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Abstract: The fluctuating nature of renewable energies results in the need for sustainable storage
technologies to defossilize the energy system without other negative consequences for humans and
the environment. In this study, a pilot-scale trickle-bed reactor for biological methanation and various
scale-up scenarios for 2024 and 2050 were investigated using life cycle assessment. A best- and worst-
case scenario for technology development until 2050 was evolved using cross-consistency analysis
and a morphological field, based on which the data for the ecological models were determined. The
results show that the plant scale-up has a very positive effect on the ecological consequences of
methanation. In the best-case scenario, the values are a factor of 23-780 lower than those of the actual
plant today. A hot-spot analysis showed that electrolysis operation has an especially large impact on
total emissions. The final Monte Carlo simulation shows that the technology is likely to achieve a
low global warming potential with a median of 104.0 kg CO;-eq/MWh CHj and thus can contribute
to decarbonization.
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1. Introduction

The Paris Climate Agreement and the European Green Deal have made the transition
of the energy system to renewable technologies a fixed goal [1]. The fluctuating nature of
renewable energy, especially photovoltaics and wind power, causes major challenges. In
addition to grid expansion, various storage technologies are necessary in order to be able
to compensate for these fluctuations both locally and in terms of time [2—4].

Power-to-gas (PtG) is an innovative technology in which renewable electricity is
converted into gaseous energy carriers such as hydrogen or methane using electrolysis
and methanation. PtG has the potential to store renewable electricity in the form of CO,-
neutral energy carriers and thus contribute comprehensively to the defossilization of the
energy system. Compared to the direct use of hydrogen, the use of biological or chemical
methanation involves efficiency losses but has the advantage that existing infrastructure
can be used without restriction.

Methanation technologies entail various advantages and disadvantages, which have
already been discussed extensively in the respective literature [5-8]. An intriguing approach
to biological methanation is offered by trickle-bed reactors, which have several benefits
over conventional stirred-tank reactors [9-12]. In particular, the low energy input make
methanation using a trickle-bed reactor appear advantageous from an ecological point
of view. In the technical field, there is a great range of publications on the improvement,
optimization, and long-term stability of trickle-bed reactors, with a focus on systems in the
laboratory to pilot the plant scale [13-15].

Before new technologies are deployed on a broad scale, the ecological consequences of
these need to be investigated as comprehensively as possible. This can prevent the use of
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technologies at an early stage that at first glance may have ecological advantages, e.g., in
the area of greenhouse gas emissions but have major disadvantages in other areas. Life
cycle analysis (LCA), in particular prospective LCA, is a suitable method for investigating
the environmental impact of technologies [16-18].

The ecological consequences of various electrolysis technologies have already been
studied from a wide range of perspectives [19-28]. The general focus of previous studies in
the field of methanation was mostly on the chemical option, the impact indicator Global
Warming Potential, and the operation of plants. The construction effort of the technologies
and other environmental indicators have usually been examined only superficially or
even neglected. Collet et al. as well as Parra et al. have investigated the impact of the
operation of different concepts with chemical methanation [7,8]. Biological methanation
plants with stirred tanks were investigated within the P2G-BioCat project and by Goffart
De Roeck et al. [29,30]. To date, there are only two publications that have examined the
ecological consequences of a trickle-bed bioreactor, whereby no future scenarios were
analyzed [31,32]. Since such plants will primarily play a role in the future, it is important
to analyze the ecological consequences of the plants today.

The aim of this work is to close this gap. The basis for the investigation is the ecological
investigation of a real PtG plant consisting of 5 kW Proton Exchange Membrane (PEM)
electrolysis and biological methanation with a trickle-bed reactor. The plant was built
and investigated within the ORBIT projects [33]. In addition, since it does not have a
relevant output for industrial use, a scale-up of the system designed for life cycle analysis is
investigated. This scale-up is projected to the year 2050, which allows the ecological impact
of the plant in the future energy system to be estimated today. For this purpose, scenarios
are developed using technological field, configuration field, and cross-consistency analysis.
As the projection of plant data into the future is subject to certain uncertainties, best- and
worst-case scenarios are derived. A final Monte Carlo simulation reveals the environmental
impact of biological methanation using a trickle-bed reactor for the most likely case.

