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Simulation of multi-stage membrane CH4/CO2 separation for upgrading 
biogas to grid injectable biomethane

Symulacja wielostopniowej separacji membranowej 
CH4/CO2 w uzdatnianiu biogazu do biometanu 
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Upgrading biogas from anaerobic digestion to bio-MeH before its injec-
tion to gas grid by polyimide membrane sep. was simulated. In par-
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composite membranes allowed to upgrade raw biogas without addi-
tional pretreatment.
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The global energy market is undergoing a profound 
transformation, driven by the urgent need to mitigate cli-
mate change, enhance energy security, and transition to 
a circular economy. In this context, renewable gases can 
play a pivotal role in decarbonizing sectors that are difficult 
to electrify, such as the power sector, heavy industry, and 
transport. Biogas, produced through anaerobic digestion 
of organic matter, including agricultural waste, sewage 
sludge, and organic municipal solid waste, represents a ver-
satile and sustainable energy carrier. It is a renewable fuel 
composed mainly of methane (CH

4
, typically 50–75%) and 

carbon dioxide (CO
2
, 25–50%), together with traces of 

impurities such as hydrogen sulfide (H
2
S), water vapour 

(H
2
O), nitrogen (N

2
), oxygen (O

2
), ammonia (NH

3
), carbon 

monoxide (CO), volatile organic compounds and silox-
anes1–4).

Although raw biogas can be used for combined heat 
and power generation, its direct use is often limited to the 
vicinity of the production site because of its low energy 
density and corrosive impurities. To fully exploit its poten-
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tial and integrate it into the broader energy infrastruc-
ture, its upgrading is essential. Biogas upgrading is the 
process for purifying raw biogas by removing CO

2
, H

2
S, 

and other contaminants to produce biomethane, a gas with 
a methane content exceeding 95%. This enables its injection 
into existing natural gas grids or its use as a high-quality 
vehicle fuel, thus directly displacing fossil fuels, improving 
energy security, and reducing greenhouse gas emissions5–10). 
Schematic pathways for the production and utilization of 
biogas and biomethane are presented on Fig. 1.

Injection of biomethane into the natural 
gas network

Natural gas distribution and transmission systems are 
poised to become one of the most critical components in 
achieving climate neutrality in the context of the energy 
transition. The availability and functional versatility of 
natural gas networks guarantee a secure and gradual trans-
formation of the energy sector in Poland. Furthermore, 
a key challenge for modern gas grids will be to accom-
modate the transport and distribution of hydrogen and 
biomethane, which requires at first proper regulation and 
numerous new connections between production facilities 
and the existing network. Such installations typically con-
stitute small production plants, and expansion of the current 
infrastructure for transporting and distributing renewable 
gaseous fuels will be essential11–13). 

Biomethane can be injected into the natural gas network 
after being compressed to the required pressure via a com-
pressor station located at the production site. In many 
countries of the European Union, access to the natural 
gas grid is guaranteed for all biogas suppliers. A signifi-
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Fig. 1. Schematic diagram of biogas and biomethane production and utilization pathways2)
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cant advantage of using the gas distribution network for 
biomethane transport is the ability to connect production 
sites, often located in rural areas, to regions with higher 
population density and, consequently, greater energy 
demand. The main barriers to injection include the high 
costs of modernisation and grid connection. The concept 
of a collective biomethane injection point, in principle, 
can be implemented in various configurations: grid-based 
collective, grid-based individual, and via road transport 
(using bioCNG). In some countries, such as Germany, DSO 
covers most costs associated with biomethane injection, 
including the construction of the connection infrastructure 
and gas compression. When a biomethane plant is located 
on several kilometres distance from an existing natural 
gas grid, pipeline construction may prove economically 
unviable. 

Another challenge and crucial infrastructural factor 
that determines the feasibility of biomethane injection 
into the distribution system is its absorption capacity14–16). 
Countries that inject biomethane into their grids implement 
strict legal and technical requirements for qualitative and 
quantitative monitoring that specify limits for components 
such as elemental sulfur, H

2
S, CO

2
, O

2
, and N

2
, to prevent 

contamination of the gas grid and prevent degradation in 
the quality of gas delivered to end consumers17–23).

Biomethane can also be utilized in the transport sec-
tor which can significantly contribute to the reduction 
of greenhouse gas emissions. Biogas, and particularly 
upgraded biomethane, represents an effective strategy 
to achieve the targets set forth in the Renewable Energy 
Directive II (REDII)24). Vehicles powered by natural gas, 
commonly referred to as natural gas vehicles (NGV), as 
well as the refuelling infrastructure, are compatible with 
biomethane12, 13, 25).

