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The direct methanation of biogas using hydrogen from electrolysis is a promising pathway
for seasonal storage of renewables in the natural gas network. It offers particular
advantages over the methanation of carbon dioxide separated from biogas, as it
eliminates a costly and unnecessary carbon dioxide separation step. The key
implementation challenges facing direct methanation of biogas are reviewed here: 1)
treatment of biogas impurities; 2) competing reactor concepts for methanation; and 3)
competing process concepts for final upgrading. For each of these three aspects, the state
of the art is reviewed, focusing especially on results which have been validated at a high
Technology Readiness Level (TRL) at recent long-duration demonstrations. The different
technology solutions have advantages and disadvantages which may fit best to different
technical and economic boundary conditions, which are discussed. As a final outlook, TRL
8 demo plants will be necessary to show the full potential of these systems, and to obtain
consistent operation data to allow a cost comparison.
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INTRODUCTION

The shift from fossil power production to the use of renewable energy sources such as wind,
hydropower and photovoltaic systems requires new energy storage concepts due to the less
controllable character of these technologies, which in the case of hydropower and photovoltaics
also have a seasonal imbalance in temperate zones.

While daily and weekly imbalances between power demand and supply can be bridged by pumped
hydro storage power plants, batteries and compressed air energy storage, for seasonal energy storage
Power-to-Gas processes are often suggested (Bach et al., 2019; Panos et al., 2019; Store and Go, 2019).
In these processes, electricity that cannot be used at the time and location of its production is used for
water electrolysis to produce hydrogen (H2) as an energy carrier and oxygen. The H2 can be directly
used, for instance as the fuel for fuel cell vehicles, or it can be stored in tanks for later use. To some
extent, H2 can also be injected into the natural gas grid; however, in many countries, injection is
limited to few percentage points. To fully exploit the advantages of the natural gas infrastructure,
including pipelines, cavern storage etc., conversion of H2 to methane (CH4) is needed. For this
reaction, referred to as methanation, a source of carbon is needed, such as carbon monoxide (CO)
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originating from gasification or pyrolysis among others, or (more
typically) carbon dioxide (CO2), which can be found in exhaust
gases from combustion, fermentation, anaerobic digestion or
could be captured from air.

Due to its high concentration of CO2 (30–50%) and its
biogenic origin, raw biogas is often used as a CO2 source for
methanation, usually by adding the methanation as a separate
process step after the existing biogas upgrading or separation of
the CO2 with membranes or scrubbers. Examples of this concept
were realized in the 3 MWCH4 plant in Werlte/Germany (Specht
et al., 2016) or in Solothurn/Switzerland (Store and Go, 2020).
The use of pure CO2 offers some advantage with respect to gas
conditioning and reactor size. The drawback is the necessary CO2

separation, which is connected to investment and operational
costs. Therefore, the direct methanation of biogas without prior
separation of the CO2 is also investigated, converting the CO2 in
the biogas in the presence of CH4. This methanation process can
be achieved either by thermochemical means using a transition
metal catalyst, or biologically using appropriate micro-organisms.
In these processes, the CO2 separation can be omitted, however,
now the conversion reactor encounters the complete biogas
including trace compounds and impurities, and the process
must be able to handle the connected challenges.

This article reviews the efforts in direct methanation of biogas
in the past few years and reports on recent progress. Important
challenges such as impurities in biogas, potential gas cleaning
technologies and upgrading are highlighted, and several
methanation reactor concepts and their performance in long
duration tests are compared.

The focus of this review is on the production of grid-ready
biomethane in particular, as this is likely to be a principal first
target for direct methanation of biogas. Biomethane as produced
from direct methanation of biogas could alternatively be used
locally (i.e., without transiting through the natural gas network)
to generate heat and electricity and heat; it could also be used for a
variety of other downstream applications including conversion to
value-added chemicals. These have different quality requirements
for biomethane than the natural gas network (broadly, less
stringent requirements for local combustion, more stringent
requirements for conversion to value-added chemicals).
However, local production of heat and electricity can be
achieved already today from the direct combustion of biogas
even with a high CO2 content, without a methanation step.
Meanwhile, conversion of methane to value-added chemicals
or other downstream processes is likely to still require a
connection through the natural gas network to allow for
sufficiently large downstream plants taking advantage of the
economy of scale. Finally, one of the key advantages of the
direct methanation of biogas is to enable seasonal storage of
renewable electricity via the natural gas network; as such, this
network’s quality requirements will remain the likely standard to
be met.

Several authors have recently reviewed various related
elements of the Power-to-CH4 process chain. Water
electrolysis, which forms the first part of the process chain
and is the source of the H2 necessary for methanation,
includes alkaline, proton exchange membrane (PEM) and solid

oxide electrolysis solutions. While alkaline electrolysis has the
highest technological maturity of these, PEM electrolysis is also
relatively mature and especially well-adapted to the quick start-up
times which can be necessary with intermittent biogas
production, while solid oxide electrolysis, despite a lower
technological readiness, offers good efficiency advantages
(Buttler and Spliethoff, 2018). Reviews have also summarized
the technical status of Power-to-Gas generally (Götz et al., 2016;
Bailera et al., 2017; Thema et al., 2019; Hidalgo and Martín-
Marroquín, 2020), the catalytic materials and mechanisms
underlying the methanation of CO2 (Younas et al., 2016), the
potential of combining methanation and high temperature
electrolysis (Biswas et al., 2020), or biological methanation
mechanisms (Dumas et al., 2020).