The purpose of this investigation is to identify the ecological advantages and disad-
vantages of power-to-gas systems using biological methanation in trickle-bed reactors at an
early stage. For the first time, the focus is placed on analyzing the environmental impact of
using the technology in a future energy system built on renewable energies based on which
further technological development can be controlled and suitable areas of application for
the technology can be derived.

2. Materials and Methods
2.1. Power-to-Gas Systems Investigated

The basic PtG system “ORBIT-Demo” was set up as part of the ORBIT II project. The
system consists primarily of a 5 kW PEM electrolysis from Ostermeier H2ydrogen Solutions
GmbH and the ORBIT trickle-bed bioreactor shown in Figure 1 [34].

The components were integrated into an insulated and custom-built container
(6.0 x 3.0 x 2.7 m) to ensure that the plant is transportable. Electricity, tap water, and CO,
are supplied externally during plant operation. The water is purified in the electrolysis
and split into hydrogen and oxygen. The CO, source can have a major influence on the
LCA results, as shown by Elhaus et al., but was not considered further due to the focus on
the methanation concept [35]. The study assumes that the CO, comes from a sustainable
source (for example biomass) and can therefore be regarded as burden-free and carbon-
neutral in this system [36]. The oxygen can be used for various purposes (e.g., combustion
processes and sewage treatment plants) but will not be considered further in this work.
Hy is fed into the methanation process in a 4:1 ratio with CO,. The trickle-bed reactor
is filled with ceramic packing (DuraTop®,Vereinigte Fiillkorper-Fabriken GmbH & Co.
KG Fillkorpertechnik Rheinstrafle 176, 56235 Ransbach-Baumbach, Germany) [10]. The
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packing materials represent the base surface for the growth of the archaea, which convert
the reactants into methane and water (Equation (1)):

4 Hy, +COy — CHy +2 Hy)O 1)

The product gas is finally dried via cryostat and a silica gel filter and afterwards
separated from by-products via an activated carbon filter. The gas can then be analyzed,
stored, or fed into the gas grid. A detailed list of the components and data considered can
be found in Table 1.

Figure 1. ORBIT PtG system at the Regensburg site and picture of the inside of the plant. Photo:
Michael Heberl | OTH Regensburg.

Table 1. Technological field of methanation with a trickle-bed bioreactor on the industrial scale
according to the ORBIT process.

Group Parameter Unit Methanation
2024 2050
Lifespan Full load hours h/year 3000 3000-8000
p Lifespan year 20 20-30
Product gas yield kg/h 68.7 66.6-68.7
Methane content in product gas % 95% 95-98
Amount of methane in the
Operation product gas kg/h 65.3 65.3
Electrical energy demand kWh/h 245 17.2-24.5
Input Hp kg/h 31.6 31.6
Input CO, kg/h 174.2 174.2
Wastewater kg/h 277.8 277.8
Nutri Nutrient medium L/h 140.8 140.8
Lt utr(lient q Ammonium L/h 43 43
solution deman Sodium sulfide L/h 17 17
Construction Chromium steel t 45.0 45.0
reactor Packing material t 170.0 170.0
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Table 1. Cont.
Group Parameter Unit Methanation
2024 2050
Piping t 11.0 11.0
Fittings t 24.0 24.0
Adapter pieces t 2.0 2.0
Distributed control system kg 133.0 133.0
Pumps Pieces 21.0 21.0
Construction Filter t 15 15
BOP Filter—silica gel kg 560.0 560.0
Filter—activated carbon kg 1670.0 1670.0
Cable m 3200.0 3200.0
Container—steel t 7.5 7.5
Container—insulation wool kg 800.0 800.0
Foundation t 60.0 60.0

As a second system, an ecological scale-up of ORBIT-Demo was investigated. The
system basically consists of the same components as shown in the graphical abstract. The
individual components were designed for a methanation capacity of 1 MW methane based
on the higher heating value (HHV). More detailed information on the scale-up is presented
in Section 2.3.

