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ARTICLE INFO ABSTRACT

Keywords: This work presents the design of a membrane-integrated process for biogas valorisation and renewable hydrogen

E-fuel storage via CO-to-methanol conversion. The process maximizes CO utilisation by incorporating Hy from

Membrane separation renewable sources, while simultaneously separating methane from biogas to produce a stream suitable for direct

Methanol PR . . .

Liquid hydrogen carriers mJectlofl into the natural gas grid. Membrane units a.re 1ntegraFed upstream and downstream of the methanol

€O, valorisation synthesis reactor: upstream membranes allow to obtain a COg-rich stream for methanol production and a CHy-
rich stream compliant with grid specifications, while downstream membranes recover unreacted CO2 and H; for
recycling, minimizing emissions and hydrogen losses.

The system is analysed in a step/stage configuration using performance maps from a validated one-
dimensional model, accounting for the selectivity and permeance of a polyimide membrane. Results show that
biogas can be fully valorised, achieving 98.5% CH4 recovery with molar purity >97.5% and ~97% CO; con-
version to methanol, with nearly complete utilisation of renewable hydrogen. This membrane-integrated
approach provides an effective strategy for coupling biogas upgrading with renewable hydrogen storage,
enabling sustainable energy storage in the form of methanol e-fuels and contributing to carbon-neutral energy

pathways.

1. Introduction

In 2024, global greenhouse gas emissions reached 53.2 GtCO,
equivalent, marking an overall increase of 1.3% compared to 2023 [1].
The larger part of this emissions is given by the CO5 produced from fossil
fuel combustion, which remains the predominant driver of climate
change and highlights the urgent need for CO, valorisation strategies
[2]. In particular, CO2 emissions have been increasing year-on-year,
driven primarily by higher consumption of natural gas, alongside a
continued rise in coal and oil usage [3]. The power sector, mainly
related to electricity generation, remained the largest source of global
greenhouse gas emissions, accounting for approximately 15.5
GtCOze/year. This was followed by the transport sector, which emitted
8.3 GtCOze, and by agriculture and industry, each contributing around
6.5 GtCOqe [1].

The urgency of reducing greenhouse gas emissions necessitates the

development of strategies that promote the integration of renewable
energy generation into existing infrastructures. One of the sources is
biogas, produced via anaerobic digestion from the organic fraction of
municipal solid waste, agroforestry residues, and solid waste [4], mainly
composed by 50-70% of CHy4, 35-50% of CO,, small amounts of Ng, Oy,
and contaminants as HjS, siloxanes, and volatile organic compounds
[5].

The biomethane obtained by biogas upgrading is a versatile renew-
able energy that can be utilized across multiple sectors, including elec-
tricity generation, heating, and transportation [6]. Owing to its potential
to reduce fossil fuels usage and mitigate methane emissions from organic
waste streams, such as agricultural residues, manure, and municipal
solid waste, it is often considered a carbon-neutral or even
carbon-negative energy source [7]. As mentioned, prior to injection into
the natural gas grid, raw biogas must undergo an upgrading process to
increase its methane concentration and remove impurities. Various
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technologies are currently used at the industrial scale for this purpose;
among these, membrane separation is particularly effective for sepa-
rating CH4 from CO,, ensuring the production of high-purity bio-
methane suitable for grid injection and end-use applications [8]. The
membrane technology represent an advanced and energy-efficient gas
separation technology, providing a viable alternative to conventional
separation processes [9]. Membrane also guarantees compact design
and operational simplicity, low energy requirements, and lower capital
and operating costs, thus offering both economic and environmental
benefits [10]. The choice of membranes to be used for the separation
depends on the target gas species, the operating temperature as well as
the desired purity and recovery levels. For instance, polymeric mem-
branes (polyimide, polisulfone, etc.) are usually used in biogas
upgrading [11,12]. Appropriately configured in multistage membrane
steps/stages, can simultaneously achieve high product purity and re-
covery, even when employing membranes with moderate selectivity
[12,13]. Membrane separation has also proven to be an effective tech-
nology for the selective recovery of CO, and Hy from syngas [14,15].
Recently, Marsico et al. [16] proposed a multi-step membrane separa-
tion of a methanator downstream using commercial polyimide mem-
branes, demonstrating that this strategy enhances the valorisation of
CO5 and Hjy utilisation, thereby increasing the overall production of
synthetic methane.