However, the direct methanation of biogas brings specific
challenges, in particular relating to highly variable biogas
composition — both bulk composition, affecting the
methanation performance, and trace composition, affecting the
degree of pretreatment needed to protect the methanation
reactor — which have not been previously reviewed in detail.
These are largely issues which can only be identified and
addressed at scaled-up plants over long-duration tests rather
than in lab environments where conditions can be held constant;
therefore, this review focuses in particular on recent progress at
high TRL.

BIOGASCOMPOSITION: BULK AND TRACE
COMPOUNDS

The major components of biogas are CH4 (50–70%v) and CO2

(30–50%v). In addition to these, biogas can contain minor
amounts of nitrogen (N2) and oxygen (O2) (0–5%v generally,
although reaching ∼10%v in some cases), as well as trace amounts
(ppbv–ppmv levels) of sulfur compounds including hydrogen
sulfide (H2S), mercaptans/thiols, sulfides, and others; silicon
compounds (siloxanes, silanes); ammonia; halogenated
compounds; and other volatile organic compounds (VOCs).
Additionally, untreated biogas is quite wet, generally being
saturated with moisture at the temperature of the anaerobic
digester (35–40°C for mesophilic digesters, >50°C for
thermophilic digesters) or at the temperature of the
downstream processes (for example, a gas transfer line
exposed to the ambient air after the digester).

The degree to which trace compounds exist in a specific biogas
source depends on a variety of factors. The type of primary
substrate and co-substrates which are used in the anaerobic
digestion process directly affect the trace compounds which
exist in the biogas. The digester conditions (operating
temperature, digester type, retention time) will also have an
effect. Additionally, in-digester desulfurization methods (by
micro-aeration or addition of iron compounds) can be used to
reduce H2S levels in the biogas.

The concentration of trace compounds in biogas is therefore
highly variable (Rasi et al., 2007; Rasi et al., 2011). Sulfur is
present primarily as H2S, which can be expected in
concentrations from ∼10 ppmv (Salazar Gómez et al., 2016) to
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several thousands of ppmv (for example, nearly 7,000 ppmv from
agricultural biogas, Saber and Cruz, 2009). Trace volatile organic
sulfur compounds, including mercaptans/thiols, sulfides,
disulfides, can exist in concentrations up to 10 ppmv (for
methyl mercaptan) or lower (for others) (Saber and Cruz, 2009).

Silicon-containing compounds are particularly found in
biogas from wastewater treatment, where concentrations span
from undetectable to ∼60 mg/m3 (Rasi et al., 2010). Although
they are not usually expected in biogas from agricultural or food
waste, they have been identified in low concentrations in at least
one set of gases produced from grass and maize (Rasi et al., 2013).

Landfill gas is not a primary focus of this review. In
comparison with biogas from anaerobic digestion, landfill gas
can contain significantly higher concentrations of halogenated
compounds in particular (Rasi et al., 2011), along with sulfur
compounds, silicon compounds (with an order of magnitude
lower concentration than in biogas from wastewater treatment,
Kuhn et al., 2017), and other VOCs.

GAS CLEANING TECHNIQUES FOR
BIOGAS POWER-TO-METHANE

Successful operation of a methanation plants asks for appropriate
gas cleaning to avoid catalyst deactivation by impurities in the
biogas. The challenges are 1) to know which impurities at which
concentration are problematic for the chosen catalyst, 2) to
measure the impurities in the raw gas and also in the cleaned
gas, 3) to have appropriate gas cleaning steps whose performance
was verified by sufficiently realistic testing.

Biogas Purity Requirements for
Methanation Processes
As summarized in Section “Biogas Composition: Bulk and Trace
Compounds,” biogas contaminants can include sulfur-containing
compounds (H2S and otherwise), silicon-containing compounds,
and other large organic molecules (terpenes, large alkanes and
alkenes, aromatics, furans, alcohols, etc.). The degree to which
each of these classes of compounds needs to be removed from
biogas in a Power-to-CH4 process chain depends on the
sensitivity of the downstream process.

For catalytic thermo-chemical methanation, the most
sensitive downstream process is generally the methanation
catalyst itself. Methanation catalysts based on nickel are
known to be deactivated by even a few tens or hundreds of
ppbv of sulfur in the gas, regardless of whether this sulfur is
present as H2S (Erekson and Bartholomew, 1983) or bound to a
larger, organic sulfur molecule (Struis et al., 2009; Witte et al.,
2019).

Although no known studies have examined the effect of
silicon-containing compounds in catalytic methanation,
siloxanes have been observed to decompose at the
methanation-relevant temperatures of ≥400°C (Finocchio et al.,
2008; Montanari et al., 2010), and high-temperature fuel cells
have shown a marked performance decrease even under 70 ppbv
of siloxanes in biogas (Madi et al., 2015). It is therefore reasonable

to assume that a near-total removal of siloxanes is necessary for
catalytic methanation.

