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Abstract: While energy-related sectors remain significant contributors to greenhouse gas (GHG) emis-
sions, biogas production from waste through anaerobic digestion (AD) helps to increase renewable
energy production. The biogas production players focus efforts on optimising the AD process to
maximise the methane content in biogas, improving known technologies for biogas production and
applying newly invented ones: H2 addition technology, high-pressure anaerobic digestion technology,
bioelectrochemical technology, the addition of additives, and others. Though increased methane
concentration in biogas gives benefits, biogas upgrading still needs to reach a much higher methane
concentration to replace natural gas. There are many biogas upgrading technologies, but almost any
has methane slip. This research conducted a life cycle assessment (LCA) on membrane-based biogas
upgrading technology, evaluating biomethane production from biogas with variable methane concen-
trations. The results showed that the increase in methane concentration in the biogas slightly increases
the specific electricity consumption for biogas treatment, but heightens methane slip with off-gas in
the biogas upgrading unit. However, the LCA analysis showed a positive environmental impact for
treating biogas with increasing methane concentrations. This way, the LCA analysis gave a broader
comprehension of the environmental impact of biogas upgrading technology on GHG emissions and
offered valuable insights into the environmental implications of biomethane production.

Keywords: biogas; methane concentration; biogas production; biogas upgrading; membrane upgrading
technology; biomethane; biomethane production; methane slip; methane loss

1. Introduction

Among human activities, the energy-related sectors remain the most significant con-
tributors to greenhouse gas (GHG) emissions. Most energy is still derived from fossil fuels,
which consist of carbon-embodied products. Thus, carbon dioxide (CO2) as GHG flows
to the atmosphere in large quantities. According to the statistical data of the International
Energy Agency, GHG emissions from these sectors account for almost 3/4 of GHG emis-
sions into the atmosphere annually [1]. The CO2 gas emissions of the energy sector only
account for up to 65%, and those numbers have not decreased in the last five years [2,3]. In
the 2023 report on CO2 emissions, the IEA announced that after CO2 emissions had shrunk
by over 5% in 2020 as the COVID-19 pandemic cut energy demand, those emissions in 2021
rebounded to past pre-pandemic levels. Last year’s increase in CO2 emissions followed
exceptional oscillations in energy demand [1]. Dealing with such constantly increasing
GHG emissions, the world faces the critical challenge of mitigating them to avoid the
worst effects of climate change, which are impacted by the growing energy demand year
after year [4]. Global concern about the increasing utilisation of fossil fuels and rising
GHG emissions has become more significant in international policies. In dealing with an
increase in CO2 emissions, science suggests new technologies for carbon capture that help
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reduce the CO2 emitted into the atmosphere, and scientists are also constantly working
on improving known technologies [5,6]. These technologies also help waste management
facilities fulfil the European Commission Directive EC 31/1999 (European Commission,
1999) [7], which mandates that all landfill gas must be captured and flared.

In recent years, the importance of sustainable waste management as a means for
mitigating environmental degradation caused by anthropogenic activities has become
increasingly apparent [8]. The main objective of waste management systems is to deal
with energy and material recovery and discard residues. It is also the task of a regula-
tory arrangement to conserve the environment and find the appropriate technology and
standards for effective operations in handling waste. So far, degradable waste transforma-
tion into energy has counted on a lot of available techniques. According to the standard
method of technology, we can assort those techniques into groups: the group of chemical
and mechanical treatment, the group of biochemical conversion (ethanol fermentation,
anaerobic digestion (AD), etc.), the group of thermal conversion (gasification, incineration,
pyrolysis, etc.) and the group of new trends in Waste-to-Energy (WtE) technologies [9].
The necessity and regulations, the possibility of implementing a specific technology at
a desired location for building, the WtE conversion’s effectiveness, financial ability, and
other particular circumstances play a role in selecting what technology suits WtE. Waste
management technologies, such as incineration and landfilling, have been shown to have
significant environmental impacts, such as the emission of greenhouse gases [10,11]. In
addressing these issues, the AD process has been widely adopted as a sustainable method
of waste management and renewable energy production [12–14].

AD is a natural process whereby microorganisms break down organic matter under
conditions without oxygen, producing valuable by-products such as biogas and digestate as
fertiliser. Fundamentally [15], the biogas produced from the AD process comprises methane
(CH4) (35–75%) and carbon dioxide (CO2) (15–50%) mixture with several contaminants
such as hydrogen sulphide (H2S), ammonia, siloxanes, water vapour, oxygen, and nitrogen.
However, such quality biogas still has limited usage and must be upgraded to a higher
methane content, seeking to replace natural gas [16]. When the methane concentration in-
creases after removing CO2 and other impurities, the upgraded biogas is called biomethane.
Biogas upgrading technologies can be installed in almost any biogas production sector:
wastewater treatment facilities, waste management facilities such as landfills, and agri-
cultural anaerobic digestion plants, whether existing or newly built [17,18]. Biomethane
with a high CH4 concentration meets natural gas quality and, as a renewable fuel, can
be broadly used as a substitute for fossil fuel in transportation, heating, and electricity
generation [19]. In the case of gas pipe injection, methane concentration has to be above
85% [17,20], depending on the country’s requirements for natural gas where biomethane
has been produced.