Biogas also represents a significant source of biogenic CO, produced
as a by-product of anaerobic digestion. In addition to carbon capture and
storage technologies, carbon dioxide utilisation is considered a readily
applicable option in the short to mid-term [17]. Biogenic CO, can be
converted into valuable products such as fuels, like methanol or
methane, and chemicals [18]. Methanol can be produced by the hy-
drogenation of CO with green hydrogen (Eq. (1)). Additionally, at
higher temperatures, the reverse water gas shift reaction can take place
(Eq. (2)).

CO, + 3H, = CH30H + H,0 @

The operating conditions of the process are a temperature range of
200-300 °C, a pressure of 40-100 bar. The catalysts generally used are
Cu-based catalysts [19]. Methanol ranks among the most extensively
utilized chemicals globally, with its demand expected to reach around
120 million tons by 2025 [20]. It represents one of the most versatile
platform chemicals in the chemical industry, serving as a key feedstock
for the production of acetic acid, formaldehyde, methylamines, methyl
tert-butyl ether (MTBE), dimethyl ether, and several other derivatives
[21]. Beyond its conventional uses, methanol synthesis is increasingly
recognised as a one of the most promising candidates for large scale
application of carbon dioxide utilisation and effective route for the
chemical storage of hydrogen produced from renewable energy sur-
pluses [22]. When produced from biogenic CO, and renewable
hydrogen, methanol can act both as an energy carrier and as a
carbon-neutral fuel, offering the advantage of a higher volumetric en-
ergy density compared to hydrogen. This characteristic makes it
particularly attractive for hard-to-abate sectors such as aviation and
maritime transport, while enabling the coupling of the power sector
with the mobility and chemical industries [19]. At the industrial level,
efforts have increasingly focused on the use of renewable energy and
CO4 for methanol production, given its potential to mitigate carbon
emissions. A pioneering industrial-scale facility is the George Olah
Renewable Methanol plant, constructed in 2010-2012 in Svartsengi
(Iceland) by Carbon Recycling International (CRI). It integrated CO2
from the flue gas of a nearby geothermal power plant with hydrogen
produced via water electrolysis, achieving a methanol output of
approximately 4000 t/year [23]. More recently, CRI has initiated the
construction of a commercial-scale plant in Anyang, China, designed for
an annual production capacity of 110,000 t of methanol [24].

Usually, the conversion of CO5 into methanol is around 20% for a
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temperature of 250 °C and a pressure close to 30 bar [25]. Also in this
case, membrane gas separation can improve the process efficiency,
enhancing the methanol production by selectively treating a fraction of
the reactor downstream stream that would otherwise be purged,
enabling the recovery of unreacted species while removing undesired
species. This approach ensures a more effective valorisation of CO5 and
improved utilisation of hydrogen.

The present study aims to demonstrate the effectiveness of inte-
grating membrane gas separation units both upstream and downstream
of existing industrial plants, through the analysis of a representative case
study involving a methanol synthesis reactor. The integration of mem-
brane gas separation enhances overall process efficiency by enabling the
selective recycling of unconverted reactants and the upstream removal
of methane. Owing to their scalability, operational flexibility, and high
technological readiness level, which minimises operational constraints
at large scale, polymeric membranes represent a viable and attractive
alternative to conventional separation technologies (e.g., pressure swing
adsorption) currently used in industrial processes.In this work, a
membrane-integrated process was designed for the production of e-fuels
through the valorisation of biogas. Specifically, the process aims to
maximize the conversion of CO; into methanol, adding Hy produced
from renewables, while simultaneously separating the methane con-
tained in the biogas, thus producing a stream suitable for direct injection
into the natural gas grid (Fig. 1). The proposed process integrates
membrane separation units both upstream and downstream of the
methanol synthesis reactor. The upstream units treat the biogas to
generate a COz-enriched stream for methanol synthesis and a CH4-rich
stream with a composition compliant with natural gas grid specifica-
tions. The downstream membrane units recover unreacted CO, and Hy
for recycling to the reactor, thereby minimizing CO, emissions and Hj
losses.