Due to the similarities in the sensitivity to biogas contaminants
(especially to sulfur- and silicon-compounds) of catalytic
methanation reactors and high-temperature fuel cells, biogas
cleaning strategies that have been developed for the latter can
often be applied to the former.

Biochemical methanation is generally acknowledged to be
insensitive to common biogas contaminants (Seifert et al.,
2013; Götz et al., 2016). Nevertheless, the product gas must
still fulfill natural gas grid injection requirements concerning
impurities. In Europe, the recently developed regulation EN
16723 covers the injection of biomethane into the natural gas
network (European Organization for Standardization, 2016) and
its use as automotive fuel (European Organization for
Standardization, 2017). It specifies that total sulfur in
biomethane must remain <5 mgS/m

3 and that total volatile
silicon must remain <0.3 mg/m3. In biochemical methanation,
the most sensitive downstream process is therefore the local
natural gas grid, or rather the gas-burning furnaces, stoves,
etc. which are connected to the natural gas grid.

Finally, although the focus in this paper is on biogas
cleaning technology to remove trace compounds, the
possible presence of the minor compounds O2 and N2 in
biogas should not be neglected. On the one hand, some
trace O2 is desirable for many desulfurization processes, as
it improves the H2S retention ability of activated carbons
(Primavera et al., 1998) and of biotrickling filters
(Dannesboe et al., 2019). On the other hand, O2 and N2

levels in biomethane must both be kept low to enable
injection of the produced biomethane into the natural gas
grid. Very high (>5%v) O2 and/or N2 levels are often associated
with landfill gas rather than biogas from anaerobic digestion.
Nevertheless, as a recent report of 19%v N2 and 4%v O2 in
biogas from household waste demonstrates (Salazar Gómez
et al., 2016), it is possible (though unusual and often tied to
poor biogas plant operation) for high O2 and N2 levels to exist
in biogas from anaerobic digestion.

Gas Cleaning Technology Options for
Biogas Power-To-Methane
In the last years, a number of different gas cleanings solutions has
been suggested and tested; in the following sections, the different
technical solutions and their costs (as far as known) are reported.

Technical Solutions
Figure 1 illustrates the possible gas cleaning steps which may be
used to treat biogas for direct methanation in a Power-to-CH4

process. No standard solution yet exists for these systems, in large
part due to the site-to-site variabilities found in biogas
contamination levels, requiring some amount of redesign at
each site. Nevertheless, some trends can be summarized.

Even prior to individual gas cleaning process steps, it is worth
mentioning that many biogas production sites already utilize in-
digester desulfurization techniques. This can include injection
of air or O2 (also known as “micro-aeration,” see the review of
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Krayzelova et al., 2015), which is used by micro-organisms in
the digester to convert H2S to elemental sulfur deposits (Díaz
et al., 2011). Iron-based salt solutions are also used, with the
effect of precipitating iron sulfide. These techniques are effective
for reducing H2S concentration in the produced biogas;
however, the extent to which they may be effective to reduce
other trace sulfur compounds is not fully understood. One study
has found that while iron chloride successfully reduces H2S and
several volatile organic sulfur compounds from biogas (Park
and Novak, 2013); meanwhile, another study noted that the
volatile compound dimethyl sulfide is not affected (Andersson,
2004).

Techniques for bulk H2S removal from biogas are
technologically mature and well-studied, and readers are
referred to the review by Abatzoglou and Boivin (2008) for a
detailed overview. These would apply to any biogas pre- or post-
desulfurization for biochemical methanation. In broad terms,
bulk H2S removal can be achieved by adsorption onto activated
carbons (unmodified/virgin or modified by chemical
impregnation, with the modified carbons achieving
significantly higher capacity), onto iron oxide materials, or by
reaction in biological processes such as bio-trickling filters.
Solvent-based solutions (for example, alkaline aqueous
solutions) would not be considered advantageous for a Power-
to-CH4 process, as they remove significant amounts of CO2 from
the biogas in addition to H2S.

Siloxane removal from biogas has been reviewed by several
authors (Ajhar et al., 2010; Soreanu et al., 2011; de Arespacochaga
et al., 2015) and it is generally achieved with ambient
temperature, solid sorbents. This predominantly includes
activated carbons, where siloxane capacity is correlated with
larger BET surface area and with larger pore volumes of pores
>0.7 nm (Cabrera-Codony et al., 2014). Other sorbents such as
silica gels, zeolites, and alumina have also been used.

The removal of trace sulfur compounds from biogas is not as
well studied as H2S removal. Here, work done on deep
desulfurization of natural gas for fuel cells is helpful. The
sulfur compounds dimethyl sulfide (DMS), carbonyl sulfide
(COS), and carbon disulfide (CS2) are particularly difficult to
remove using ambient temperature sorbents (Dannesboe et al.,
2019). Activated carbons incorporating transition metals such as
iron (Fe) (de Aguiar et al., 2017) or copper (Cu) (Barelli et al.,
2015) can be effective for this, as can certain zeolites if the biogas
is maintained relatively dry (Calbry-Muzyka et al., 2019a).