Nonetheless, researchers have still focused efforts on optimising the AD process to
maximise the CH4 content in biogas produced [21–23], improving known technologies for
biogas production and applying newly invented ones, such as H2 addition technology,
high-pressure anaerobic digestion technology, bioelectrochemical technology, the addition
of additives and other technologies [24]. The review of such technologies confirms that the
methane concentration in biogas was 87% or even 92.5%, which can be obtained [25]. The
operational parameters of the AD system, such as temperature, hydraulic retention time
(HRT), and organic loading rate (OLR), also affect the methane concentration in biogas. The
optimum operating conditions for AD systems depend on the specific type of substrate used
and the desired methane production rate. Lanko I. et al. [26] have found that thermophilic
conditions (55–60 ◦C) were more suitable for the digestion of energy crops and animal
manure, while the digestion of food waste and sewage sludge had greater performance
under mesophilic conditions (35–40 ◦C). The hydraulic retention time (HRT) and organic
load rate (OLR) also played a role and were critical parameters affecting the methane
concentration in biogas. For example, a waste mix containing higher organic concentrations
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led to biogas with a higher methane content [27,28]. Environmental conditions, such as pH
and alkalinity, also affected the methane concentration in biogas.

On the way towards renewable energy, the number of biogas plant installations has
constantly increased in Europe [29]. According to the Europe Biogas Association Statistical
Report 2022 [30], the present situation in the biomethane domain shows that the demand
for biomethane for all final uses was substantial: in 2021, the sector’s growth was unprece-
dented, with a 20% increase in biomethane production, the biomethane industry smashed
all records of previous years, and Europe had 1023 production plants at the beginning of
2022. This figure is a stepping stone for the decarbonisation of the whole EU economy,
considering the decarbonisation potential of biomethane because biomethane has a much
lower carbon footprint than fossil fuels [31,32]. However, the environmental benefits of
biomethane production to be investigated depend on the specific circumstances of the
production process and the energy systems it displaces. Investigations into biomethane’s
environmental benefits have started since biogas and biomethane production began, time
after time, applying the life cycle assessment (LCA) approach. LCA has undergone de-
velopment phases since the 1970s, 1980s, and early 1990s and has been developed into a
powerful modelling tool. It became a widely accepted model of the environmental per-
formance of waste management systems [33,34], allowing evaluation and comparison of
the environmental impact of different waste management strategies. LCA can be applied
to assessing the environmental impact of a single product or system over its entire life
cycle [35,36]. That also makes LCA a comparative tool for the environmental impact assess-
ment of biomethane upgrading technologies. In this case, the boundaries of the considered
process, including raw material extraction, transportation, processing, distribution, use,
and disposal, should be defined [34]. An LCA of biomethane production can also help to
determine the environmental benefits and potential trade-offs of biomethane compared to
other energy systems. Several recent studies have conducted LCA of biomethane produc-
tion from different organic waste substrates, such as bread waste, food waste and sewage
sludge, and compared the performance of different biomethane production pathways,
such as biogas upgrading to bioethanol and biomethane [14,37–40], and even direct use of
biogas and biomethane as a fuel [41]. These studies have considered the environmental
benefits and trade-offs of biomethane production, such as reduced GHGs, improved waste
management, and reduced dependence on fossil fuels, as well as the environmental impacts
of biomethane production, such as energy use, nutrient losses, and emissions to air, water,
and soil. The results of these studies have shown that biomethane production from organic
waste can have significant environmental benefits compared to the baseline scenario of
fossil fuel use, such as reduced GHGs and improved waste management [42,43]. It is still
possible to find studies that have been investigating the environmental performance of AD
systems in different regions under various conditions [44–46]. This undoubtedly shows
a lasting interest in biogas production and puts it under scrutiny [47–50]. For example,
a study by Bian R. et al. [51] evaluated the potential of biogas production from waste in
China and found that AD could reduce GHG emissions compared to incineration and
landfilling. Similarly, an earlier study by Jacobs A. et al. [52] evaluated the environmental
impacts of biogas production from maise and sugar beet in Europe and found that AD’s
environmental benefits depended on energy and nutrient recovery efficiencies. Further-
more, the CH4 concentration of biogas produced during AD has been identified as a critical
parameter affecting the AD process’s energy balance and environmental performance [15].
Besides the direct reduction of GHG emissions by applying carbon capture technologies,
biomethane production technologies also have a positive environmental impact as they
prevent methane emissions, a greenhouse gas 25 times more powerful than CO2 [53]. Ac-
cording to statistical data, CH4 emitted into the environment amounts to 16% of GHG
emissions. Agricultural activities, waste management, energy use, and biomass burning
are the most significant sources of CH4 emissions in the world. So, biomethane’s use as
renewable energy is widely claimed to mitigate global warming effects and reduce fossil
fuel dependency. From this point of view, biogas and biomethane are considered promising
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options to reduce GHG emission problems since they can be produced from all kinds of
feedstock in the agricultural sector and various organic solid waste streams. The potential
of biomethane production from organic waste substrates has been investigated in different
regions, including Europe, where renewable energy targets have been set to reduce GHG
emissions and promote sustainable energy [52].

Despite the increasing interest in biogas production, biogas upgrading technologies,
and biomethane production, there is very little research about the environmental impact
of different methane concentrations in the biogas produced while upgrading it. We did
not come across studies on the environmental assessment of biomethane production when
biogas with different methane content is upgraded, especially when the methane content
in biogas production plays a major role among other parameters [15]. It is also essen-
tial to consider the economic benefits of biomethane production because it can provide a
new source of income for farmers and waste management facilities and create jobs in the
biomethane production and distribution sectors. Using biomethane as a fuel can reduce
dependence on imported fossil fuels and enhance energy security. In sum, biomethane pro-
duction from organic waste has the potential to provide multiple environmental, economic,
and social benefits. Policies and incentives that support the development of biomethane
production and utilisation can help promote its widespread adoption and contribute to a
more sustainable and resilient energy system [25,54]. So, it is important to carefully assess
the environmental impacts of different biomethane production pathways to maximise the
benefits and minimise the drawbacks.