A multidimensional analysis of the EU 
biomethane strategy 

Reconciling REPowerEU Deployment Targets with 
Fugitive Methane emissions and CCUS synergies was 
included in the European Union’s REPowerEU plan, for-
mulated in response to the energy market shock of 2022 
following war in Ukraine, sets a target of 35 billion m3

annually of biomethane by 2030, up from approximately 3,5 
billion m3 in 2021. This positions biomethane as a central 
pillar of the EU strategy for supply diversification and an 
accelerated energy transition26).

This ambitious growth target forms the basis for invest-
ment planning and technology deployment in all member 
states. However, recent studies highlight methane emissions 
across the entire biogas and biomethane supply chain, ad-
ding a new dimension to technology selection. Methane 
is an atmospheric impurity and the minimizing its fugitive 
emissions from upgrading facilities, pipelines, and stor-
age is now a critical performance indicator. Consequently, 
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technologies are evaluated not only on their energy con-
sumption and capital cost, but also on their total system 
methane losses, necessitating robust leak detection and 
repair (LDAR) practices27, 28).

Furthermore, the integration of biogas upgrading 
with carbon management strategies is gaining traction. 
Technologies such as cryogenic separation and amine 
scrubbing can produce a relatively pure CO

2
 stream that 

can be utilised or stored (CCUS), enhancing the overall 
carbon negativity of the process26).

Biomethane production can achieve substantial green-
house gas savings compared to fossil fuels. Studies show 
that biogas and biomethane supply chains can reduce GHG 
emissions by 51–70% compared to natural gas and 42–65% 
compared to hydrogen production routes29). Additionally, 
biomethane from biowaste can result in up to 79% lower 
GHG emissions compared to natural gas30).

Despite its benefits, methane emissions can still occur 
at various stages of the biomethane supply chain. Effective 
methane mitigation strategies are essential to ensure the 
climate benefits of biomethane production31, 32).

Biomethane in Poland. Current status, 
potential and development perspective 

According to data from the Energy Regulatory Office 
(URE) in March 2025, Poland hosts 416 operational 
installations: 415 biogas plants (179 agricultural biogas 
plants) and only one biomethane facility33, 34). Data from 
the Energy Market Agency (ARE) indicate that the com-
bined installed capacity of these installations amounts to 
approximately 320 MW, with an annual electricity produc-
tion of just under 1.6 TWh. This represents only 0.94% of 
the national electricity production in 2024. However, the 
potential for growth in this energy segment is considerably 
larger, a point that has been emphasized for years35–37). In 
February 2025, the first biomethane plant in Poland was 
commissioned in Brody (Lubusz Voivodeship), within an 
agricultural experimental holding. This installation is 
designed to produce 0.65 million m³ of biomethane annu-
ally. The gas will be compressed and sold as bioCNG for 
use in the transport sector.

By comparison, Europe is significantly more advanced 
in biomethane development, with over 20 000 biogas 
plants and approximately 1600 biomethane facilities 
already in operation. The technical production potential 
for biomethane in the EU had already exceeded 6.4 billion 
m3 by the end of the first quarter of 202437). According 
to the National Energy and Climate Plan38) (KPEiK), 
Poland’s annual biomethane production potential is esti-
mated to reach up to 8 billion m3. This volume would 
cover up to 46% of the national demand for natural gas 
(8 out of 17,4 billion m3), thus reducing import depend-
ency and accelerating the energy transition, particularly 
in the power and heating sectors36). Poland’s biomethane 
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potential is substantial, driven by its agricultural bio-
mass and municipal waste resources. Despite challenges 
such as high investment costs and legislative barriers, 
environmental and economic benefits make biomethane 
a promising renewable energy source for the country. 
Continued investment and support for biogas techno-
logy will be crucial to realise this potential and achieving 
energy security and sustainability goals39–43).