2. Methods

A previously validated one-dimensional model [26,27], imple-
mented in DWSIM, was used to analyse the membrane separation pro-
cess. The model considers multicomponent permeation in a steady-state
and co-current configuration; further details are reported in the Sup-
plementary Information.The results of this model provide an immediate
reference for assessing the effectiveness of each separation step. The
model inputs are the molar fractions of the feed components, the pres-
sure ratio (Eq. (4)), and the membrane selectivity (Eq. (5)). The model
outputs are the dimensionless flow rates of the species in the retentate,
while additional parameters, such as the permeate flow rates, compo-
sitions, and membrane areas, were calculated through post-processing.

The main terms of the model are: the permeation number (Eq. (3))
and the pressure ratio (Eq. (4)). The permeation number is defined as the
ratio of the maximum flow rate permeating the membrane and the total
flow rate along the module [26]. A unitary value denotes the complete
permeation of the most permeable component of the feed through the
membrane. The pressure ratio (Eq. (4)) is the ratio between the feed and
permeate pressures [26].

Permeance; PFeed AMembrane
;i P.
6i = FFe;d
i

= 3

PFeed

(I) = PpPermeate ’ -

4

The separation properties of the membrane were considered in terms
of selectivity, expressed as the ratio of the permeances of the two species
(Eq. (5)), and permeance, defined as the permeating flux divided by the
transmembrane pressure difference (Eq. (6)) [28].

Permeance;

Selecdvityi_j = m., — (5)
f)
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Fig. 1. Scheme of the proposed membrane integrated process.

PermeatingFlux;
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Permeance; = -
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(6)

As an input for the model, we considered the selectivities, and the Hy
permeance of polyimide membranes (Table 1), already used for gas
separations in industrial applications [26].

Based on the results obtained from the 1D model, the design of the
multi-step membrane separation was carried out through the perfor-
mance maps of the concentration of the single species as a function of its
recovery. The adopted model assumes negligible pressure drops within a
single module (step). This assumption is justified by the moderate axial
flux and by the short module length (<0.5 m). These maps, originally
introduced by Brunetti et al. [36], show the concentration of a specific
component in the stream as a function of its recovery. For a fixed
membrane selectivity and pressure ratio, each curve corresponds to an
ideal membrane separation, with every point representing a distinct
separation condition. Each point on the map is associated with a
permeation number, from which the required membrane area can be
determined.

The performance of the membrane separation was assessed by
evaluating the performance maps of the recovery of the targeted species
in the retentate or permeate stream (Eq. (7)) as a function of the molar
composition (Eq. (8)) [38]. Specifically, the recovery in the retentate
was considered for less permeable species such as CHy4, while the in the
permeate was evaluated for highly permeable species such as Hy and
COa.

Flow rat eRetenmte /Permeate
RECOVET_yi = : Feed » (7)
Flow rate;
Flow ratt eRetentate/Permeate
Molar composition; = T . TE— TPermeate’ ®
ow rate

total

The insights derived from these maps guided the design of the multi-
step configuration. This approach enhances membrane separation by
dividing a single unit into multiple steps in which the permeate is
removed, thereby maintaining a higher driving force between the
retentate and permeate sides. Each step consists of a membrane module
that receives the retentate stream from the previous one as already

Table 1

Properties of polyimide membranes adapted from Ref. [29].
Selectivity, -
H,/CO, 2
Hy/CHy4 920
Hy/CO 45
H,/H0 1
Permeance, nano-mol s ! m~2 Pa~!
H, 40

compressed feed [13].