Our research focused on a life cycle assessment of membrane-based biogas upgrading
technology, comparing biomethane production with different methane concentrations in
biogas. The LCA analysis provided a broader comprehension of the environmental impact
of GHG emissions while applying biogas upgrading technology. The same or similar
analysis, relying on our methodology, can also be applied to further investigations of the
environmental impact created by other biogas upgrading technologies and all the results
compared.

Our study aimed to provide valuable insights into the environmental implications
of biomethane production, which can inform decision-makers about waste management
and energy production policies. This paper presents comprehensive insights regarding
the environmental impact of biomethane production, focusing on methane emissions and
energy balance when biogas with variable methane concentrations is upgraded [55,56].

2. Materials and Methods
2.1. LCA Boundaries

The LCA boundaries determine processes to be considered per the selected FU. In our
research, biogas upgrading has been chosen as the system’s primary function, and the sys-
tem’s boundaries have been limited to the biogas processing system’s onsite construction
and production phases. Therefore, we have incorporated the ‘gate-to-gate’ system bound-
ary instead of ‘cradle-to-grave’ because we focused on the biogas upgrading technology
only (compression, biogas separation and emissions). In our case, the LCA of the biogas
upgrading system was applied to evaluate the permeable membrane biogas upgrading unit
construction, biomethane production and maintenance (inputs and outputs) phases. The
system expansion method was applied for functional equivalence of elementary flows in
the biogas upgrading system. At the same time, the upstream processes associated with the
upgrading system have been excluded due to data constraints. The LCA system boundary
is shown in Figure 1.
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upgrading system.

2.2. Functional Unit

In LCA research, the functional unit (FU) expresses the quantified function of the
system to which all the inputs and outputs of the product system are normalised [57], and
determining FU is a vital step of any life cycle assessment. Our research determined the FU
to be 1 m3 of biochemically obtained methane (bioCH4) in the raw biogas production pro-
cess. In this study, we focussed on two aspects of the biogas upgrading system: electricity
consumption of the biogas upgrading unit and methane slip from the biogas upgrading
process, when methane concentration in biogas varied in the range of 50–80% in steps of
10%. Impurities, such as H2S and water vapour, were neglected since they were almost
permanently removed upstream in the biogas production stage, whether via prevailed
technology-condenser an active carbon filter or other technologies [58]. The quality and
composition of the biomethane we produced matched the local requirements for natural
gas injection into the gas grid [59].

2.3. The Biogas Plant for Experiments

We performed our research in a low-scale biogas plant built for student education at
the vocational training centre in Lithuania. The educational biogas plant consisted of a
single dome-shaped anaerobic fermenter where biogas was produced and partially stored
under the dome, a biogas dryer of water vapour condensing type, and an activated carbon
filter for hydrogen sulphur removal. This plant runs as a cogeneration plant, providing up
to 100 kW of electricity and 142 kW of heat power per hour. The three-stage membrane-
based biogas upgrading system has been installed for the experiment and educational
purposes of the training centre. Figure 1 shows a simplified process diagram of the entire
system set.

2.4. Process Diagram of the Three-Stage Membrane Upgrading System and Its Working Principle

Figure 1 also depicts the process diagram of a simple and equipment-less setup of the
three-stage upgrading system. The simplified upgrading system comprises a non-lubricated
piston compressor for the biogas pressure increase to the appropriate operating pressure of
16 bar and a three-stage permeable fibre membrane set (one membrane of 3500 capacity and
50 CO2/CH4 selectivity at every stage). Thus, the membranes require clean gas; the gas
filter of 0.001 µm was installed downstream of the compressor to protect the membranes
from hard particles of active carbon dust not entering the membranes. In addition, the
heat exchanger was installed because the compressor and compressed biogas needed to be
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cooled. The off-gas permeating the third membrane stage was vented to the atmosphere,
and the upgraded biogas, as biomethane, was redirected to the cogeneration plant.

Gas separation membranes work according to the principle of selective permeation
through the membrane surface. The selectivity parameter represents the permeability
ratio of the faster permeable gas to the slower permeable gas. The permeating rate of
each gas depends on its solubility in the membrane material and the gas diffusion rate.
Gases with high solubility and small molecules pass through the membrane very quickly.
Less-soluble gases with larger molecules take more time to permeate the membrane. In
addition, different membrane materials separate differently, and membrane selectivity
also determines the energy needed to support gas separation [60,61]. The driving force
needed to separate gases is achieved using a partial pressure gradient. In the case of biogas
upgrading, carbon dioxide and CH4 are separated. Carbon dioxide permeates through the
membrane very quickly, while methane tends to be held back. The separation capability
through the membrane is unaffected by process conditions, even with partial pressures,
which is the case in biogas upgrading. In our experiment, we set 16 bar pressure because
the upgrading unit requires fewer membranes and performs better under higher pressure.
This pressure limit was also set because of the country’s natural gas pipe installation
requirements for urban areas [59]. The membrane-based biogas upgrading process is
smooth and continuous. At first, compressed biogas enters the first-stage membrane unit,
where mostly CO2 gas and some CH4 gas permeate the fibre’s films of the membrane.
The retentate gas, consisting of a high concentration of CH4 and a bit of CO2 gas, further
enters the second-stage membrane unit, where CO2 gas only permeates a membrane and
almost pure CH4 gas reaches the membrane outlet. The permeated CO2 gas from the first
membrane stage enters the third stage membrane unit, where it finally permeates the fibre’s
films and is emitted to the atmosphere as off-gas. The retentate gas from the third stage
and the permeate gas from the second stage recirculate to the compressor. Depending on
membrane characteristics and operation conditions, the emitted off-gas contains a small
amount of CH4 gas residue. In our research, we controlled the CH4 concentration in the
emitted off-gas. The limit of 0.5% of the entire CH4 amount in biogas was set and kept by a
control system. The CH4 concentration in the biomethane was set and controlled at >96.5%.

