in the
economic analysis; as well as inequality constraints g.(x) to specify the lower and upper
bound of operational variables. The formulation of this optimisation problem followed the
procedure detailed in a previous study . T he resulted NLP problem was solved in GAMS

employing the CONOPT3 solver.

max f'(x) (1)
St hm(x) =0, m
an(x) <0, n

X R“,XL<x<XU

The economic evaluation of the three-stage membrane separation process units was performed
to estimate the total costs, the specific costs with respect to the feed to the separation process,
the contribution of cost terms to fixed and to operational costs, and a sensitivity analysis
related to the effects of increased specific costs of materials and energy, such as the

membrane unitary cost and the electricity cost factor.

Calculations of specific upgrading costs reported in the literature is often presented either

with respect to the product or the feed flowrate *-4%; being used the feed flowrate for its basis



in this study. The specific costs were then calculated as the ratio of total costs and the feed

flowrate to the separation process.

Table 1 summarized the cost terms considered in the economic analysis of the proposed
separation process. The equations for the cost terms and correlations used the Chemical
Engineering Plant Cost Index (CEPCI), and those corresponding to the performance of the
equipment were detailed elsewhere?>*’. This economic model was also previously applied to
membrane systems for gas separation 4’8, Regarding the particular case of the equations that
define the cost of equipment (compressors, heat exchangers and turbines), they were

referenced to the included in Turton et al., Smith, and Towler and Sinnott books -,

Table 1. Summary of costs equations and related terms considered for the economic analysis of the

three-stage membrane separation process.

Cost equations Related to terms

Total costs of the separation process

= + + 2) - CC capital costs linked to the fixed costs (FC)
corresponding to the investment in equipment (eq.4)
project contingency, and start-up costs.
- OC operating costs.

- LSC cost of CHy loss in permeate at process outlet.

Total specific costs, related to plant capacity

_C+ + )

— 3) - TC total costs (eq.2).
- Oreed feed flowrate to process, here as Nm? y!.

- OSF on-stream factor of operation time.

Fixed costs, as investment in equipment

= + + + “4) - MEC membrane modules costs, as a function of total
membrane area required and membrane unitary cost.

- TUC turbine cost, correlated to work.
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- HEC heat exchangers costs, correlated to HE area.

- COC compressors costs, correlated to work.

Operation costs, mainly estimated from

consumption of resources

= + + + o+ (5) - MRC membrane replacement costs, as a_function of
total membrane area, unitary cost, and lifetime.
- UC utilities costs, electricity and cooling water.
- LC labour costs.

- IC insurance costs, linked to CC.

- MC maintenance costs, linked to CC.

4. Results and discussion

The results of the simulation and optimization for producing high-purity CO, and CH4 are

presented below.

4.1. Process performance summary: a three-stage configuration

The process performance is summarized in Figure 1, showing the three-stage membrane unit
configuration and the auxiliary equipment included for the economic evaluation. The
calculations were performed for the selected 5 wt% ETS-10/ILCS based membrane, which

exhibited the best performance after testing different biopolymer based MMMs. 2637

The component variables calculated at each stage are shown in the schemes in Figure 1 in
terms of percentages values of (i) purity of CO2 in the permeate line, and CH4 in the retentate
line (y.COz, y.CH4), and (ii) recovery of each component in the permeate and retentate lines,

related to its feed content to the separation process (R.CO2, R.CH4 values in the scheme).
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The three-stage separation scheme for producing both CH4 and CO; to targets was evaluated
at two operating pressure ratios: Figure 1 (a) the one validated experimentally at 4:0.5 and
Figure 1(b) at 8:0.5. The comparison for two operating pressure ratios allows to quantify the
effect of pressure ratio in the terms of total specific costs, specific membrane area requirement,
as well as specific energy consumption, related to a plant capacity of 1000 Nm? h'! feed
volume flowrate basis and a feed composition fixed to a binary mixture comprising 35:65 %

COz: CHy, in the context of biogas upgrading.

The targets set at the process outlet were the values of purity and recovery > 95% for CO: and
> 97% for CHa, in the corresponding outlet lines, the three-stage separation processes shown
in Figure 1 being required. The stage-cut values (SC) to operate each stage were determined
to achieve these targets, observing that higher values were required as stages progressed. The
results indicate that the targets of high product purity and simultaneous high recovery were

achieved by adjusting the stage-cut as decision variable.