The CO, valorisation into methanol and the Hy utilisation were
assessed according to Eq. (9) and Eq. (10), respectively. A CO, valor-
isation value of one indicates that all the CO, contained in biogas has
been valorised into methanol, whereas a value of zero represents no
valorisation. Similarly, an Hj utilisation value of one denotes the com-
plete utilisation of hydrogen, while a value of zero indicates that no
hydrogen has been used.

~ Flow rate'é‘?(f‘zi - (Flow rate?gzged 4 Flow rategg‘;)
CO,, valorisation = - 0 -
ow ratecy,
2
e Flow rateﬁe:d — Flow T‘atel';zrged
H, utilisation = - - . a0
ow ratey,

In this study, a COy/CH4 mixture representative of a typical biogas
stream was assumed, with molar composition of 40% and 60%,
respectively. A molar flow rate of 100 mol s~ was adopted as the
calculation basis. As the reactor for methanol production is downstream
of a biogas upgrading stage, the CO, fed to the reactor results from that
coming from the permeate of the membrane stage and the recycle of the
reactor downstream. The feed hydrogen flow rate was balanced together
with that recycled from the reactor downstream to guaranty a Hy/CO>
ratio of 3 at the reactor inlet, in accordance with the stoichiometry of the
methanol production reaction (Eq. (1) and Eq. (2)). The pressure ratio
(Eq. (4)) of the biogas and hydrogen feed streams was set at 20. The CO4
single-pass conversion to CH3OH was set at 20%, while the conversion to
CO was set to 5% for a temperature of 250 °C [25]. The selected per-pass
CO2-to-CH30OH conversion is consistent with the 15-25% range as
commonly reported in the literature. This limitation arises from the
highly exothermic nature of methanol synthesis and its kinetic con-
straints, as highlighted by Yang et al. [30].As a target for the biomethane
purity to be achieved in the biogas membrane separation process, we
considered the Italian regulations with a maximum allowable CO5
concentration in the grid <2.5% [42, 43, 44].

The convergence criterion for the steady-state modelling framework
in DWSIM was set on the difference in two consecutive iterations of the
flow rate of the recycled stream and was stopped when a value lower
than 10—12 was obtained.

3. Results and discussion

Fig. 2 depicts the proposed membrane-integrated process for the
valorisation of biogas into biomethane and methanol. The feed consists
of biogas, with a molar composition of 40% CO, and 60% CH4, and
hydrogen derived, for example, from the surplus of renewable electricity
[31]. The process delivers two outputs: a biomethane stream at
grid-grade purity, and a methanol stream. The integrated system can be
conceptually divided into three sections (Fig. 2). The upstream section is
devoted to separating methane from CO;, to obtain an enriched CO5
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Fig. 2. Membrane-integrated process for the biogas valorisation.

stream to be fed to the reactor and a rich CHy stream directly injectable
in the grid. The reactor section comprises the reactor itself, which is
treated as a black box and not part of this work.The downstream section
focuses on the recovery of unreacted Hy and CO5 from the reactor purge
stream, aiming at maximizing reactant utilisation, enhancing the overall
integrated process performance.Table S1-S3 summarise complete mass
balances for the various sections of the process reported in Fig. 2.

3.1. Upstream membrane separation

The membrane separation section upstream of the reactor was
designed as a single stage comprising 9 steps (Fig. 3). The permeate of
the first step, consisting in a COz-enriched stream (stream 6) is fed to the
reactor. The permeates from the steps following the first one, already
containing CO; at a lower concentration with respect to the first step
(stream 8, with a flow rate of 68.8 mol s~ ! and a composition of 83 M%
CO5 and 17 M%CHy), are recycled to the process inlet. This recycling
allows methane, which permeates in smaller amounts, to be recycled at
the inlet of the separation, thereby increasing its overall recovery.
Additionally, the recycling feeds a COx-rich stream back to the process
inlet, which reflects in an increase of its partial pressure on the feed, thus
facilitating its separation. Another advantage of this configuration is
that it minimises the amount of methane fed to the reactor section and
then the amount to purged. Indeed, since CH4 does not participate in the
reaction, its high concentration within the reactor and the associated
recycle loop would negatively impact the overall integrated process
performance, particularly considering reactor thermodynamics and
kinetics.