2.5. Measurements and Instruments

The biogas flow was measured continuously with a FOX THERMAL FT1 DN40 mass
flowmeter (Fox Thermal, Marina, CA, USA, measurement accuracy: ±1.5% of reading
±0.5% of full scale). The biomethane flow was measured continuously with a FOX THER-
MAL FT1 DN25 mass flowmeter (Fox Thermal, Marina, CA, USA, measurement accuracy:
±1.5% of reading ±0.5% of full scale). The biogas and biomethane concentrations were
measured continuously with an AWIFLEX multichannel analyser (Awite Bioenergie, Lan-
genbach, Germany; measurement range and accuracy: CH4 0–100%, ±0.2%; CO2 0–100%,
±0.2%; O2 0–25%, ±0.2%). The electricity consumption of the biogas upgrading unit
was measured continuously with a ULYS TD80 ETHERNET energy meter (CHAUVIN
ARNOUX ENERGY, Antony, Cedex, France, measurement range and accuracy: active
energy class B in compliance with EN 50470-3 [62]).

2.6. Biogas Preparation for the Experiments

In our research, we performed four experiments at the biogas plant and collected
the data for the life cycle assessment of the biogas upgrading system. The biogas plant
produces biogas out of milk whey and a small amount of meat processing residues (up
to 2% of the fermenter’s daily feeding dose). The capacity of biogas produced depends
on the feedstock supply. The biogas plant had the highest production on regular work-
ing days, but production dropped on days off because the farm staff could not feed the
fermenter smoothly throughout the week. For this reason, the biogas production varied
from 38 Nm3/h up to a nominal biogas plant capacity of ~50 Nm3/h. The biogas produced
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consisted of 50% CH4 on average. This CH4 content in biogas composition was taken as a
reference for our investigation.

The biogas composition with a higher CH4 content for the experiments was prepared
in the upgrading unit. At the entry of the biogas upgrading unit, the biogas produced in the
biogas plant was blended with some share of upgraded biogas taken from downstream of
the upgrading unit (Figure 1). The biogas conditioning line was installed for that purpose.
The blended biogas flow was kept constant at 35 Nm3/h. This flow value of biogas was
chosen considering the biogas plant’s minimal capacity to provide a stable and reliable
biogas flow to the biogas upgrading system for all the experiments’ performance under the
same flow conditions. Four experiments were performed with methane contents in biogas
of 50%, 60%, 70%, and 80% and named CM-50, CM-60, CM-70, and CM-80, respectively.
Table 1 shows the measured input parameters of the biogas upgrading unit, and Table 2
shows the measured output parameters of the biogas upgrading unit.

Table 1. Measured input parameters of the biogas upgrading unit.

Experiment
Average

Biogas Flow,
Nm3/h

Deviation of
Biogas Flow,

Nm3/h

Average CH4
Content in

Biogas, % vol

Deviation of
CH4 Content in
Biogas, % vol

Electricity
Consumption,

kWh/h

Deviation of
Electricity

Consumption,
kWh/h

CM-50 35.0 ±0.15 50.0 ±0.1 10.28 ±0.04
CM-60 35.0 ±0.12 60.0 ±0.2 10.21 ±0.04
CM-70 35.0 ±0.18 70.0 ±0.2 10.11 ±0.02
CM-80 35.0 ±0.14 80.0 ±0.1 9.99 ±0.03

Table 2. Measured output parameters of the biogas upgrading unit.

Experiment
Average

Biomethane
Flow, Nm3/h

Deviation of
Biomethane
Flow, Nm3/h

Average CH4
Content in

Biomethane,
% vol

Deviation of
CH4 Content in

Biomethane,
% vol

Average CH4
Slip,

% vol

Deviation of
CH4 Slip,

% vol

CM-50 18.05 ±0.1 96.46 ±0.36 0.5 ±0.03
CM-60 21.67 ±0.2 96.43 ±0.41 0.5 ±0.01
CM-70 25.26 ±0.1 96.52 ±0.39 0.5 ±0.02
CM-80 28.79 ±0.1 96.77 ±0.42 0.5 ±0.01

The performance efficiency of the membrane-based biogas upgrading system was
analysed by measuring the methane concentration upstream and downstream of the
upgrading unit. The specific electricity consumption for biogas upgrading was counted, and
methane slip with off-gas was considered the main and determining source of emissions.
The upgraded biogas has then been compressed, stored, and used onsite as transport fuel.