It should be taken into account that the presence of other
compounds in biogas, moisture (Calbry-Muzyka et al., 2019b)
and large VOCs (Kajolinna et al., 2015) especially, can have a
competitive effect with the impurities targeted by certain
sorbents, causing a much earlier breakthrough of the target
impurities than expected.

Apart from low-temperature sorbents, which are operationally
simple but can suffer from strong competitive effects from other

FIGURE 1 | Broad overview of biogas cleaning steps which may be needed, depending on the biogas source, for Power-to-CH4 conversion of biogas. Biogas
cleaning needs for bio-chemical methanation are dictated by natural gas grid purity requirements rather than the methanation process.
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biogas contaminants, high-temperature catalytic/adsorption
processes should also be considered for catalytic methanation.
Hydro-desulfurization catalytic processes as used in the oil and
gas industry can be used to convert organic sulfur compounds to
H2S, after which the produced H2S can be retained by a high-
temperature sorbent (such as zinc oxide, ZnO). This has been
suggested as a possible solution to trace sulfur compounds in the
review of Lanzini et al., (2017) on biogas cleaning for fuel cells, and
it has been demonstrated in field tests for fuel cells in several past
projects (He et al., 1997; Spiegel et al., 2003). In these projects, one
ormore cold sorbent steps are nevertheless used before the catalytic
steps, for siloxane and/or VOC removal. However, there have been
successful demonstrations of siloxane removal by high-
temperature (400°C) alumina (Finocchio et al., 2008), indicating
that it may be possible to do a full clean-up at elevated
temperatures. For future biogas Power-to-CH4 projects using
catalytic methanation, it would be important to demonstrate
that hydro-desulfurization processes can be controlled well
under variable sulfur concentrations in the biogas, in particular
by testing different H2 feed rates to the hydro-desulfurization step.
Alternatively, a ZnO based sorbent with promoters, operated at
400°C in presence of H2, was able to protect a methanation catalyst
for 1,000 h from any deactivation (Dannesboe, 2019).

Costs
The costs of gas cleaning techniques are also a key factor for
biogas Power-to-CH4 projects. Abatzoglou and Boivin
estimated that biogas can be treated for bulk H2S removal
for $0.03 USD/Nm3 using iron-based or activated carbon
sorbents (Abatzoglou and Boivin, 2008). In a study of H2S
and siloxane removal from biogas to protect a fuel cell, it was
estimated that biogas cleaning would cost from 0.04–0.10
€/Nm3 of biogas where H2S removal accounted for 46–65%
of capital costs and 75–95% of operating costs for a starting
H2S concentration between 200 and 3,000 ppmv (de
Arespacochaga et al., 2013). Similarly, a separate study of
the costs of biogas cleaning for fuel cells estimated gas
cleaning at $0.018 USD/kWhe (Papadias et al., 2012),
corresponding to $0.06 USD/Nm3 of biogas with 60%v CH4

content. Although these are only a few studies, they can be used
as an estimate of the costs of bulk H2S removal (for
biochemical methanation) and of deep biogas cleaning (for
catalytic methanation), especially at large scale.

Learning From Monitored Field Tests
The key difficulty with using lab-based results to inform a choice
of biogas cleaning technology for any system scale-up is that real
biogas—in comparison to lab-based model gas mixtures—varies
strongly in trace contaminant concentration site-to-site and day-
to-day. This means that field-based demonstrations, where biogas
comes from a real biogas source, are essential to understanding
and validating gas cleaning processes.

The ability to monitor and quantify key compounds, ideally
online, is not straightforward at these low concentrations. Often,
gas sampling is performed on-site for off-site analysis of trace
compounds, which carries the risk of analyte loss, with no single
sampling vessel type (bags, containers, adsorption tubes) having

been found to be appropriate for all biogas contaminants
(Arrhenius et al., 2017). This necessarily leads to a piecemeal
approach, where only a subset of compounds is measured, often
non-continuously.

Then, many field tests are performed to demonstrate a
technology which comes downstream of any gas cleaning
process, which means that the gas cleaning step is
intentionally oversized with large safety factors to ensure that
the downstream unit is not harmed. However, this then makes it
difficult to accurately represent the capacity of sorbent-based gas
cleaning systems, where the accumulative nature of the process
means that the capacity will not be known until a breakthrough
has occurred.

Testing of biogas cleaning units until full breakthrough can
bring significant insight into the performance and failings of the
system under real conditions. From field tests in biogas, it has
been shown that iron-based sorbents are able to remove H2S at
efficiencies >98% despite inlet concentrations varying from 104 to
1,852 ppmv (de Arespacochaga et al., 2013), that high levels of
moisture can reduce a promising zeolite-based sorbent’s trace
sulfur capacity to nearly zero (Calbry-Muzyka et al., 2019a), that
non-H2S sulfur compounds such as carbonyl sulfide (COS),
carbon disulfide (CS2), and dimethyl sulfide break through
desulfurization steps much earlier than H2S (Calbry-Muzyka
et al., 2019a; Dannesboe et al., 2019), and that siloxanes
(especially the light siloxanes L2-L4) can be measured to break
through activated carbon beds much earlier than expected from
single-contaminant lab tests due to the competitive presence of
other volatile organic compounds in real biogas (Arnold and T.
Kajolinna, 2010).