Overview of biogas upgrading technologies 
with an emphasis on membrane separation

A spectrum of technologies for biogas upgrading has 
been advanced to commercial maturity, which are: (i) physi-
cal absorption (i.e. water scrubbing); (ii) chemical absorp-
tion (i.e. amine scrubbing); (iii) adsorption (i.e. pressure 
swing adsorption – PSA); (iv) cryogenic separation; and (v) 
membrane separation1, 5, 44–52). While all mature technologies 

differ significantly in terms of energy consumption, methane 
loss, capital and operational expenditure (CAPEX/OPEX), 
footprint, chemical usage, and waste stream management. 
The main biogas upgrading technologies are summarized in 
Table 1. Among these, membrane-based gas separation has 
emerged as a particularly promising and rapidly advancing 
upgrading method, complementing and competing with 
conventional techniques. Separation of the main biogas 
components (CH

4
 and CO

2
) in a membrane includes three 

sequential steps involved in the process (sorption, diffusion, 
and desorption)53). The general overview of the process is 
presented in Fig. 2. Technological advances, especially 
in the development of high-performance gas-permeable 
polymers and module design, have substantially improved 
the efficiency and cost-effectiveness of membrane purifica-
tion systems54–56).

Membrane separator units offer distinct advantages: 
they are compact, modular, have no moving parts within the 
separation unit, produce no liquid waste streams, and can 
be easily modulated to follow variations in biogas flow rate 
(quick on/off cycles). They typically require less electrical 
energy than cryogenic or PSA systems and do not need 
chemical reagents57). Recent studies, such as the develop-
ment of robust thin-film composite polyamide membranes, 
show potential for upgrading raw biogas with high levels of 
H

2
S and humidity directly, potentially eliminating or reduc-

ing the need for extensive pretreatment steps58, 59). The core 
principle of polymer membranes is the solution-diffusion 
mechanism, which requires a compromise between perme-
ability (the rate of gas flow through the membrane) and 
selectivity (the ability to separate one gas from another). 
Furthermore, achieving high methane recovery rates 
requires operating at significant feed pressures often, neces-
sitating robust and energy intensive compression, which 
contributes to operational costs. The membrane modules 
themselves, often based on high performance polyimides 
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53)
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or other advanced polymers, remain high-cost materials, 
contributing to a significant capital investment60).

The global adoption of membrane technology is uneven, 
reflecting regional preferences, historical development, and 
economic considerations. For example, in France, mem-
branes have captured a dominant market share, accounting 

Table 1. The main biogas upgrading technologies

Technology Principle Advantages Limitations

Water scrubbing physical absorption mature, simple, non-hazardous solvent, high 
CH

4
 recovery

4

large footprint -

Amine scrubbing chemical absorption
absorpcja chemiczna

high CO
2

-
ations

2

high regeneration energy, solvent degra-
dation, corrosion -

adsorption
adsorpcja

dry process, modular, no chemicals, high 
purity -

sensitive to feed (H
2
O, H

2
S), adsorbent 

ageing, CH
4
 loss in tail gas

2 2

4
 w gazie odlotowym

Cryogenic
kriogeniczny

distillation
destylacja

very high purity, products liquid CO
2

-
2

very high energy, complex pre-treatment, 
high CAPEX -

Membrane separation
Separacja membranowa

permeability/selectivity
-

compact, modular, no chemicals, easy con-
trol -

compression energy, membrane cost, trade-
-

Fig. 2. Diagram of the membrane separation process for purifying biogas (CH4/CO2) where 3 fundamental steps 

mole fractions for key components i and j53)

4 2
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for approximately 84% of all biomethane upgrading facilities, 
which are favoured for their simplicity and modularity. On the 
contrary, in Germany, Europe’s largest biomethane market, 
membranes hold only about a 10% share, where established 
technologies like water scrubbing and PSA dominate due to 
their proven track record and different economic drivers61).

Industrial case studies and sophisticated multistage 
designs have convincingly demonstrated that membrane cas-
cades (two-stage or three-stage systems with recycle streams) 
can reliably achieve stringent pipeline-quality specifications 
with CH

4
 recovery rates exceeding 99%57, 58). Despite this 

proven technical viability, there is a significant gap in the 
published literature. Most of the performance and economic 
data from 2021–2024 are derived from pilot-scale studies 
or specific industrial installations. Comprehensive, com-
parative technoeconomic analyses of full-scale membrane 
systems, particularly those benchmarking various multistage 
configurations against a common baseline, remain scarce. 
Cost analysis consistently identifies membrane modules and 
high-pressure compressors as the primary drivers of CAPEX, 
although their operational costs per normal cubic metre 
(Nm³) of produced biomethane are often competitive57, 60).