2.7. LCA Technique

Life cycle assessment has been employed for the analysis of the environmental evalua-
tion of this real-scale membrane-based biogas upgrading system following ISO 14044 [63].
The LCA was conducted following the environmental impact categories using the CML-I
baseline model [64]: Abiotic depletion, Abiotic depletion (fossil fuels), Global warming
(GWP100a), Ozone layer depletion (ODP), Human toxicity, Freshwater aquatic ecotoxicity,
Marine aquatic ecotoxicity, Terrestrial ecotoxicity, Photochemical oxidation, Acidification
and Eutrophication. The Primary Energy demand from renewable and non-renewable
resources, specified by Ecoinvent as Cumulative Energy Demand (CED) (Swiss Centre for
Life Cycle Inventories, 2009), was determined based on the composition of the ENSTO
energy mix [65]. Four major steps of LCA were conducted: goal and scope determination,
inventory analysis, impact assessment, and an interpretation of the results phase. The
SimaPro 8 LCA Software, developed by Pre’ Consultants BV, Amersfoort, Netherlands,
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was used to identify the product system’s environmental impact [66]. Our study analysed
the methane slip in a biogas upgrading plant based on three-stage permeable membrane
technology, expecting a reduction of the environmental footprint.

2.7.1. Goal and Scope

The goal of applying LCA in our study was to take a critical view of identifying and
evaluating the life cycle environmental impacts of a biogas upgrading unit when biogas
yield is permanent but CH4 content in biogas changes. The electricity consumption and gas
emissions with off-gas flow from the biogas upgrading plant were initially measured, and
later the collected data were compared. The study scope ensured that life cycle assessment
was performed consistently, upholding our focus on the analysis of environmental loads
caused by a modern membrane-based biogas upgrading system and considering a holistic
view of operational expenditures such as energy balance and GHG emissions for a bioCH4
production unit obtained from raw biogas.

2.7.2. Life Cycle Inventory

The Life Cycle Inventory (LCI) comprises the system inventory, considering every-
thing within a described biogas upgrading boundary for LCA. The LCI, as described in
Table 3, shows the features with the quantitative terms against the selected functional
unit. The activity data were quantified for 15 years by 8200 h/year, including operation
and maintenance energy consumption, emissions, upgrading capacity, membrane lifetime,
and yearly production. The biomethane production process includes electrical energy for
biogas compressing and cooling. Ecoinvent v3 [67] has been used for the unit process
datasets. Inventory input data for the investigated biogas conversion experiments were
modelled by introducing the specific values of energy and material requirements as well
as the specific biomethane yields [68]. Regarding the emissions to the atmosphere from
the biogas upgrading processes, it is considered that the direct emissions mainly depend
on the treatment of biogas, where specific emissions (nitrogen oxides and sulphur oxide)
originate from electricity production.

Table 3. Inventory for FU of 1 m3 bioCH4.

Inventory Description Units
Experiments with Different CH4 Content in Biogas

CM-50 CM-60 CM-70 CM-80

Inputs

Hollow fibre polymer membranes kg 1.54 × 10−5 1.28 × 10−5 1.10 × 10−5 9.63 × 10−6

Non-lubricated piston compressor unit 4.23 × 10−7 3.50 × 10−7 2.97 × 10−7 2.57 × 10−7

Gas cooler unit 4.23 × 10−7 3.50 × 10−7 2.97 × 10−7 2.57 × 10−7

Metal container for upgrading equipment kg 1.18 × 10−3 9.80 × 10−4 8.40 × 10−4 7.35 × 10−4

Construction and piping steel kg 1.17 × 10−4 9.72 × 10−5 8.34 × 10−5 7.30 × 10−5

Electronic components kg 2.33 × 10−6 1.94 × 10−6 1.67 × 10−6 1.46 × 10−6

Biogas used m3 2.01 1.67 1.44 1.26
Electricity used kWh 5.90 × 10−1 4.88 × 10−1 4.15 × 10−1 3.59 × 10−1

Non-renewable energy MJ 6.59 5.45 4.63 4.01
Renewable energy MJ 4.23 × 10−1 3.50 × 10−1 2.98 × 10−1 2.58 × 10−1

Outputs

Carbon dioxide kg 3.44 × 10−1 2.84 × 10−1 2.42 × 10−1 2.09 × 10−1

Biogenic carbon dioxide (neutral) kg 1.88 1.22 7.53 × 10−1 4.07 × 10−1

Sulphur dioxide kg 1.94 × 10−3 1.61 × 10−3 1.37 × 10−3 1.18 × 10−3

Nitrogen dioxide kg 5.96 × 10−4 4.93 × 10−4 4.19 × 10−4 3.63 × 10−4

Methane kg 6.07 × 10−4 5.02 × 10−4 4.27 × 10−4 3.70 × 10−4

Biogenic methane (slip) kg 3.35 × 10−3 3.33 × 10−3 3.34 × 10−3 3.33 × 10−3

Methane (total) kg 3.95 × 10−3 3.83 × 10−3 3.77 × 10−3 3.70 × 10−3
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3. Results and Discussion
3.1. Specific Electricity Consumption of Biogas Upgrading Unit

We conducted four continuous experiments with different methane concentrations in
raw biogas by identifying and evaluating a biogas upgrading unit’s life cycle environmental
impacts when biogas yield is permanent, but CH4 content in biogas varies. The life cycle
assessment we performed had two parts. In the first part, we had to identify the main
contributors to the environmental impact generated by the biogas upgrading plant based
on hollow-fibre permeable membrane technology. The equipment, input and output flows,
consumed resources, and environmental emissions were counted in this investigation phase
for inventory evaluation. The second part was to compare the environmental impact of
electricity consumption and methane slip in the membrane upgrading technology in terms
of life cycle assessment. We considered these two contributors (electricity and methane slip)
as the main contributors and investigated their changes when biogas with different methane
content was upgraded. The electricity consumption and gas emissions with off-gas flow
from the biogas upgrading plant were initially measured, and later the collected data were
compared. According to the methodology, all other biogas upgrading parameters were
stable, monitored and controlled by the biogas upgrading plant control system throughout
the entire experiment. Figure 2 shows electricity consumption and the methane emission
with off-gas at different methane concentrations in raw biogas in experiments CM-50,
CM-60, CM-70, and CM-80 when the biogas flows to the biogas upgrading equipment were
constant in all experiments.
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in raw biogas: (a) change in electricity consumption, (b) change in methane emission.