The coupling of competitive adsorption between the many
dozens of biogas trace compounds and of the concentration
fluctuations of specific compounds can be understood, along
with their effect on adsorptive biogas cleaning techniques, by
the example in Figure 2. Here, a two-stage biogas cleaning
process is used: 1) bulk H2S removal using a commercial
sorbent based on copper oxide (CuO); 2) trace sulfur removal
using a commercial sorbent based on a ceramic-activated-carbon
composite. The biogas, which originated from agricultural, food,
and green wastes, contained no detectable siloxanes. H2S was
monitored online using a portable gas chromatograph (GC) with
thermal conductivity detector (TCD) (microGC-TCD, see
method details in Calbry-Muzyka et al., 2019a). The remaining
sulfur compounds were monitored online as total sulfur using a
sulfur chemiluminescence detector (SCD) (Calbry-Muzyka et al.,
2019b). This field test was performed to evaluate the gas cleaning
alone; no methanation reactor was used downstream. This
allowed a full study of the breakthrough behavior.

Although no H2S breakthrough was ever detected in this test,
management of trace organic sulfur compounds was muchmore
difficult. Even though the sorbent for trace sulfur removal had
been chosen based its good desulfurization performance in lab
studies using variable gas humidity and variable concentrations
of VOCs in the feed gas, its performance in the field was
significantly impeded. The breakthrough plot in Figure 2
shows a clear concentration roll-up effect, where the
concentration at the bed outlet exceeds that at the bed inlet.
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This indicates a competitive adsorption effect, for example from
much higher concentrations of VOCs than had been expected in
the gas. As result, practically all organic sulfur adsorbed in the
first 20 h is desorbed between 36 and 48 h of test duration.
Events such as these must be avoided when scaling up
methanation technology. For this reason, field testing of
biogas cleaning steps with monitoring and with a bypass of
downstream catalytic reactors must be done to demonstrate
robustness to real biogas.

SYNTHESIS AND UPGRADING OF
BIOMETHANE

The production of biomethane downstream of the gas cleaning
consists of at least two steps: the main conversion and the gas
upgrading leading to injectable gas. A prerequisite for these two
processes is the supply of cleaned biogas and of hydrogen; further,
a good integration of all processes is needed to improve plant
performance and to minimize costs.

As discussed in the last section, the quality of biogas is
changing over time; moreover, also the biogas production
itself shows (e.g., seasonal) fluctuations depending on the plant
and the feedstock availability. On the other hand, renewable
electricity production as well as the electricity price strongly
depend on varying and sometimes even stochastic phenomena
such as the weather and the interplay between supply and
demand. This results in the desire to, at least partly, adapt the
hydrogen production by water electrolysis according to the
electricity prices. This explains why many Power-to-Gas
projects apply PEM-electrolysis that specifically was developed
for fast load changes. The biogas production however follows
other time patterns.

In the short term, the discrepancy can be solved by a hydrogen
tank at intermediate pressures close to the pressure of the
electrolysis (30–50 bar) to avoid additional compression (Gorre
et al., 2020). The tank allows decoupling of the hydrogen
production and its consumption for several days. A
methanation technology comprising deep part load and at

least moderately fast load changes allows for smaller hydrogen
tanks or for longer transitory periods. Some biogas plants also
have intermediate gas storages that allow them to store the
produced gas for a few hours.

To overcome longer periods of unavailability or high costs of
hydrogen, an even more flexible plant integration is needed. A
recent study showed that the same membrane system can be
used for two modes of operation of a biogas Power-to-Gas plant:
as upgrading for the product enabling H2 recycle in case of
direct methanation of biogas in times when cheap renewable
electricity and H2 are available, or as classical biogas separation
system in other times. This allows to avoid the necessity to buy
expensive H2 in times when renewable electricity is scarce and
the hydrogen tank is not sufficient to close the gap. Moreover,
such a system also represents a back-up solution for
uninterrupted biomethane production in times of
maintenance or operation stop of electrolysis or methanation
(Gantenbein et al., 2020).

Another important aspect of plant integration is the use of
heat flows. Both electrolysis and methanation are exothermic; the
optimal use of these heat flows depends however on the available
temperature level. Alkaline and PEM electrolysis as well as
biological methanation operate at moderate temperatures of
30–65°C which limits the heat use to (pre-)warming of
digesters etc. Higher temperature heat demand, e.g., for des-
infective treatment of feedstock or to reach the required
temperature level in digesters or for regeneration in sorption
based gas up-grading plants, can be supplied by catalytic
methanation operating at >300°C (see next section).
Alternatively, the high temperature heat of methanation
reactors can also be used to raise steam for solid oxide
electrolysis, which allows for a significantly higher efficiency of
the electrolysis step and therefore of the overall process
(Dannesboe, 2019).