Based on a general morphological analysis (GMA), the scale-up was then projected
to the year 2050 [37]. The values assumed for this purpose are based on own calculations,
scientific sources, and expert statements. Due to uncertainties in forecasting the necessary
data, there are ranges of values for most of the points. A best and worst-case scenario
was derived from these. The two scenarios contain the best and worst values considered
from an ecological and technological point of view. The corresponding ranges are listed
in Table 1 and the exact methodology is described in 2.4. Finally, the uncertainties for the
system in 2050 were addressed using Monte Carlo analysis.

2.2. Life Cycle Analysis

Life cycle analysis is a method to analyze the environmental impact of a product
system or service. The basis for the work carried out is the standards ISO 14040 and
ISO 14044 [38,39]. The widely used ReCiPe method (ReCiPe Midpoint (H) V1.13) was
selected as the life cycle impact assessment method [8,18,19,22,29,40,41]. To provide a
comprehensive overview of the ecological impacts of the systems studied, all midpoint
impact indicators were considered, with this paper addressing the 11 presented in Table 2.

Table 2. Within this paper, ReCiPe Midpoint (H) V1.13 impact indicators are addressed.

Abbreviation Impact Categories
TAP acidification: terrestrial—terrestrial acidification potential
GWP100 climate change—global warming potential
FETP ecotoxicity: freshwater—freshwater ecotoxicity potential
TETP ecotoxicity: terrestrial—terrestrial ecotoxicity potential
FEP eutrophication: freshwater—freshwater eutrophication potential
HTPc human toxicity: carcinogenic—human toxicity potential
IRP ionizing radiation—ionizing radiation potential
LOP land use—agricultural land occupation
SOP material resources: metals/minerals—surplus ore potential
ODP ozone depletion—ozone depletion potential
WCP water use—water consumption potential

The cut-off by classification method was used to allocate the emissions [42]. As is
common for comparable work, a cradle-to-gate approach was used to define the system
boundaries [19,21,43]. For the inputs and outputs to the system boundaries, cut-off pro-



Energies 2024, 17, 2206

50f 15

cesses of the life-cycle inventory (LCI) database ecoinvent were used accordingly. Since the
plant was built and is operated in Germany, German processes were considered as far as
possible. The production of 1 MWh of product gas was used as a functional unit in all mod-
els, with its energy content referenced to the HHV of methane. This approach also allows
the representation of different product gas quality of the systems. The investigations were
carried out with the software openLCA 2.0.0 and the database ecoinvent 3.9.1. Ecoinvent is
a widely used database that provides a very good basis for carrying out work in the field of
life cycle assessment and thus for this work [26,44-46].

To determine the influence of individual process components, a hot spot analysis was
carried out. An overview of the methodology used in this paper is shown in Figure 2.

4 Goal and Scope ) (" Life Cycle N
Definition Inventory

[ Goal ] [ Data collection ] Classification
[ sove )| | (oetaguamy )

Framework
System boundary

Midpoint
indicators

Technological

Fields
System model
LCIA Method

Interpretation

Configuration Cross consistency Monte Carlo
field analysis simulation

[ Conclusion and recommendations ]

Figure 2. Schematic representation of the methodology used in this paper.

The data for the PtG system in 2050 are associated with strong uncertainties due to
their forward-looking nature. Here, various authors recommend carrying out a Monte
Carlo simulation [17,18]. In addition to the best- and worst-case scenarios, this also allows
a likely scenario to be mapped. For this purpose, standard distributions were deposited for
the power demand and the lifetime. The middle between best- and worst-case was selected
as the mean value and a third of the difference between the mean and maximum value was
selected as the standard deviation. This approach results in 99.7% of all considered values
being within the minimum and maximum values. For the electrolysis, the best-case variant
according to Delpierre et al. for the year 2050 was assumed in order to be able to represent
the greatest possible influence of the variation in methanation values [21]. For the Monte
Carlo simulation, 10,000 runs were carried out as is common in the literature [44].