The electricity measurement results (Figure 2a) showed that the increasing methane
concentration in the biogas did not influence the electricity consumption of the investigated
biogas upgrading technology under the investigation conditions. The electricity consump-
tion was relatively stable in all the experiments, showing a slightly decreasing tendency
when considering specific electricity consumption. This consumption was 0.294 kWh per
one Nm3 of raw biogas upgraded in experiment CM-50 and varied in other experiments in
the range of 0.292–0.286 kWh per one Nm3 of raw biogas upgraded. It is in the range of a
similar study on biogas upgrading [69]. However, the specific electricity consumption of FU
(1 m3 of bioCH4 obtained from raw biogas) shows that electricity consumption decreased
while the methane concentration (Figure 2b) in raw biogas increased. The reduction in
specific electricity consumption was 17.3%, 15.0% and 13.5% in every next experiment:
CM-60, CM-70 and CM-80, respectively. Such a decrease in electricity is a good sign because
lower energy consumption for biomethane production positively impacts the environment
and reduces global energy demand. An analysis of the literature on electricity consump-
tion in biogas upgrading showed that there are several studies where authors investigate
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and compare the electricity consumption of different biogas upgrading technologies. L.
Lombardi and G. Francini [70] performed a study on five biogas-to-biomethane upgrading
technologies where electricity consumption was analysed: high-pressure water scrubbing,
amine scrubbing, potassium carbonate scrubbing, pressure swing adsorption, and mem-
brane permeation. The authors collected all the data for their study from real-scale biogas
upgrading plants and calculated the specific electricity consumption related to 1 m3 of
biogas. The results of membrane permeation technology were very similar to those of our
investigation. According to the authors, 1 m3 of biogas upgraded requires 0.2–0.3 kWh of
electricity at a methane slip of 0.5% and a methane concentration in biogas ~55%. Each year
the mix of energy used for electricity production utilises an increasing amount renewable
energy [71–74]. Therefore, the share of methane emissions from electricity production will
decrease further. However, the results of the investigated biomethane production system
are still very highly dependent on non-renewable energy sources.

3.2. Methane Loss of Biogas Upgrading Unit

The results of the experiments on methane losses showed an increase in methane loss
when the methane concentration in raw biogas has been increasing (Figure 2b). Every step
of the increased methane concentration in biogas by 10% influenced an increase in methane
loss with off-gas when we count methane loss related to the biogas used for biomethane
upgrading. In experiment CM-60, the methane slip rose by 19.3%, in experiment CM-70 by
17.1%, and in experiment CM-80 by 13.8%. This methane loss could be predicted because it
relates to the permeable membrane’s physical characteristic-selectivity, i.e., its ability to
separate two gas components [75]. Selectivity is also treated as a material feature of the
polymer. If a higher methane concentration is present in the gas mixture, more methane
permeates the membrane surface and goes out with off-gas, harming the environment.
According to L. Lombardi and G. Francini’s [70] research on real-scale biogas upgrading
plants, methane slip varies from 0.1% up to 5% depending on the upgrading technology
used and biogas source. The authors evaluated the methane loss as a loss of methane content
in raw biogas, and the methane slip of membrane separation was counted at an average
of 1.0%. In our research, the methane slip of 0.5% was set as a value to be monitored
and controlled in every experiment. So, in this case, in our investigation, the biogas
upgrading plant was operated in methane slip freeze mode, allowing constant methane
slip for FU. However, even with low methane slip, according to Torben Kvist and Nabin
Aryal [76], methane loss is a common flaw for many biogas upgrading technologies. For
example, water scrubber-based plants demonstrate higher CH4 loss, whereas amine-based
technology ensures a lower loss. Among the upgrading plants, membrane and amine-
based technologies guarantee fewer CH4 losses but show higher methane concentrations in
biomethane than water scrubber-based technologies.

Nevertheless, methane emissions from biogas plants have been intensively investi-
gated in order to control the possible emissions. The Intergovernmental Panel on Climate
Change (IPCC) proposed a tentative static method to estimate CH4 emissions [77]. So far,
the methane loss from the gas-producing facility of the biogas plant (not taking into account
biogas utilisation and open or not gastight-covered digestate storage tanks) is assumed
to be 1% CH4 associated with the overall CH4 production rate from the biogas plant [78].
Therefore, regular monitoring of CH4 emissions is necessary to control the emissions and
make biogas plants environmentally friendly.

According to an inventory evaluation of LCA, the calculation of the cumulative
methane emissions included methane slip and methane emissions from all the equipment
manufacturing and energy production processes. Figure 3 illustrates the breakdown of
methane losses at different methane concentrations in raw biogas.
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Figure 3. The breakdown of total methane emission at different methane concentrations in raw
biogas.