The calculated membrane area of the separation units (A, m?) decreased as the stages
progressed: there is a progressive reduction of the membrane area required in each
consecutive stage. For instance, the system operating at pressure 8:0.5 represented in Figure
1b required 10938 m? in the first stage, 4811 m? in the second stage (56.0% reduction) and
2677 m? in the third stage (75.5% reduction). The total area requirements were also expressed
in terms of the specific membrane area which is related to the feed flowrate of the process,
units of m? (Nm? h'')"!, obtaining a significant reduction when operating to a higher pressure
ratio, at the expense of greater energy consumption. The total membrane area was considered
a key variable for the economic evaluation of the separation process, as it is used in the
estimation of the membrane specific costs and the membrane replacement costs, affecting
both fixed and operating costs. The contribution of the different terms to total process costs

was detailed in the following section (4.2.) focused on the economic analysis.
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The results obtained in this study positioned the 5%ETS-10/IL-CS/PES composite membrane
in the same range of magnitude as commonly reported membranes in the context of biogas
upgrading, such as cellulose acetate, polyimide-based membranes ?>?* and PVAm/PVA blend
membranes 2, as reflected in Figure 2, considering multistage separation processes for a plant
capacity of 1000 Nm? h!. The trends of total specific costs per unit plant capacity for different
scales from 100 to 1000 Nm?* h!, were also included in Figure 2, to cover the range from
small biogas and biomethane production units, including agricultural applications, to higher

plant capacities where the specific costs are lower.

The total specific costs were also calculated as the ratio of total costs to the feed flowrate to
the separation process. The obtained values were 0.33 and 0.20 US $ Nm3, for the
installations operated with pressure ratios (a) 4:0.5, (b) 8:0.5, bar basis. The consideration of
high-pressure ratios favoured the economic competitiveness of the process, since the
reduction in the unitary total costs is around 40%. Therefore, the greater energy consumption
derived from the operation at increased pressure ratio is compensated by the corresponding
reduction of the required membrane area. Under these conditions, the specific costs were very

similar to ones reported in literature 20-2%24

, so the process designed to employ the biopolymer
—based mixed matrix composite membrane can be considered competitive in both technical

and economic terms.
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Figure 1. Process performance results of a three-stage separation scheme for producing both CH4 and CO: to

targets, using the ETS-10/ILCS/PES composite membrane 37. Comparison for two operating pressure ratios (a)
4:0.5 (b) 8:0.5, bar basis.
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Figure 2. Trend of total specific costs per unit plant capacity, from 100 to 1000 Nm? h-!. Comparison for the two
operating pressure ratios (a) 4:0.5 (b) 8:0.5, bar basis, using the ETS-10/ILCS membrane. References of other

reported membranes, 1000 Nm? h'! feed flowrate basis: PVAm/PVA blend %°, PI and CA 2%

4.2. Economic analysis: contribution of terms to total process costs

Two plant capacities were considered for the following analysis, 100 Nm? h™! and 1000 Nm?
h'! feed volume flowrates, as representative of small installations related to agricultural, and a
higher industrial installation scale for biogas upgrading. The comparison for the two operating
pressure ratios is detailed, due to the implication of this operation variable in the energy
consumption and required membrane area. These operating conditions are denoted as (a) 4:0.5,
and (b) 8:0.5, bar basis. and correspond to pressure ratio values equal to 8 and 16, respectively.

Similar pressure ratios have been reported in other case studies of biomethane production 32,

The contributions of the different cost terms to the total costs, the capital costs and operational
costs are represented in Figures 3, 4 and 5 respectively, as percentage values relatives to the
total corresponding costs. The compilation of the calculated costs was given in Table 2.
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Table 2. Economic analysis: compilation of the calculated costs for the three-stage separation

process using a 5 wt% ETS-10/ILCS/PES composite membrane.

Cost terms Plant capacities
100 Nm? h! 1000 Nm? h!
(a) (b) (a) (b)

Total costs of the separation process

=+ ¥ (USSy)
CC capital costs 1.481 105  1.304 10° 5496105  3.026 10°
OC, operating costs 4736 105  4.189 10° 2.10510°  1.286 106
LSC, cost of CHy losses 1234104 1.234 10 1234105  1.23410°

Total specific costs, related to plant capacity
=+ * ) (US $ Nm™) 0.754 0.668 0.330 0.204

Fixed costs, as investment in equipment

= + + + (US $)
MEC, membrane units costs 6.158 10° 2.043 10° 5.720 10° 1.843 10°
TUC, turbine cost 8.027 103 8.045 10° 8.454 103 8.633 10°
HEC, heat exchangers costs 2.649 10° 2.656 10° 2913 10° 2.94510°
COC, compressor costs 5.560 10° 5.843 10° 9.937 10° 1.259 106

Operation costs, mainly estimated from
consumption of resources

= + + + + (US $y7)