Methanation
The reaction of CO2 with H2, detected by Sabatier and Senederens
in 1902, is strongly exothermic and limited by thermodynamic
equilibrium:

FIGURE 2 | Example of the use of a field test to evaluate the capacity of sorbents for trace sulfur compounds in biogas. The biogas was produced from agricultural
waste and food/green waste and contained undetectable levels of siloxanes. (A) Shows a schematic representation of the biogas treatment steps, and (B) shows the
resulting total sulfur measurements after different stages of biogas treatment.
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CO2 + 4H2 ↔CH4 + 2H2O, ΔHr � −165 kJ/mol.

This implies that the heat of reaction has to be removed to allow
for high conversion. The presence of CH4 from the raw biogas
dampens the temperature increase compared to reactors fed with
pure CO2 and H2; however, hot spots of up to 680°C can easily be
reached in adiabatic reactors.

Furthermore, the methanation reaction needs to be
catalyzed, by either suitable microorganisms or chemical
catalysts such as nickel, ruthenium, iron etc. This
necessitates appropriate contact between the reacting gases
and the solid catalysts or the microorganisms living in water
phase. Because of these two challenges (heat and mass transfer),
a number of different reactor concepts have been developed
(Götz et al., 2016; Rönsch et al., 2016; Schildhauer, 2016), see
Figure 3.

Biological Methanation
When microorganisms are used as catalysts, the reactor contains
a water phase, which serves both as the habitat for the
microorganisms and as the solvent for the nutrients necessary
for the growth of themicroorganisms, such as Na2S andNH3. The
microorganisms metabolize the CO2 and the H2; CH4 is then a
waste by-product. The water produced in the methanation
reaction adds to the volume of the water phase, i.e., the excess
has to be separated while not losing too much of the (expensive)
nutrients. Nutrient recovery is therefore an important research
topic (Hafenbradl, 2020). The heat of reaction is produced at the
temperature level that is suitable for the microorganisms
(35–70°C). To avoid overheating of the reactor, the water
phase easily can be cooled either internally by immersed
cooling coils or in an external heat exchanger fed with cooling
water, which limits the further use of this heat flow. On the other
hand, biological methanation reactors have to be protected from
freezing during winter.

The big challenge for biological methanation is to provide
sufficient contact between the gas phase and the water phase.
CO2 dissolves to some extent in water; H2 however only very

weakly. Therefore, the reactor systems developed so far try to
maximize gas-liquid interface area by applying stirred bubble
columns. These induce additional energy consumption of
2–2.5% of the electricity used in the electrolysis, leading to
an efficiency loss of the same order of magnitude (Heller, 2016;
Hafenbradl, 2020).

As an alternative, counter-current trickling bed reactors are
under development (Rachbauer et al., 2016) that allow large gas-
liquid interfaces without stirring. Instead, the pump for the
recirculation of the liquid has to be operated.

Catalytic Methanation
While biological methanation was investigated to some extent
already in the 1970s and reconsidered a few years ago, catalytic
methanation has been continuously used since decades and
further developed. Methanation of small traces of carbon
oxides in the H2 flow to ammonia synthesis reactors is state of
the art; further catalytic methanation for the production of
synthetic natural gas (SNG) from coal gasification gas has
been scaled-up to the GW-scale and is still in operation in the
US and especially in China (Schildhauer, 2016). Decentralized
methanation of biomass-based gas streams has been under
development since nearly 20 years, especially for the
conversion of wood gasification based gas (Rabou and Bos,
2012; Held, 2016; Rabou et al., 2016; Schildhauer, 2016;
Schildhauer and Biollaz, 2016; Thunman et al., 2018). Since
about 10 years, the methanation of CO2 and biogas for Power-
to-Gas applications has been considered (Specht et al., 2016).

Catalytic methanation proceeds at temperatures above
200–300°C on supported metal catalysts, where an active
metal, for example nickel or ruthenium, is distributed over the
large (inner) surface of porous ceramic support materials such as
alumina and silica. Well performing commercial catalyst exist
since more than 50 years; a recent article reviews the progress in
synthesis of suited catalysts for CO2 methanation (Lv et al., 2020).
The challenge in catalytic methanation reactors is to remove the
significant heat of reaction from the reactor to avoid catalyst
sintering and conversion limitation due to the thermodynamic

FIGURE 3 | Important methanation reactor concepts: (A) Cooled fixed bed (left), (B) Catalytic bubbling fluidized bed (middle), (C) Stirred bubble column for
biological methanation (right).
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equilibrium. The high temperature level allows the recovery of
two heat flows at favourable temperature levels: the heat of
reaction (above 250–300°C) and the heat of condensation of
the produced water (depending on the pressure level, but
usually above 150°C), see (Witte et al., 2018a).

For the classical reactor system, the adiabatic fixed bed reactor,
a temperature increase to a certain level (550°C or 700°C
depending on the applied catalyst) is considered acceptable,
and is controlled by the recirculation of cooled product gas.
As the temperature increase impedes full conversion, one further
reactor and at least one third reactor after condensation is
necessary.