Studies

Methodology

For this study, pretreatment was assumed as already 
performed to control H

2
S, H

2
O, and siloxanes before the 

membrane train. Pretreatment includes desulfurization 
3 H

2
S), drying to the pipeline dew point, and 

optional activated-carbon beds for siloxanes. This pretreat-
ment extends membrane life, reduces plasticization risk, 
and stabilizes WI/HSN calculations by keeping the gas dry 
and within specification. Biogas with inlet flow rate Q = 
200 Nm3/h was introduced at temperature T = 20°C and 
a pressure P = 1.02 bar into the designed installation for 
the upgrading to biomethane specifications. Since mem-
brane separation occurs under high pressure conditions, 
the biogas is first compressed using a compressor with an 

-
mately P = 19 bar, the compressor requires an energy input, 
and the compression process results in a significant increase 
in biogas temperature. Due to the potential for membrane 
damage from exposure to high temperatures (approximately 
T = 400°C), a cooler is installed after the compressor to 
reduce the gas temperature to the value required for the 
process T = 40°C. Table 2, presents the molar composition 
introduced into the feed stream (inlet).

The core separation unit is a dense polymeric membrane 
operated under the solution-diffusion model, expressed in 
permeance form. The molar flux of component  is 

   
(1)
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where J
i
 is in mol/m2s, P

i
 is the permeability, mol/m2sPa, l 

is the selective-layer thickness, m, p are the partial pres-
sures at the membrane surfaces, and i is the permeance 
(often reported in GPU, gas permeation unit); 1 GPU = 
10–6cm3(STP)/cm2

                  
                            (2)

Permeability/permeance depend on membrane chemistry, 
effective area, and the number of modules installed.

Process performance is summarized by the overall meth-
ane recovery to the retentate:

      (3)

Single-stage component balances are:
   (4)

and these extend straightforwardly to cascades with recycle 
(S2/S3). 

For the purposes of the scenarios considered, the basic 
membrane parameters were adopted and are listed in Table 
3. The application of membranes enables the separation of 
biogas components into two streams: the retentate, which is 
the gas that does not permeate through the membrane and 
characterised by a high methane content; and the permeate 
(methane-lean biogas), which consists primarily of carbon 
dioxide. A polyimide membrane was used for the separation 
of the biogas components, the selectivity of which is pre-
sented in Table 4. Simulations of the biogas upgrading plant 
using the membrane separation method were performed 
with Bryan Research & Engineering Promax 6.0 software. 
The process parameters for the three scenarios considered 
(membrane configuration S1-S3) under various operating 
conditions were calculated using the Peng-Robinson equa-
tion of state. The selection criteria were: (i) high process 
efficiency (Wobbe index and power demand) and (ii) high 
quality biomethane as the final product (methane concen-
tration >95% mol).

Single-stage membrane separation system 
for biogas upgrading (scenario S1) 

In the case of applying a single-stage membrane separa-
tion (scenario S1), the system configuration consists of 
a single membrane separator unit which fractionates the 
inlet biogas into two distinct streams: retentate and perme-
ate (Fig. 3). A characteristic drawback of this method is 

Table 2. Biogas composition at the inlet

Biogas component Concentration
% mol

Methane

Carbon dioxide

Oxygen

Nitrogen
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Table 3. Parameters used in the membrane separators

Tabela 3. Podstawowe parametry membran

Parameter

Membrane separator
Separator membranowy

Module area
Powierzchnia 

2
40 35

Module count 5 2

Calculated area -
wierzchnia 

2
200 70

Retentate pressure drop
- 1

Initial permeate pres-
sure 2

Permeate pressure drop
-

Table 4. Properties of the polyimide membrane(USP 5407466)

Permeance
GPU

Membrane selectivity -
i/j

4 2 2
S

2 4 2 4 2 2
S

-

i -
ii

poziom nawet 15%56)

-

-
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-

-

-

-

membrany 70 m2

-
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-

the significant loss of methane, which can reach levels of 
up to 15%56). The simulations investigated the influence of 
operating pressure on several key performance parameters: 
the quality of the biomethane obtained, the methane content 
in the final product, the losses of methane losses on the 
permeate side, and the overall energy demand.

Two-stage membrane separation system 
for biogas upgrading (scenario S2)

To reduce methane losses and enhance their recovery, 
the permeate stream from the single-stage membrane 
separation was directed to a second membrane separa-
tor unit. The permeate generated in the first stage mem-
brane separation was compressed to the required process 
pressure. Operating pressure is varied across 5–30 bar 
for analysis. Subsequently, its temperature was reduced 
to 40°C by means of an installed cooler. The gas mixture 
is then introduced into the second membrane separator 
(MSEP-200) (Fig. 4). Because the flow rate of the permeate 
stream was significantly lower than the flow rate of raw 
biogas at the feed to membrane separator (MSEP-100), 
the number of installed membrane modules was reduced, 
corresponding to a total active membrane area of 70 m2. 
Following separation of the gas mixture into two streams, 
the resulting retentate is recirculated back into the main 
process stream for further treatment.