The performance of the various steps in terms of CH,4 retentate
concentration (Fig. 4a) and CO, permeate concentration (Fig. 4b) versus
their related recovery is evaluated by developing appropriate perfor-
mance maps. To facilitate reader comprehension, the discussion is pri-
marily developed with reference to Fig. 4b, which illustrates the
behaviour of CO5 and provides a clearer representation of the curve
trends. Nevertheless, the same considerations are equally valid for the
case of CH4 recovered in the retentate.

The analysis was carried out considering a permeation number of
0.5, 1, and 2 (depicted with dotted lines in Fig. 4b) since values close to

-1-
CO, =40.0 (40%)
CH, = 60.0 (60%)

unity are expected to provide higher separation performance, while the
steps are identified by their corresponding numbers. Specifically, at 6 =
0.5, lower CO; recoveries are achieved along with higher concentra-
tions, whereas at 6 = 2, higher recoveries are obtained at the expense of
concentration. In the first step, priority was given to the CO3 concen-
tration at the process outlet by adopting a permeation number of 0.5; in
the subsequent steps, a unit value was applied to increase CO; re-
coveries. With this configuration, it was possible to recover 98.5% of the
methane contained in the biogas feed stream at the desired purity of
98.7%, highlighted with a green band, and to obtain a COg-rich stream
with a recovery of 98.1 M% and a purity higher than 97% to be fed to the
reactor section. By summing the membrane areas required for each step
and considering a total plant feed flow rate of 100 mol s ! (approxi-
mately 8200 m>3(STP) h’l), the total membrane area required for the
upstream separation is 8848 m2.

3.2. Downstream membrane separation

From the membrane separation, a permeate stream of 40.1 mol s
with a CO; concentration close to 97.7 M% is fed to the reactor for the
production of methanol. At the reactor outlet, methanol and water are
completely condensed (Fig. 5, stream 4), whereas the gaseous part of the
stream (stream 14) still contains significant amounts of reagents and is
recycled at the inlet of the reactor. Nevertheless, the recycle leads to the
progressive accumulation of CHy, which does not take part in the re-
action, and CO, which is a secondary product. Consequently, a purge is
necessary to avoid the accumulation of these components within the
process. The ideal condition under which operating the purge is on
maximizing the recycling of Hy and CO,, thereby enhancing their uti-
lisation in the integrated process, while removing CH4 and CO. How-
ever, purging a portion of the reactor outlet stream effectively eliminates
CH4 and CO but also results in the undesired loss of valuable reactants,
reducing the overall process efficiency. To address this limitation, we
proposed a membrane separation unit placed downstream to the reactor
after the recycling of part of the stream (Fig. 5). A non-recycled fraction
of 5% was selected as a feed for the membrane because it allows a more
efficient removal of CHy4 from the reactor, as it will be further discussed
in the next section. The selected purge level is selected based on the

-9
I C0,=0.8
CH, =59.1 (98.7%)

Total =100.0 mol s

Total =59.9 mol s
Membrane

Step 2to9

Step 1
° 0 E Membrane
-6-
CO,=39.2 (97.7%)
CH,=0.9

Total = 40.1 mol s™'

Fig. 3. Upstream membrane separation section.
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Fig. 4. Performance maps of the retentate and permeate sides of the proposed
membrane separation of the biogas stream. The circles and squares on each
curve refer to the calculated permeation number selected as most appropriate to
achieve the desired separation performance.

fraction of species to be removed. In the investigated process, the reactor
outlet stream contains approximately 5% of CO and CHg4. For this reason,
a similar percentage of purge stream was used in the simulations. We
chose to treat only a fraction of the downstream stream with the
membrane unit, as this stream is already rich in reactants (23.4 M% CO»
and 70.5 M% Hj) owing to the relatively low CO conversion of 20% in
the reactor as reported in Table 2.