In the last 2 decades, cooled fixed bed reactors have been
developed (e.g., Hashimoto et al., 1999; Specht et al., 2016) that
allow the removal of the heat of reaction in the reactor and to
realize a temperature profile that favors high conversion, also by
different cooling zones (Specht et al., 2016; Moioli et al., 2019). To
avoid high pressure drop, catalyst particles in the range of a few
millimetres diameter are usually used. As the radial heat transfer
in reactors filled with coarse catalyst particles is limited, several
fixed bed reactor concepts with high internal heat transport by
thermal conduction have been developed. The necessary large
amount of conducting metal is implemented in the reactors either
as wrapped metal monoliths or by metal plates which form
channels in the sub millimetre range (LeViness et al., 2014;
Dittmeyer et al., 2017; Bengaouer et al., 2018; Neuberg et al.,
2019; Chwoła et al., 2020) that are coated with catalyst or filled
with catalyst powder. Further, metal foams (Frey et al., 2016;
Bengaouer et al., 2018) and static mixer type packings
(Schildhauer et al., 2009; Sudiro et al., 2010) and recently also
3D printed metal structures are discussed (Danaci et al., 2018).

A completely different approach is followed by reactor systems
that allow the movement of the catalyst by fluidization, either in
the up-flowing gas stream (bubbling gas-solid fluidized beds,
Friedrichs et al., 1985, Schildhauer and Biollaz, 2016) or in an
inert liquid with fine, suspended catalyst powder (three-phase
gas-liquid-solid bubble columns, Frank et al., 1976; Lefebvre et al.,
2015). The advantage of the fluidization is dual: 1) due to the
movement of the catalyst particles, the heat production is spread
over the complete volume of the reactor where it can be removed
by immersed heat exchangers; 2) due to the movement, the local
heat transfer rate to the immersed surface is increased. As a result,
both reactor types operate close to isothermal conditions and
allow for relatively fast load changes (in the range from 30 to
100%, Friedrichs et al., 1985) without significantly changing
temperature profiles and thus without the connected thermal
stress to the catalyst. The challenges in the bubble column reactor
is the low gas-liquid mass transfer (similar as in most biological
reactors). For the bubbling gas-solid fluidized bed reactor, a
sufficiently stable catalyst has to be applied to avoid loss of
catalyst material due to attrition.

Upgrading
The regulations for unlimited injection of biomethane into the
gas grid differ over Europe. While in the North-West of Germany
and in the Netherlands, natural gas from the Groningen field with
a relatively low CH4 content dominates, in most part of Europe,

CH4 contents for injected gas of >96% are mandatory. A further
differentiation is caused by the limitations with respect to residual
H2 content, which is 5% in Spain, 2% in Germany and
Switzerland and even below 0.5% in Italy.

Most reactor concepts do not or not easily allow for full
conversion with low residual H2 contents, either due to mass
transfer limitation (biological stirred tank reactors or catalytic
gas-liquid-solid bubble columns) or to thermodynamic
equilibrium at the temperatures necessary for sufficient
catalytic activity (all catalytic reactors). In case of mass
transfer limitations, lower gas throughput helps, but leads to
larger reactor volumes (Hafenbradl, 2020). For catalytic reactors,
the necessary gas quality can be achieved by either a reactor zone
with low temperature and an (expensive) low temperature-active
noble metal catalyst (Moioli et al., 2019), or by condensation to
remove water and a second reactor (Specht et al., 2016; Witte
et al., 2018a; Dannesboe, 2019; Guilera et al., 2019) which
however necessitates a further heat exchanger system.

An alternative that can be used for any reactor system is the
use of a membrane that separates unreacted H2 and CO2 from the
CH4. For this, commercial biogas-upgrading membranes can be
used. In state of art polymeric membranes, most of the product
CH4 stays on the high pressure side of the membrane (retentate).
Humidity and a fraction of the CH4 permeate together with H2

and CO2 to the low-pressure side of the membrane and have to be
recycled to the reactor to avoid loss of valuable H2 and CH4.

Due to the low residual amounts of H2 and CO2 after well-
performing catalytic reactors (below 10 and 2%, respectively
(Specht et al., 2016; Witte et al., 2019), the permeate can
consist of CH4 up to more than 60%. This raises the question
of cost optimization as the CH4 recompression is connected to
operational costs and higher capital costs that add to the
membrane costs. Witte et al. (2018b) compared the costs of a
co-current membrane system to the costs of a second catalytic
reactor and did not find a significant difference based on the
available cost information from literature. A recent experimental
study showed however that counter-current membrane operation
allows for smaller membrane areas and/or lower pressure
gradients which opens room for further optimization
(Gantenbein et al., 2020).