928 104/9 (2025)

-

-

-

-
.

-

2
62) -

2
3 -

3 dla 

3

Three-stage membrane separation system 
for biogas upgrading (scenario S3) 

The three-stage membrane separation process enables 
the production of high-purity biomethane (reaching 99.5% 
mol in the scenario S3) through the integration of an addi-
tional third membrane separator (MSEP-300) that further 
treats the retentate stream from the membrane separator 
(MSEP-100). As illustrated in Fig. 5, the Permeate 3 stream 
is mixed with the Retentate 2 stream and recirculated back 
into the system for further processing.

Results analysis

To utilise biomethane as a transport fuel or injected into 
the natural gas grid, it must meet specific quality require-
ments that vary significantly between countries. In Poland, 
there is growing interest in biomethane production and 
connecting production facilities to the gas grid. This is 
driven primarily by the desire to enhance energy secu-
rity, comply with circular economy principles, and reduce 
carbon dioxide emissions. Biomethane intended for grid 
injection must satisfy stringent quality standards for gase-
ous fuels, as specified in the Regulation of the Minister on 
Detailed Conditions for the Functioning of the Gas Grid18). 
According to the technical standard ST-IGG-3501:2019, 
the most critical parameters defining biomethane quality 
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are the hydrogen sulfide content and the calorific value62). 
The hydrogen sulfide (H

2
S) concentration must not exceed 

7.0 mg/m3, while the gross calorific value must not be no 
less than 34.0 MJ/m3 for the high-methane natural gas 
of Group E, which also requires a Wobbe index between 
45.0 MJ/m3 and 56.9 MJ/m3.

Methane recovery
As shown in Fig. 6, the concentration of retentate 

methane increases with operating pressure for all con-
figurations, with the three-stage system (S3) achieving the 
highest purity (99.57% at 30 bar) followed by two-stage 
systems (S2) and single-stage (S1) systems. This improve-
ment in retentate quality is accompanied by a correspond-
ing decrease in permeate methane content in all configura-
tions, with S3 demonstrating superior methane recovery by 
maintaining the lowest permeate methane losses (12.35% 
at 30 bar) compared to S1 (30.87%) and S2 (30.99%). The 
improved separation efficiency of multistage systems is 
particularly evident at intermediate pressures (15–20 bar), 
where S3 achieves >95% methane purity while simultane-
ously reducing permeate methane content to below 8%, 
representing a significant improvement over single-stage 
operation, which requires >25 bar to reach comparable 
purity levels.

This performance advantage must be evaluated against 
the substantial power demand associated with multistage 
configurations, as S3 require approximately 73% more 
power than S1 at 30 bar (78.8 kW vs. 45.5 kW) due to addi-
tional compression requirements, highlighting the critical 
point between product quality and energy efficiency in 
membrane-based biogas upgrading systems.

-

-
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Compression power demand
Compression power for ideal-gasis given with equation 

(5): 
    

            
with n the molar flow rate of the gas, mol/s, R the uni-
versal gas constant, J/(mol·K), T1 the inlet gas tempera-

c

cp/cv the adiabatic exponent of the gas, while P
1 
and P

2
 cor-

respond to the inlet and outlet pressures of the compressor, 
Pa, respectively. W denotes the compression power, kW. The 
power required across the three scenarios in relation to oper-
ational pressure are presented in Fig. 7 and reveals a clear 
link between power requirements and product gas quality. 
Single-stage separation (S1) demonstrates the lowest power 
consumption, ranging from approximately 16.7 kW to 45.5 
kW as pressure increases from 5 to 30 bar, making it the most 
energy efficient option. In contrast, the three-stage configura-
tion (S3) requires significantly higher power input, ranging 
from 18.1 kW to 78.8 kW over the same pressure range, due 
to the additional energy demands of the secondary compres-
sor (CMPR-200) needed to maintain the required pressure 
levels throughout the multiple separation stages. The two-
stage system (S2) shows intermediate energy requirements, 
consuming between 17.6 and 70.1 kW. This power demand 
(and finally energy consumption) in multistage systems must 
be weighed against their superior performance in methane 
recovery and Wobbe index compliance, particularly noting 
that S3 achieves the highest product purity (99.57% CH

4
 at 

30 bar) and most favorable Wobbe index values (50.24 MJ/m3

at 30 bar), meeting Group E gas standards at lower pressure 
requirements compared to the other configurations.