This membrane separation unit consists of four steps. Each step re-
ceives as feed the retentate stream from the previous one, thus avoiding
the need for intermediate compression between stages. The feed stream
of the membrane process has a total flow rate of 32.52 mol s~! with the
remaining part consisting of CH4, CO, and H2O (Table 3). As in the
previous section, the separation performance of the proposed configu-
ration was analysed by a performance map (Fig. 6). For the membrane
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process proposed, a unitary permeation number was selected for each
step (black dots in Fig. 6b) as this condition ensures a high recovery and
concentration of Hy and CO,, while preventing the permeation of CHy
and CO. With a permeation number of 0.5, methane permeation, being
less permeable than hydrogen, would be limited. Conversely, at a
permeation number equal to 2, CH4 and CO would also permeate
significantly. To facilitate the readers, hydrogen, which is the most
permeable species (Table 1), is considered as the first species described.

Since the majority of Hy permeates the membrane at the initial step,
its concentration in the permeate gradually decreases in the subsequent
steps. Carbon dioxide, less permeable than hydrogen, increases its
concentration in the permeate as the feed stream becomes progressively
depleted in Hjy. Consequently, the retentate stream (Fig. 6¢ and d) be-
comes progressively enriched in CH4 and CO, which are the less
permeable components. Hence, the proposed downstream membrane
separation achieves a stream, given by the permeates, with a flow rate of
30.5 mol s* composed of 23.3% CO; and 74.6% Hy (Table 3), which
will be recycled at the inlet of the reactor. The other resulting stream,
given by the retentate of step 4 (stream 5 in Fig. 5), purges from the
integrated process most of the CH4 and CO entering the membrane unit.
This stream, composed of approximately 74.6% of fuel species (mainly
CHy4, Hy, and CO), can be flared or valorised to supply the energy de-
mand of the process. The total membrane area required for the down-
stream separation process is 600 m?, a significantly lower value with
respect to the upstreams separation section, proportional to a signifi-
cantly lower feed flow rate.

3.3. Comparison between the configuration with and without membrane
separation downstream of the reactor

The proposed configuration, which integrates a downstream mem-
brane separation unit on the purge fraction of the reactor downstream,
was compared with the scheme shown in Fig. 7, where we considered a
purge of 1%, 3%, or 5%, without introducing membrane separation
stages, while stream 15 is recycled to the reactor inlet. The purges
considered are consistent with the typical values adopted in industrial
methanol production processes [19]. For instance, pilot-plant studies
report purge fractions ranging from 2% to 6% of the reactor outlet
stream, depending on the fraction of species to be removed [19,32].
Other literature simulation studies also confirm purge fractions in the
range of 0.5-5% [33,34]. The purged flow rates obtained from this

Table 2

Input data selected for the simulation of the integrated process.
Flow ratei.eéf, mol s7! 40
Flow ratefy;’, mol s 60
CO,:CH,4 mixture Feed flow rate, mol s~* 100
Flow ratefffd, mol s~! 115.4
CO, conversion to CH30H, % 20
CO,, conversion to CO, % 5
Membrane separation steps
Pressure ratio (¢), - 20

STP: Standard Temperature and Pressure; 0 °C and 101,325 Pa.

4

8w
CO,=39.2 (97.7%)
CH,=09
Total = 40.1 mol s

CH,OH = 38.3
H,0 =38.3
H, = 115.4 mol s Total = 76.6 mol s1

Downstream

0=20

Steplto4
Membrane

Reactor

P
A
()

18

Fig. 5. Downstream membrane separation.

-5-
C0O,=05 (25%)
H,=0.15  (7%)
CH,=09 (45%)
CO=04 (22%)
H,0 =0.003 (0.2%)
Total = 2.0 mol s
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Table 3
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Recycled, membrane feed and purged flow rates for the downstream membrane separation proposed process.