2.3. Scale-Up

Since the existing pilot-scale facility does not allow valid conclusions for larger indus-
trial operations, a scale-up is being investigated. Upscaling plants for ecological investi-
gation in LCAs faces many challenges. Since innovative technologies are often studied
where appropriate comparative data for industrial-scale plants do not yet exist, as is the
case with trickle bed reactors for biological methanation, it is important to apply a suitable
and replicable methodology. Piccinno et al. and Simon et al. have described an appropriate
framework that can be applied to the scale-up of the trickle-bed bioreactor [47,48]. The
application of this methodology has been successfully demonstrated, for example, in the
treatment of sewage sludge [46].
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The core of the methodology follows two approaches. All process components for
which a scale-up has no or only irrelevant effects are extrapolated linearly to the target
size. All other process components are first considered individually and scaled up to the
desired plant size based on technologies that have the same or a comparable application
purpose but exist on a larger scale [47]. As an example, pumps responsible for the supply of
nutrient media can be compared with pumps on an industrial scale based on the required
delivery volume resulting in well-suited data for the scale-up. In the final step, individual
observations are compared with the literature values and combined again to form a product
system in the LCA.

The result of the methanation scale-up is shown in the technological field in Table 1.
For the data of the scale-up in 2050, bandwidths are given due to high uncertainties. For
the PEM electrolysis used in this study, a technological field has already been published by
Delpierre et al. based on current data and expert surveys, which can be seen in Table 3. The
data used in the modeling are listed in Tables 52-54.

Table 3. Technological field of PEM electrolysis according to [21].

Group Parameters Unit PEM
2019 2050
. of the electrolysis plant years 20 30
Lifespan of the stack h 60,000-80,000 130,000
Capacit Plant capacity MW a few 100-1000
pactty Stack capacity MW 1 20
. Electrical consumption =~ kWhe/kg H, 50 50-55
Operation Water consumption kg/kg Hy 10 9-10
Steel consumption kg/kW 8.5 7-10
Iridium load g/kW 0.7 0.001-0.05
Construction Platinum load g/kW 0.1-0.3 0.01-0.03
Titanium Load g/kW 450-500 35
Nafion consumption kg/kW 0.016 0.002

It is important to note that this is not a technical scale-up and only serves the purpose
of the ecological investigation. Since certain contexts, such as the practical implementation
of thermal management, do not play a role in the LCA, they are neglected. [47]

Despite the application of this methodology, it should be noted that the resulting data
are subject to uncertainties, which are reflected in value ranges for 2050. To counteract
these uncertainties, scenarios for the year 2050 are developed using a cross-consistency
analysis, on the basis of which final values for the LCA were selected.

2.4. Scenario Development

The prediction of future characteristics and framework conditions of biological metha-
nation is highly complex and burdened with uncertainties due to various multi-dimensional
interrelationships, non-quantifiable factors, and questions that cannot be answered today.
One possibility for a scientific approach to the topic is offered by GMA [37].

Using GMA, different scenarios can be developed thanks to a systematic and compre-
hensible approach [21]. In the first step, the dimensions and aspects to be addressed are
defined [37]. The focus is on possible factors influencing biological methanation. Social,
political, economic, technical, environmental, and legal aspects have been considered in this
paper. In the second step, possible options for the selected parameters are identified. With
this information, a morphological field can be created. The morphological field serves as
the basis for the cross-consistency analysis, in which all options are compared in pairs and
checked for consistency (see Table S1) [49]. As an example, in an optimal scenario for the
development and expansion of power-to-gas systems, it is assumed that there are numerous
funding programs for the development of the technology and that approval procedures
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have been greatly simplified (green marking for parameter “High” under dimension “Po-
litical support for the energy transition”). Assuming this high level of political support,
it is likely that the focus in the country (“Funding of domestic power-to-x vs. increased
import”) will be on domestic production or a parallel expansion of imports and domestic
production. This allows all dimensions to be compared with each other and a consistent
scenario can be developed.

The results can be transferred to the morphological field, resulting in the configuration
field, shown in Figure 3.