MRC, membrane replacement costs 1.539 10° 5.108 10* 1.430 10° 4.607 10°
UC, utilities costs 3.558 10* 5.085 104 3.484 10° 4.981 10°
LC, labour costs 3.074 10° 3.074 10° 3.074 10° 3.074 10°
IC, insurance costs 2.220 103 1.956 10° 8.243 103 4.538 103
MC, maintenance costs 7.402 103 6.519 103 2.748 10* 1.513 10*

Pressure ratios, p/p., indicated as (a) 4:0.5, (b) 8:0.5, bar basis.
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Some highlights can be summarized when the process scale is higher, from 100 to 1000 Nm?

h'! feed volume flowrate basis:

(1) Related to total costs terms, Figure 3, the capital costs (CC) contribution decreased, values
23-20 % (a), 23-18 % (b); while the costs accounting to methane losses (LSC) increased

significantly, values 1.9-4.4 % (a), 2.2-7.2 % (b).

(i1) Concerning the fixed costs terms, Figure 4, the membrane units costs (MEC) increased
significantly due to the higher membrane area requirements, values 27-73 % (a), 11-43 % (b);
being remarked the contribution of the equipment related to compression (COC) for the case

(b), up to 30 % of total fixed costs.

(ii1) In regard to operational costs terms, Figure 5, the membrane replacement costs (MRC)
increased significantly, also linked to the membrane area requirements, values 30-67 % (a),
12-36 % (b); pointing out the effect of the higher energy consumption in the utilities term (UC)
when the pressure ratio was doubled, case (b), positioning the contribution of this term to
40% of the operational costs estimated for a 1000 Nm? h! plant capacity. From the cost
estimation presented, it was considered relevant to analyse the implications of some costs of
materials and energy, such as the membrane area that influences both fixed and operational
terms, and the electricity cost factor to the utility’s contribution in a more demanding case,

being the focus of the following section.
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Figure 3. Contribution of terms in total costs (TC): capital costs (CC), operating costs (OC), and cost of losses

for CHs (LSC). Plant capacities of 100 and 1000 (Nm? h!) feed flowrate basis, operating at two pressure ratios (a)

4:0.5 (b) 8:0.5, bar basis.
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Figure 4. Contribution of terms (in percentage values) to fixed costs (FC): membrane units (MEC), turbine

(TUC), heat exchangers (HEC), compressors (COC). Plant capacities of 100 and 1000 (Nm? h!) feed flowrate

basis, operating at two pressure ratios (a) 4:0.5, (b) 8:0.5, bar basis.
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Figure 5. Contribution of terms (in percentage values) to operational costs (OC): utilities (UC), membrane

replacement (MRC), and labour (LC); maintenance (MC) and insurance costs (IC). Plant capacities of 100 and

1000 (Nm? h!) feed flowrate basis, operating at two pressure ratios (a) 4:0.5, (b) 8:0.5, bar basis.

4.3. Sensitivity analysis: effects of some unit costs of materials and electricity

The effects of increased costs of materials and energy, such as the membrane unitary cost

(Zmem, US$ m?) and the electricity cost (Zelec, US$ kWh!), on the total specific costs

(US$ Nm™) of the three-stage separation process were shown as trends in Figures 6 and 7,

when operating plant capacities of 100 and 1000 Nm? h! feed flowrate, and pressure ratios

denoted as (a) 4:0.5 (b) 8:0.5 bar basis.
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Figure 8 compiled the specific costs values, units of US$ Nm™, when the costs of membrane
area and electricity increased up to 4-fold higher, for the installation scale of 1000 Nm? h!
feed flowrate basis, where the effects are more pronounced. The estimation for the smaller

capacity, 100 Nm?h ! feed basis, is shown in Figure 9.

Concerning the effect of the membrane cost on the total specific costs in Figure 6, it is highly
significant as it influences both capital and operation costs, which leads to increasing the
contributions of MEC (membrane units costs) on the fixed costs, as well as the MRC
(membrane replacement cost) in the operation costs. The scenario of double membrane cost
corresponded to increases of 25% and 66% in the total specific costs of the separation process,
for 100 and 1000 Nm?® h'! feed flowrate basis, respectively, operating at pressure ratio (a)
4:0.5, bar basis. At higher pressure ratio, the effect of the unitary cost of membrane area is
less pronounced (12% and 35% for 100 and 1000 Nm? h! feed basis) at the expense of the
contribution of the equipment costs for compression. The consideration of the costs of
innovative membranes with still low technology readiness is subject to high uncertainty. This
is the case of biopolymer-based membranes, which are not fabricated in scaled industrial
processes yet. Therefore, higher costs must be contemplated at this moment, but the advances
in technology readiness would reduce these costs in a near future. Moreover, the
improvements in the synthesis process would result in enhanced membrane permeability and
selectivity, since the relationship among membrane composition, permeability and selectivity
is a key factor to produce more sustainable membranes, even considering the environmental

aspects 3.