This cumulative methane emission was counted for a FU of 1 m3 of the bioCH4 poten-
tial in raw biogas. However, we evaluated the total methane emissions to the atmosphere
for two shares: the emissions from methane slip and the emissions from electricity produc-
tion, because methane emissions from other processes were more than 1000 times less and
did not influence cumulative methane emissions. We made this decision based on a similar
LCA evaluation performed by C. Florio et al. [79], where the authors took into account
input flows with an even higher cut-off of 4%. Meanwhile, in our investigation, we applied
a cut-off of 0.1%, considering it to be more accurate in further impact assessment calcula-
tions. The breakdown of the methane emissions showed that the methane emissions share
from electricity production varied with a decreasing tendency depending on the methane
concentration in biogas. Being at a share of 15.4% in experiment CM-50, the methane loss
dropped in experiment CM-80 and consisted of 10.0%, while the methane concentration
in the biogas increased from 50% to 80%. In contrast, the emission with methane slip
was constant and did not depend on methane concentration in raw biogas. So, methane
slip is a significant variable to consider in sustainable biogas upgrading technology. The
system’s boundaries can be expanded to explore this variable further, including the biogas
production of the anaerobic digestion process.

3.3. Life Cycle Assessment of the Biogas Upgrading

The biogas upgrading experiments are compared in eleven environmental impact
categories (Table 4 and Figure 4). Table 4 shows the total impacts evaluated in impact
categories for the different methane concentrations in raw biogas, referring to a functional
unit of 1 m3 of bioCH4 (or total methane potential in biogas). The biogas upgrading process
impacts every category, and these impacts drop in every subsequent experiment when the
methane concentration in raw biogas rises. In terms of numbers, the impact categories show
considerable differences, so the diagram of the higher impact of 100% for every category
was applied (Figure 4), allowing a better understanding of comparing the numbers with
very different decimal multipliers.

The impact of 100% is related to experiment CM-50. Every subsequent experiment
shows a positive influence on every impact category when the methane concentration in raw
biogas increased. The impact’s largest decrease of more than 39% was seen in the categories
of abiotic depletion (fossil fuels), ozone layer depletion (ODP), and acidification. The
impact’s lowest decrease was assessed in the categories of global warming (GWP100a) and
photochemical oxidation, dropping by 31% and 34%, respectively. It is not easy to compare
the results with other studies because of the different LCA boundaries the researchers apply
for their studies and because a different inventory is considered [70,80]. Recognising the
advantage of membrane separation, C. Florio et al. [79] summarised the ReCiPe Midpoint
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(H)-characterised impacts calculated for the different upgrading technologies based on
chemical and water scrubbing, cryogenic separation, membrane separation, and adsorption
of adsorbent materials. In this comparison, the authors concluded that the membrane
separation technology generates the lowest impacts on all the investigated categories
among the upgrading technologies. In contrast, the other biogas upgrading technologies
cause higher impacts on global warming and fossil resource depletion. A breakdown of the
impacts of reference experiment CM-50 and final experiment CM-80 is provided in the next
section to obtain a clearer understanding of each component’s impact on the processes.

Table 4. The total impacts in impact categories for the different methane concentrations in biogas.

1 m3 of BioCH4
Units

Experiments with Different CH4 Concentrations in Biogas

Impact Category CM-50 CM-60 CM-70 CM-80

Abiotic depletion kg Sb eq 1.25 × 10−6 1.04 × 10−6 8.92 × 10−7 7.80 × 10−7

Abiotic depletion (fossil fuels) MJ 3.64 3.01 2.56 2.22
Global warming (GWP100a) kg CO2 eq 4.53 × 10−1 3.91 × 10−1 3.47 × 10−1 3.12 × 10−1

Ozone layer depletion (ODP) kg CFC-11 eq 8.78 × 10−8 7.26 × 10−8 6.17 × 10−8 5.34 × 10−8

Human toxicity kg 1,4-DB eq 1.51 × 10−1 1.26 × 10−1 1.08 × 10−1 9.40 × 10−2

Fresh water aquatic ecotoxicity kg 1,4-DB eq 5.70 × 10−2 4.74 × 10−2 4.06 × 10−2 3.54 × 10−2

Marine aquatic ecotoxicity kg 1,4-DB eq 2.21 × 102 1.83 × 102 1.56 × 102 1.35 × 102

Terrestrial ecotoxicity kg 1,4-DB eq 4.30 × 10−4 3.56 × 10−4 3.04 × 10−4 2.64 × 10−4

Photochemical oxidation kg C2H4 eq 1.46 × 10−4 1.24 × 10−4 1.09 × 10−4 9.66 × 10−5

Acidification kg SO2 eq 2.65 × 10−3 2.19 × 10−3 1.86 × 10−3 1.61 × 10−3

Eutrophication kg PO4 eq 1.14 × 10−4 9.41 × 10−5 8.02 × 10−5 6.95 × 10−5
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Figure 4. The changes in impact categories for the different methane concentrations in raw biogas.
The highest impact for a category = 100%.

3.4. The Inventory Breakdown and Its Impact on Categories

The inventory breakdown in every impact category of the CM-50 experiment can be
seen in Figure 5a, and the inventory breakdown in every impact category of the CM-80 is
depicted in Figure 5b.



Sustainability 2024, 16, 3323 13 of 18

Sustainability 2024, 16, x FOR PEER REVIEW 13 of 18 
 

3.4. The Inventory Breakdown and Its Impact on Categories 
The inventory breakdown in every impact category of the CM-50 experiment can be 

seen in Figure 5a, and the inventory breakdown in every impact category of the CM-80 is 
depicted in Figure 5b. 