Political support Funding of 5 Sustainability
for the energy domestic power-to-x ;T;;‘ii‘:mpgﬂfr Electricity mix awareness in the
transition vs. increased import 9y population
igh: ° ° ° o °
- Numerous funding High: 100 % :!9':"
programs Focus domestic Dependency on Renewable igh awareness
- Simplification of energy imports Energy through Fridays for
approval procedures Future etc.
Medium: Parralel expansion: I\FflediurEI: duii ®
- Few funding Parallel development avorz " prroT “hc fon 86 % Medium:
programs of domestic CﬁSts l;e fo hig s Renewable Broadly present only
- Focus is primarily capacities and ; ff‘% re_r:’efw AvIes, Energy in younger population
on electrolysis imports ut high grid fees
and taxes

Low: . . Low: . - .
- Pure focus on . : o Low:
electrification Focus import Affotrd:ble tprg_dL;]ctnon Renewable Hardly any change
- No funding cosis due to.hig Energy compared to today

- High approval effort share of renewables

Development of Development of

alternative Infrastructure for electrolyzers and Resource Regulatory
technologies product gas methanation plants availability restrictions
@ swtenton; High (€. + Mern . @ o .
¢ ) igh degree o
Wide application Soan:pl)?;;:f;rgg:\]rf n': d innovation in High Advantageous
to H electrolysis and
? methanathion
e
Part H,/ Part CH,: High (only EL):
. Gas Infrastructure High degree of . .
Partially partially converted to | innovation only in Medium Medium
H, electrolysis
® Current status: ® Lows o ® ®
- Infrastructure Hov:j-l .
None designed for CH, ardly any changes Low Restrictive

as focus is on direct

=H, fead:in only electrification

partially possible

Political Economical @ Scenario best-case

| Technical ‘ ‘ Ecological ‘ ‘ Legal ‘ @ Scenario worst-case

Figure 3. Configuration field for the year 2050. The color-coded fields represent the dimensions
and aspects examined and the fields below them are the corresponding parameters. From cross-
consistency analysis, the resulting best-case scenario is marked in green and the worst-case scenario
in red.

Scenarios can be derived from this analysis in the final step. Two exemplary scenarios
were developed for the best- and worst-case for the development of PtG.

The identification of options and the cross-consistency analysis were carried out
against the background of current European energy policy and, if a more precise classifica-
tion was necessary, German energy policy. For example, the latest funding instruments such
as H2Global [50] and the European Hydrogen Bank [51] can be considered in the aspect
“Funding of domestic power-to-X vs. increased import from other countries” and social
influences, e. g., caused by climate movements, in the aspect “Sustainability awareness in
the population”.
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The aspect “electricity mix” represents a special feature. Here, it was assumed that a
switch to a larger share of renewable energy in the electricity mix is inevitable for society,
regardless of the framework conditions. As a result, the “electricity mix 2022” option is
not included even in the worst-case scenario. The basis of the German electricity mix
composition in 2030 and 2050 are calculations of the Kopernikus project P2X-2 [52].

To transfer qualitative scenarios into LCA, the parameters were linked to quantitative
figures and presented in the technological field in Table 1. For electrolysis, the results
of Delpierre et al. were used (see Table 3), who applied a comparable methodology for
projecting PEM electrolysis until 2050 [21].

3. Results and Discussion
3.1. Resulting Scenarios
3.1.1. Scenario Best-Case

The first scenario represents the best case for biological methanation in Germany.
It describes a complete switch to renewable technologies with partial continued use of
the current gas infrastructure. The political as well as legal framework is favorable for
renewable technologies, which can be seen in the form of various funding programs for
their development, a focus on domestic production of energy carriers, and a high CO, tax.
These aspects promote the ramp-up of methanation and enhance its economic viability
compared to fossil alternatives. In addition, this results in a high degree of innovation in
the further development of electrolysis and methanation, for example, through a national
hydrogen strategy and a generally high level of interest from the political side.

In this scenario, Germany has a pure renewable-based electricity mix, with the result-
ing electricity price being very low due to their favorable electricity generation costs. On
the social side, there is a high awareness of the need for energy transition in broad sections
of the population, partly due to current climate movements. This also has an impact on
technical aspects: due to the open-mindedness and approval of sustainable approaches,
various technologies and thus methanation are gaining widespread acceptance. The natural
gas grid in Germany is partly operated with mixed gases of H, and CH,4 and otherwise
permanently operated with green CHy from methanation. This also applies to further gas
infrastructure, where direct electrification is not possible or only feasible with enormous
effort. In the best-case scenario, necessary resources for the transformation of the energy
system are provided by a high recycling rate and resource partnerships between Germany
and other countries.