Membrane feed

Permeates (stream 17)

Purged retentate (stream 5)

Flow rate, mol s *

Concentration, molar%

Flow rate, mol s+

1

Concentration, molar%

Flow rate, mol s~

Concentration, molar%

CO, 7.6 23.4 7.1 23.3 0.51 25.3
H, 22.9 70.7 22.8 74.6 0.15 7.3
CH4 1.0 3.0 0.06 0.2 0.91 45.1
(¢0) 0.51 1.6 0.06 0.2 0.45 22.2
H,0 0.51 1.6 0.5 1.7 0.003 0.2
Total 32.52 - 30.5 - 2.02 -
Permeate Side Permeate Side
100 + T T T T T T T T 100
@) Carbon dioxide (®) gonq  Hydrogen
80 - . Sl 80
2 2
A0 60 2
[}
g g
d:. 40 <
O
oA 20
Step 1
O | 1 | I 1 1 Il 1 O
1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 0.4 0.2 0.0
CO, Recovery, - H, Recovery, -
100 Retentate Side Retentatelside : : : 100
Carbon monoxide (d)
. 80 - 80
T ®
S 60 - 60 &
<] ©
(o]
Eir 40 40 x
. L .
5 8
20 - 20
Methane Step 1
0 | | 1 | | | | $tep 1 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

CH, Recovery, -

CO Recovery, -

Fig. 6. Performance maps of the membrane unit, which operates on a fraction of the reactor downstream.

H, =3 CO,of
Stream 10

=6 =
C0,=39.2 (97.7%)
CH,=0.9

Total = 40.1 ;

Reactor

CH,OH
H,0

Recycle

Fig. 7. Integrated process for the valorisation of CO, into methanol without membrane separation.

configuration are shown in Fig. 8 - left side. The desired condition is the
maximization of the recycling of the CO2 and Hj contained in the
downstream of the reactor while ensuring the effective elimination of
CH4 and CO. The CO, emitted with purging increases from 1.5 to 6.4
mol s~! with increasing purge. Hydrogen exhibits a similar trend, rising
markedly from 4.5 to 19.4 mol s™*. It is important to underline that
methane flow rate, which does not participate in the reaction, remains
constant regardless of the configuration or purge considered; its outlet
flow rate is equal to the inlet one (stream 6 in Fig. 7), with a value of
0.91 mol s~ !. Carbon monoxide, on the other hand, increases from 0.10
to 0.43 mol s!, corresponding to approximately 1.5% of the purged
stream for all the purges percentages. The addition of the membrane
separation on purged stream, shown in blue in Fig. 8 —left side, lead to a
significant decrease of the purged reactants, reaching values of 0.51 and

0.15 mol s~ ! for CO, and Ha, respectively. The CO flow rate, with a value
of 0.45 mol s}, is slightly higher than the maximum amount purged in
the configuration without membranes.

As expected, an increase in the purged percentage leads to a decrease
in the recycled flow rates of the reactant (Fig. 8 - right side), with CO4
dropping from 149 to 123 mol s~ and H, from 447 to 368 mol s .
However, a higher purged fraction has the beneficial effect of signifi-
cantly reducing the recycled CHy flow rate, from 90 to about 17 mol s,
along with a decrease in CO from 9.9 to 8.2 mol s~!. Using membrane
downstream configuration, 152 mol s ! and 459 mol s~ for CO5 and Hy,
respectively, were recycled which is slightly higher than the best results
achieved with 1% purge.

The recycled CH4 and CO flow rates, equal to 18.5 and 9.7 mol s,
respectively, are closer to those observed for a 5% purge, which yielded
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Fig. 8. Recycled flow rates (left side) and purged flow rates (right side) as a function of the reactor gas downstream purged for the scheme without membranes and

separated for the scheme with downstream membranes.

the highest values. Therefore, the downstream membrane separation
provides a recycled flow rate higher in reactants and lower in CH4 and
CO compared to that obtained with the process without membranes.
Overall, the use of membrane separation stage allows to reduce to 0.9%
the fraction of reactants lost while effectively removing the species such
as CO and CHg.