(a) (b) 

Figure 5. (a) The inventory breakdown of CM-50; (b) The inventory breakdown of CM-80. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%
Ab

io
tic

 d
ep

le
tio

n
Ab

io
tic

 d
ep

le
tio

n 
(fo

ss
il 

fu
el

s)
Gl

ob
al

 w
ar

m
in

g 
(G

W
P1

00
a)

Oz
on

e 
la

ye
r d

ep
le

tio
n 

(O
DP

)
Hu

m
an

 to
xic

ity
Fr

es
h 

w
at

er
 a

qu
at

ic 
ec

ot
ox

.
M

ar
in

e 
aq

ua
tic

 e
co

to
xic

ity
Te

rr
es

tr
ia

l e
co

to
xic

ity
Ph

ot
oc

he
m

ica
l o

xid
at

io
n

Ac
id

ifi
ca

tio
n

Eu
tr

op
hi

ca
tio

n

Gas cooler

Non-lubricated piston
compressor
Electricity mix, used

Electronic components

Construction and piping steel

Metal container

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Ab
io

tic
 d

ep
le

tio
n

Ab
io

tic
 d

ep
le

tio
n 

(fo
ss

il 
fu

el
s)

Gl
ob

al
 w

ar
m

in
g 

(G
W

P1
00

a)
Oz

on
e 

la
ye

r d
ep

le
tio

n 
(O

DP
)

Hu
m

an
 to

xic
ity

Fr
es

h 
w

at
er

 a
qu

at
ic 

ec
ot

ox
.

M
ar

in
e 

aq
ua

tic
 e

co
to

xic
ity

Te
rr

es
tr

ia
l e

co
to

xic
ity

Ph
ot

oc
he

m
ica

l o
xid

at
io

n
Ac

id
ifi

ca
tio

n
Eu

tr
op

hi
ca

tio
n

Gas cooler

Non-lubricated piston compressor

Electricity mix, used

Electronic components

Construction and piping steel

Container

Methane slip

Hollow fiber polymer membranes

Figure 5. (a) The inventory breakdown of CM-50; (b) The inventory breakdown of CM-80.

The results of the life cycle assessment in both experiments showed that for 8 out of
the 11 analysed categories, the parameter of electricity consumed stood out significantly.
The highest impact above 97% was found in the categories of abiotic depletion (fossil
fuels), ozone layer depletion, and acidification. In the categories of global warming, marine
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aquatic ecotoxicity, terrestrial ecotoxicity, photochemical oxidation, and eutrophication,
electricity impacts were a bit lower but varied between 60 and 80%. All those categories
are subject to electricity produced from a large share of fossil fuels. C. Florio et al.‘s study
on different biogas upgrading technologies [79] also concluded that for their investigated
production system, despite even being based on biomass, the results are still very highly
dependent on non-renewable energy sources. This is because biomass must be processed
and transported to the destination points where it is used up, and these processes still
require non-renewable energy. Although non-renewable sources are used, it is optimistic
that the impact of electricity will decrease because an ongoing transfer from fossil fuels
to renewable energy will mitigate the impact of electricity production in existing biogas
upgrading systems [71]. Meanwhile, methane gas emitted into the atmosphere is the
primary contributor in only two categories: global warming and photochemical oxidation,
where electricity also plays a role. The results show that electricity and methane emissions
acted in opposite directions, showing that electricity consumption for biogas upgrading
relatively decreased, while methane slip increased when methane concentration in raw
biogas rose. Despite the increase in methane slip, the total impact of both shares dropped
in experiment CM-80, showing the positive impact of increasing methane concentration
in raw biogas on global warming and photochemical oxidation categories for permeable
membrane upgrading technology. The infrastructure (compressor, gas cooler, container,
construction, piping steel, and electronic components) impacted with lowering tendencies
on the impact categories because they were only related to rising methane concentrations
in raw biogas. The most significant factor in the impact of the infrastructure came from the
electronic components used for the manufacturing of biogas upgrading equipment.

Finally, the results show that improving biogas production by increasing methane
concentration could help reduce the overall impact of biogas upgrading technology based
on hollow fibre permeable membrane biogas upgrading technology.

4. Conclusions

This research, conducted in a real-scale biomethane production plant, allowed us to
evaluate the environmental impact of biogas upgrading technology based on permeable
membrane separation under conditions when biomethane is produced from biogas with
different methane concentrations.

The results showed that the increasing methane concentration in the biogas when
the same biogas flow was treated actually did not influence the electricity consumption
of the investigated biogas upgrading technology but increased methane slip with off-gas.
Despite the higher methane emissions to the atmosphere, the LCA showed a positive
environmental impact for treating biogas with increasing methane concentrations. This
benefit was reached because more biomethane was produced while treating the same
amount of biogas. The environment will gain more credits in the future if the ongoing
replacement of electricity obtained from fossil fuels with electricity obtained from renewable
energy sources takes place. Further investigations could be carried out on other prevailing
biogas upgrading technologies to assess the environmental impact of increased methane
concentrations in raw biogas. It would fill the gap in knowledge about the environmental
impact of higher methane concentrations in biogas for biomethane production technologies
and provide us with more parameters regarding sustainability while choosing biogas
upgrading technologies. The results of our research can also be helpful for the economic
assessment of methane emissions, especially when it comes to releasing financial support
programmes for bio-methane production related to the reduction of GHG emissions.
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