-

-

4

m3

-

-

-

-

sieci i przestrzegania rygorystycznej zasady dziennej 

HHV
mix

WI
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Analysis of the Wobbe 
index of the product stream 
versus operating pressure 
for the different separation 
scenarios (S1, S2, S3) was 
performed to monitor grid 
compliance. Results pre-
sented in Fig. 8, shows that 
the S3 membrane configura-
tion achieves grid-compliant 
gas quality at significantly 
lower operating pressures 
compared to S1 and S2. This 
capability reduces compres-
sion energy costs while 
enhancing operational flex-
ibility. Stable and continuous 
operation at lower pressures 
is crucial for maintaining 
consistent energy input to the 
grid and complying with the 
stringent ±4% daily calorific 

variation rule. This requires real-time monitoring of both 
the Gross Calorific Value (Higher Heating Value, HHV

mix
) 

and the Wobbe index (WI), which are calculated as follows 
(eq. 6 and eq. 7):

                          (6)
                              

where y
i
 are mole (or volume) fractions and component, 

HHV
i
 is the gross calorific value of component i, MJ/m3, at 

standard conditions, and 
      (7)

where WI is the Wobbe index, MJ/m3, HHV
mix

 is the gross 
calorific value, and d is the relative density. Monitoring 
these parameters ensures simultaneous adherence to the 
standards for Group E high-methane gas. Furthermore, 
successful grid integration extends beyond meeting quality 
specifications at the plant gate. It necessitates close coor-
dination with the distribution system operator (DSO) to 
determine appropriate billing areas and understand base-
line gas quality. The implementation of collective injection 
points, which aggregate biomethane from multiple produ-
cers, becomes essential for maintaining a stable weighted 
average quality within regulatory limits and mitigating 
variability from individual production sources.

Conclusions 

The growing demand for natural gas, combined with 
stringent carbon emission regulations, creates a clear 
opportunity to expand the biomethane market in Europe, 
especially in Poland. In fact, Poland’s biomethane produc-

-
brane separation scenarios (S1, S2, S3)
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tion potential is now comparable to Germany, and the use 
of agricultural waste for biogas fits well into the circular 
economy goals. Unlike many other renewables, biogas/
biomethane also provides stable energy output independent 
of weather and time of day. Together, these factors, such as 
policy support, resource availability, and operational sta-
bility, favour the rapid growth of biomethane in the Polish 
energy mix.

Biogas upgrading is most performed via physical scrub-
bing (water wash), chemical scrubbing (amine, alkaline), 
or membrane separation. Recent research and development 
of these technologies has driven significant process impro-
vements, enabling high purity biomethane production with 
much lower energy demand than in the past. In this study, 
membrane separation proved to be a viable route to meet 
Poland’s grid and regulatory quality requirements. In par-
ticular, the three-stage membrane system (S3) produced the 
highest CH

4
 purity (~99.5% mol) and the lowest methane 

losses. Process efficiency could be further increased by 
using next generation membranes with higher CH

4
/CO

2

selectivity. Polyimide membranes were chosen in simula-
tions for their cost-effectiveness, availability, and durability.

Quantitatively, the benefit of multistage membranes is 
evident. For example, at 30 bar the three-stage design 
achieved roughly 99.5% mol CH

4
 with only ~12.4% CH

4
 in 

the waste (permeate) stream, while the single-stage system 
(S1) reached about 99.2% mol CH

4
 with ~30.9% CH

4
 slip 

(at a lower pressure of 15 bar, S1 produced only 91.85% 
mol CH

4
). This shows that adding separation stages greatly 

reduces methane losses. Such high-purity operation requ-
ires more compression energy (additional compressors). 

To inject biomethane into the existing natural gas grid, 
it is essential to match the technical specifications and 
requirements of the gas network. This means adjusting the 
biomethane composition and calorific value to meet gas 
requirements. In some cases, additional technical solutions 
(such as mixing or enrichment) may be needed to comply 
with operator standards, so long as the final gas meets all 
operational obligations. Attention to these details, combi-
ned with advances in upgrading technology and supportive 
policies, will be key to realizing Poland’s biomethane poten-
tial in the coming years.

This work was done as part of a project IDUB D2 9649 
(2024–2025).
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