3.1.2. Scenario Worst-Case

The second scenario represents the opposite of the best-case scenario with the worst-
case for biological methanation. Obstacles to the expansion of methanation dominate in
the political and legal fields. There are no suitable funding programs or instruments, the
permitting burden for new plants is high, there is no or only a very low CO; tax, and
policymakers focus purely on direct electrification of processes and the import of energy
carriers. Additionally, further raw material partnerships have been neglected, resulting
in low availability of resources for new technologies, such as precious metals for catalysts
in electrolysis.

In this scenario, Germany will not achieve its climate targets. Characteristic of this
is the fact that the electricity mix in 2050 has only an 86% share of renewable energy.
In combination with the dependence on imported energy carriers, this leads to a high
electricity price. There is hardly any awareness of sustainability among the population,
which means that new technological approaches have no acceptance and are therefore not
widespread. As there have been no major changes to the energy system apart from the
increase in renewable energy in the power grid, the infrastructure is at the level of 2024.
The gas grid is primarily used for fossil natural gas imports; H, feed-in is only possible to
a limited extent and H; applications are hardly available. Due to the lack of a regulatory
framework and the non-existent expansion of electrolysis and methanation, there is no
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innovation-promoting environment in Germany in this scenario. This leads to the fact that
technologies have hardly improved compared to the status of today.

3.2. Comparison of the LCA Results

The LCA results of the impact indicators investigated are listed in Table 4. When
comparing all scenarios, it becomes clear that enormous amounts of emissions can be saved
by scaling up the plant. The ORBIT Reactor 2024 has by far the largest impact on humans
and the environment with the highest values in all impact categories.

Table 4. LCA results of the systems studied, divided by the impact indicators.

. . ORBIT Reactor Scale-U Scale-U Scale-U
Indicator Unit 2024 2024 P 2050_Be§t 2050_Wofst
TAP kg SO»-Eq 23.4 15 0.2 0.9
GWP100 kg CO,-Eq 10,508.0 965.3 34.7 341.7
FETP kg 1,4-DCB-Eq 1299.2 59.8 16.1 75.6
TETP kg 1,4-DCB-Eq 82,168.9 17104 8343 2978.3
FEP kg P-Eq 135 1.2 0.0 0.1
HTPc kg 1,4-DCB-Eq 1278.3 86.5 10.7 456
IRP kBq Co-60-Eq 790.9 74.7 1.7 6.1
LOP m2*a crop-Eq 151.5 12.1 6.5 17.3
SOP kg Cu-Eq 251.1 6.4 23 9.1
ODP kg CFC-11-Eq 0.0 0.0 0.0 0.0
WCP m3 35.6 2.9 0.7 2.2

These huge differences between pilot scale and scale-up can also be seen in Figure 4a.
In Figure 4b, only scenarios with scale-up reactors are shown, with the values scaled to the
ORBIT reactor 2024. This allows their differences to be addressed in more detail. Scenario
2050_worst is closest to the ORBIT reactor in the LOP impact indicator, with 12% of its
emissions. The other indicators in the scale-up variant are all below 10% of the ORBIT
reactor’s emissions. This shows that LCA studies in a laboratory to demonstrate scale
plants are not reliable for industrial-scale plants and that scaling effects have a very positive
impact on the sustainability of new technologies.

GWP100 wee GWP100

FETP opP FETP

TETP soP TETP

=o= ORBIT 2024

== Scale-up 2024

FEP == Scale-up 2050_best

o= Scale-up 2050_worst

IRP HTPc IRP HTPc *Data scaled to the ORBIT 2024 scenario

Figure 4. Comparison of the investigated impact indicators of the different reactors. Figure 4
(A) shows all analyzed scenarios while (B) shows only the scale-up scenarios for better visualization.
The results were scaled to the ORBIT 2024 scenario.

Scenario Scale-Up 2050_best shows the lowest values in all categories. With a maxi-
mum of 5% of the plant’s emissions today, it has a very low ecological impact. The Scale-Up
2024 scenario has the highest values apart from the LOP, SOP, TETP, and FETP indicators,
with scenario 2050_worst leading in these four categories. Reasons for this are the combi-
nation of still relatively high electricity consumption per methane produced compared to
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the best-case and the already high share of renewables in the electricity mix. For example,
90% of the LOP is due to the electricity mix used to run the PEM, with 70% coming from
PV electricity. A more detailed investigation of influences on the GWP indicator caused by
individual system components follows via hot-spot analysis.