On the other hand, regarding the electricity cost factor, Figure 7 shows how it is affected by
the energy consumption term in utilities costs, UC, included in the operation costs. For double

electricity cost, the total specific costs were increased in 5% and 12% related to the base
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values for plant capacities of 100 and 1000 Nm?* h'!, respectively; while the effect was more

significant when the operation pressure was higher, case (b), 9 and 28% estimated increases.

A scenario of even higher electricity costs was considered, such as 4-fold higher, and the
increase of total specific costs of the process were estimated at 15 % and 34% case (a), 26 %

and 84 % case (b), corresponding to 100 and 1000 Nm? h! plant capacities, respectively.
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Figure 6. Increase (%) in total specific costs of the separation process versus cost of membrane (Zmem, US$ m’
2). Plant capacities of 100 and 1000 (Nm?® h!) feed flowrate basis, operating at two pressure ratios (a) 4:0.5, (b)

8:0.5, bar basis.
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Figure 7. Increase (%) in Total specific costs of the separation process versus cost of electricity (a) (Zelec,
US$ kWh-!). Plant capacities of 100 and 1000 (Nm? h'!) feed flowrate basis, operating at two pressure ratios (a)

4:0.5, (b) 8:0.5, bar basis.
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1000 Nm? h!, feed flowrate basis, operating at two pressure ratios (a) 4:0.5, (b) 8:0.5, bar basis.
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Figure 9. Values of total specific costs of the separation process (US $ Nm) versus cost terms of membrane

(Zmem, US$ m2) and electricity cost factor (Zelec, US$ kWh!), to 4-fold higher each parameter. Plant capacity:
100 Nm? h'!, feed flowrate basis, operating at two pressure ratios (a) 4:0.5, (b) 8:0.5, bar basis.

The obtained results from the sensitivity analysis were in accordance with those reported

calculations in the literature when other selective membrane materials were used. Haider et al.
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>4 performed a comparison between a commercially available polymeric membrane, in a

three-stage system with polyimide membranes operating up to 10 bar; and non-commercial
carbon membranes (CHF, PORCHF), in a two-stage system that operated at higher pressures
(50 bar as optimal value) with recycle. The effect of membrane efficiency was more
prominent with carbon membranes. Considering membrane costs of 20 US $ m? for
polymeric membranes and 100 US $ m™ for carbon membranes, the reported results indicated
that the membrane area would increase 30-80% total investment if the upgrading plant did not
operate under the optimal pressure. Different approaches in the production process of
membranes and the choice of an optimal operating pressure are proposed to reduce the
processing costs. We believe that innovation in membrane materials, and the increasing the

membrane life, through regeneration, if possible, would also advance in this direction.

5. Conclusions

Biogas must be purified to make it a valid replacement for natural gas and this work has
demonstrated that the design of a three-stage process based on the use of a biopolymeric
(chitosan) mixed matrix composite membrane whose selective layer of chitosan is hybridized
by non-toxic organic (ionic liquid) and inexpensive inorganic (titanosilicate) fillers can be a
competitive option for biogas purification. Both CHs4 and CO; were considered as target
products and simultaneous high purity and recovery for both gases were imposed: 95% was
the threshold defined for CO; purity and recovery, while 97% was the one fixed for CHy
purity and recovery. The process configuration relies on a sequence of three membrane units
operating in series to increase the concentration of CO> within the product stream extracted
from the permeate line. Simultaneously, the retentates are gathered from each stage and
blended to yield a retentate stream enriched with CHa. Bigger plant capacities (1000 Nm?® h!

feed) resulted more economically competitive than smaller capacities (100 Nm? h'! feed) due
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to the economies of scale. The minimal obtained unitary cost was 0.20 US $§ Nm™, which
corresponded to the bigger plant capacity operated with pressure ratio equal to 16 (8:0.5 bar
basis). This cost was considered competitive when compared to the cost published in
literature. The detailed analysis of the cost breakdown revealed that operation costs were
clearly higher than capital costs, while the costs due to methane losses were limited below 8%.
On the one hand, within capital the costs, the costs related to the acquisition of the membrane
modules were the most relevant. On the other hand, within operation costs, membrane
replacement was the most relevant contribution, although utility costs increased significantly
when operating at higher pressure ratio. Consequently, the sensitivity analysis indicated that
changes in membrane cost strongly affects to both capital and operation costs while electricity
affects only to the energy consumption included in the operation costs, which are not such
critical. Therefore, membranes must be considered a key factor for the design of this type of
purification process for biogas. This fact points out the interest to provide more data on
biopolymer-based membranes performance under different operating conditions, especially at
high pressure ratios, which have been demonstrated to be the most interesting ones from an

economic point of view.
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