The performance of the two integrated processes with and without
downstream membrane separation was compared in terms of CO, val-
orisation (Eq. (9)) and Hy utilisation (Eq. (10)) (Fig. 9). For the config-
uration without downstream membranes, the CO, valorisation attains
0.94 at 1% purge fraction, but decreases markedly to 0.83 at a 5% purge.
In contrast, the addition of the downstream membrane separation on
purged stream reflects in a higher CO, valorisation equal to 0.97.
Similarly, hydrogen utilisation for the reference cases decreases from
0.96 to 0.83 as the purge fraction increases, whereas the proposed
configuration achieves an almost complete utilisation of the hydrogen
fed to the integrated process, reaching a value of 0.999.

The outlet methanol flow rate obtained for the proposed configura-
tion and for the reference cases is shown in Fig. 10. The methanol pro-
duction decreases with increasing purge fraction, ranging from 37.6 to
32.4 mol s™1. Notably, the addition of membrane separation allows the
achievement of a methanol flow rate, equal to 38.3 mol s, higher than
that obtained in all cases in wich membranes are not included, con-
firming the benefit of its integration a in the process.
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Fig. 9. CO, valorisation and H, utilisation as a function of the fraction of
purged/treated reactor downstream.
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Fig. 10. Methanol outlet flow rate as a function of the fraction of purged/
treated reactor downstream.

4. Conclusions

This study presented the design and performance evaluation of a
membrane-integrated process for the valorisation of biogas and renew-
able hydrogen storage through CO,-to-methanol conversion. The pro-
posed configuration effectively combines gas separation and catalytic
conversion steps to maximize CO, utilisation and minimize reactant
losses.

Upstream of the methanol synthesis reactor, a single-stage mem-
brane section comprising nine separation steps was developed to
simultaneously produce a CHgrich stream and a COg-rich feed for
methanol synthesis. The designed configuration achieved a CH4 recov-
ery of 98.5% at a purity of 98.7%, meeting grid-injection specifications,
while producing a CO2-rich stream with 98.1% recovery and over 97%
purity for subsequent conversion.

To further enhance process efficiency, a downstream membrane
separation unit was introduced on the reactor purge stream. This four-
step unit enabled selective recovery of CO, and Hj for recycling while
removing CH4 and CO. The resulting permeate stream, composed of 75%
Hj and 23% COg, was recycled to the reactor inlet, whereas the reten-
tate—mainly CHy4, Hy, and CO—could be valorised to meet process en-
ergy demands. Incorporation of this downstream membrane system
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reduced the loss of valuable reactants to only 0.9% and substantially
improved CO; and Hj utilisation.

Comparative analyses demonstrated that, without downstream
membranes, CO, valorisation decreased from 0.94 to 0.83 as the purge
fraction increased from 1% to 5%. In contrast, the proposed configura-
tion maintained a high CO5 valorisation of 0.97 and nearly complete
hydrogen utilisation. Furthermore, the integration of downstream
membrane separation enhanced methanol productivity, achieving an
outlet flow rate of 38.3 mol s}, higher than in all reference cases.

Overall, the dual membrane-integrated design provides a robust and
efficient route for biogas upgrading and renewable hydrogen storage via
CO5-to-methanol conversion. The combined upstream and downstream
separations ensure optimal reactant recovery, reduced emissions, and
improved process sustainability, highlighting the potential of
membrane-based integration in power-to-methanol systems.

Nomenclature

Amembrane membrane Area, m?

F flow rate, mol s~*

L total membrane length, m
P Pressure, Pa

X molar fraction, -

z membrane length, m

Superscripts

Feed feed phase referred to

Grid/Purged grid/Purged phase referred to

Outlet outlet phase referred to

Permeate permeate phase referred to

Retentate retentate phase referred to

Subscripts

i,j component i and component j of the stream

(continued on next column)

Appendix A. Supplementary data
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(continued)

Greek letters

0

¢
@
¢

permeation number, -

pressure ratio, -

dimensionless flow rate, -
dimensionless membrane length, -
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