Table 5 shows the calculated emission reductions between the ORBIT reactor, its scale-
up in 2024, and the Scale-Up 2050_best scenario. The values of the 2024 reactor are up to
780 times higher than the 2050_best-case scenario (FEP indicator). The scale-up alone can
reduce emissions by up to 48 times compared to the pilot-scale plant. A reduction by a
factor of 10 to 15 is achieved for most indicators, with SOP and TETP standing out at 39
and 48, respectively. The GWP, FEP, IRP, and ODP indicators stand out in the comparison
between the Scale-Up 2024 and the optimized reactor operated with 100% renewable energy
in the Scale-Up 2050_best scenario. A further reduction in emissions of 25 to 70 can be
achieved for these. Renewable electricity plays a major role here. As the Scale-Up for
2024 is operated with the current electricity mix, emissions from coal and nuclear power
are particularly noticeable and are reflected in reductions in the GWP and IRP indicators,
among others.

Table 5. Emission reductions between the scenarios allocated to impact indicators.

Indicator ORBIT Reactor to ORBIT Reactor to Scale-Up 2024 to
Scale-Up 2024 Scale-Up 2050_Best Scale-Up 2050_Best

TAP 15.7 142.1 9.0
GWP100 10.9 303.0 27.8
FETP 21.7 80.8 3.7
TETP 48.0 98.5 2.1
FEP 11.1 781.5 70.7
HTPc 14.8 119.4 8.1
IRP 10.6 456.9 43.2
LOP 12.5 232 1.9
sOop 39.3 110.6 2.8
ODP 10.7 269.5 25.2
WCP 12.1 47.5 3.9

3.3. Hot Spot Analysis

The hot-spot analysis for the GWP indicator, presented in Figure 5, clearly shows the
large difference between the ORBIT Reactor 2024 and the Scale-Up variants. The course of
the emissions is as expected so that the best-case scenario has the lowest CO;-eq, followed
by the worst-case and the scale-up in 2024. The ORBIT Reactor 2024 is clearly dominated
by the electricity demand of the methanation; in addition, the construction effort of the
methanation and the operation of the electrolysis are relevant here. The main reason for
the large proportion of methanation is the low methane production volume. As a result,
the electricity consumption of measurement technology, PC, and gas analysis, among other
things, is very significant. Energy consumption in these areas only increases to a limited
extent in the upscale, as one PC is still sufficient to control a bigger plant, for example.

An exact analysis can be seen in the percentage breakdown in Table 6. In the scale-up
scenarios, the operation of electrolysis dominates, accounting for 72.7-96.5 % of total emis-
sions, whereas the operation of methanation is not very relevant (<4 %). The construction
efforts (methanation and electrolysis) are very low; only in 2050_best is the construction
effort of the methanation more noticeable, at 8.3 %. The breakdown of emissions is nearly
identical in the Scale-Up 2024 and Scale-up 2050_worst scenarios, underscoring the poor
progress of the technology in the worst-case scenario.
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ORBIT 2024 Scale-up 2024

V

Scale-up 2050_best
[

Scale-up 2050_worst

\

@ Construction electrolysis Operation electrolysis @ Construction methanation

@ Operation methanation - electricity Operation methanation - nutrient media + wastewater treatment

Figure 5. Hot-spot analysis of the Global Warming Potential of the four reactors studied. The area of
the circles corresponds to the value of the GWP.

Table 6. Percentage distribution of the GWP100 to the main components of the power-to-gas system.

ORBIT Reactor Scale-Up Scale-Up Scale-Up

Main Component 2024 2024 2050 Best 2050 Worst

Operation methanation

(nutrient media + 0.1% 0.6% 15.7% 1.6%
wastewater treatment)
Operation methanation

.. 83.1% 1.5% 3.2% 1.3%

(electricity)
Construction methanation 7.7% 1.2% 8.3% 3.4%
Operation electrolysis 9.1% 96.5% 72.7% 93.6%
Construction electrolysis 0.0% 0.3% 0.2% 0.1%

The influence of methanation operation in the wastewater treatment and nutrient
media areas is considerable in the scenario Scale-Up 2050_best with a large share of 15.7% in
the total process emissions. This shows the relevance of the effective use of material flows in
methanation, especially if the electricity mix has already been decarbonized. One approach
to reduce these emissions may be to treat the wastewater, returning the nutrient media and
archaea to the reactor and the purified water to electrolysis, resulting in a closed loop.

It should be noted when assessing results for the systems in 2050 that the underlying
data in ecoinvent are at today’s level. Accordingly, the calculated values are likely to be
rather too high, as effects such as improvements in the production of PV cells or possibilities
for sustainable production of chemicals are not represented in this way.

3.4. Monte Carlo Analysis

The worst-case and best-case scenario results presented in 3.2 and 3.3 represent sci-
entific estimates of the ecological limits of a PtG system with biological methanation by
trickle-bed using the ORBIT process for 2050. Monte Carlo simulation of the system is
intended to help identify the most likely outcome.

Figure 6 shows the cumulative occurrence probability above the expected GWP of
the methanation plant. The results of the Monte Carlo analysis of all impact indicators
investigated can be found in Table S5. Due to the use of best-case electrolysis in the Monte
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Carlo analysis, the range of results is 99.3 to 109.3 kg CO,-eq/MWh CHy, well below the
values of the worst-case scenario. With a median of 104.0 kg COz-eq/MWh CHy, a low
value in the GWP range is achieved with high probability. Looking at the 95 % percentile,
which is the value that is at least reached in 95 % of the simulation runs, methanation with
106.4 kg CO,-eq/MWh CHy is far below the emission factor of fossil natural gas (approx.
200 kg CO,-eq/MWh CHy). This shows that biological methanation based on the ORBIT
process can make a significant contribution to the decarbonization of the energy system
with a high probability.
% 5 % Percentile Median 95 % Percentile

100 5 —
90

80
70
60
50
40
30
20

10

o S K

95 100 105 110 115
GWP in kg CO,-eq

Figure 6. Representation of the cumulative occurrence probability of the resulting GWP as a result of
the Monte Carlo simulation.

4. Conclusions

A trickle-bed reactor for biological methanation as the main part of a power-to-gas
system and scale-up scenarios for 2050 were investigated using prospective LCA and
Monte Carlo analysis. The plant data required for the LCA up to 2050 were derived from
an existing plant based on specially developed scenarios. For this purpose, technical, eco-
nomic, ecological, social, political, and legal factors were compared using cross-consistency
analysis and transferred into a morphological field.

The results of LCA and Monte Carlo analysis show

e Plant scale-up has a positive impact on the sustainability of the resulting methane
production;

e  Emissions can be reduced by a factor of 23-780 if an industrial-scale plant and renew-
able electricity are used;

e  The Monte Carlo analysis shows that there is a very high probability that the GWP
of the plant will reach a value of 106.4 kg CO;-eq/MWh CHy, which is significantly
lower than the emissions of fossil natural gas;

e  The LCA results of laboratory and pilot-scale plants do not allow any direct conclusions
about the environmental impact of industrial-scale plants;

e  Electrolysis operation has the largest impact on industrial scale, even when using
renewable electricity;

e  When using renewable electricity, the efficient and sustainable use of the necessary
nutrient media and the treatment of wastewater becomes relevant, as this accounts for
15.7 % of the CO;-eq emissions.
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Efforts to further increase efficiency in electrolysis are therefore essential to achieve
sustainability within the power-to-gas system and the energy system overall. In addition,
future work should consider topics such as the use of alternative nutrient media, for exam-
ple, treated sewage sludge, or the reprocessing of wastewater containing nutrient media.
Power-to-gas systems, especially when using biological methanation, have enormous po-
tential to become part of a sustainable and efficient circular economy if all material and
energy flows are utilized efficiently.

In conclusion, biological methanation is a good alternative to conventional gas pro-
duction and can contribute to the decarbonization of our energy system.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/en17092206/s1. Table S1: Cross-Consistency Analysis; Table S2:
LCI Electricity Mix; Table S3: LCI Electrolysis; Table S4: LCI Methanation; Table S5: Results of Monte
Carlo Analysis [53-57].
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