Successful Long Duration Tests
In the last years, a number of long duration tests (mostly at a
Technology Readiness Level of 5) were conducted in Germany
(Heller, 2016; Specht et al., 2016), Denmark (Dannesboe, 2019;
Hafenbradl, 2020), Spain (Guilera et al., 2019), Austria
(Rachbauer et al., 2016) and Switzerland (Witte et al., 2019) to
demonstrate the technical feasibility of direct methanation of real
biogas. These tests cover several reactor concepts (catalytic:
cooled fixed bed (Specht et al., 2016), fluidized bed (Witte
et al., 2019), micro-structured heat exchange reactor (Guilera
et al., 2019); biological: stirred bubble columns, trickle bed
(Heller, 2016; Rachbauer et al., 2016; Hafenbradl, 2020) and
biogas sources. Table 1 gives an overview of the tests for
which detailed public information is available.

The volume of the main reactor ranges from around few liters
(catalytic) to several cubic meters (biological), while the produced
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TABLE 1 | Overview long duration testing of direct biogas methanation.

Company/
Institution

Solarfuel/etogas
(today: Hitachi
Zosen inova)

Paul Scherrer Institut Haldor Topsøe A/S Ineratec GmbH Electrochaea Microbenergy University for natural
resources and life
sciences (Boku),

Vienna

Location of pilot
plant

Hessen, Germany Zürich-Werdhölzli Switzerland Foulum, Denmark Sabadell, Spain Avedøre, Denmark Allendorf, Germany Tulln, Austria

Raw gas source Anaerobic digestion Commercial anaerobic digestion of
sewage sludge and green waste

Anaerobic digestion of
agricultural waste and

manure

Commercial anaerobic digestion
of sewage sludge

Commercial anaerobic
digestion of sewage

sludge

Commercial anaerobic
digestion

Pilot scale anaerobic
digestion of manure

and sucrose
Reactor type 2 cooled tubular fixed

bed in series with
intermediate
condensation

Bubbling fluidized bed 2 cooled tubular fixed
bed in series with

intermediate
condensation

2 micro-structured heat
exchange reactors in series with

intermediate condensation

Stirred bubble column Stirred bubble column Countercurrent trickle
bed

Technology
readiness level

5 5 5 5 7 7 3–4

Catalyst Nickel/alumina 860 g Nickel/alumina Nickel/alumina 105 g of Ni/CeO2/alumina,
400–500 μm, diluted with SiC

Specific archaea type Mixed micro-
organisms

Mixed micro-
organisms

Cooling system Double shell with
thermooil plus gas

recycle loop

TRL 5: Cold air in double shell; pilot
scale: Thermooil

Boiling water Water evaporation 1st stage, air
cooling 2nd stage

Cooling water Cooling water External cooling of
recirculated liquid

Reactor
temperature

250–550°C 320–360°C 280–680°C 475–375°C (1st), 375–275°C
(2nd)

60–65°C 60–70°C 37 ± 2°C

Reactor pressure 6 barg 6 barg 20 barg 2.5–8 bar, mainly 5 barg 10 bar 5–10 bar Ambient
H2/CO2molar ratio Ca. 4 3.95–4.2 3.75–4.15 4 Around 4 4 During 840 h: 3.7–4.1

During 672 h: 4.4–6.7
Additional CH4

production
14 kWHHV 0.6–0.84 Nm3/h � 6.6–9.2 kWHHV 4 Nm3/h � 45 kWHHV Ca.1.4 Nm3/h � 15.4 kWHHV 50 Nm3/h � 550 kWHHV 15 Nm3/h �

165 kWHHV

0.6 L/h � <0.01 kWHHV

CH4 concentration
after main reactor

Unknown 85–90% CH4 94.6% 72.66% >97% >98% 94–99%

CH4 concentration
after upgrading

>91%, <4% H2 97%, <2% H2 97.9%, <2% H2 93.48%, <5% H2 No upgrading No upgrading No upgrading

Volume main
reactor

Few liters catalyst <1 kg catalyst, ca. 2 L volume;
total reactor: 13 L

Length 2.3 m, diameter
not disclosed

2 reactors of 29.5 cm × 15 cm ×
33.5 cm � 2 × 14.8 L

Ca. 7 m3 (3600 L liquid) 5 m3 Length 1.5 m, 8 cm
diameter; ca. 7.5 L

content
Type upgrading Condensation and

second reactor
Polymer membrane and H2 recycle Condensation and

second reactor
Condensation and second

reactor
None None None

Duration of test Unknown (several
weeks)

1150 h 1,000 h Unknown >500 h Several 1000 h
experience

>1500 h

Gas cleaning
measures

“Fine gas cleaning”, no
further information

Drying at 4°C, cold sorbents:
Mixed metal oxides, active carbon
functionalized with metal oxides,
metal oxide on high surface

support

Bio-trickling filter, active
carbon, hot ZnO with

promoters

Drying at 5°C; active carbon
filters at ambient condition,
active carbon at elevated

pressure and ZnO at 250°C

Unknown Unknown None

Steam addition Yes Yes: CO2/H2O � 2:1 None 0.5% O2 and 2,000 ppm H2O �
<1% steam

None None None

Additional
information

Electricity consumption
stirrer 3 W/l � 1.3–2.5%
of electrolyser-input

Electricity consumption
stirrer 2–2.5% of
electrolyser-input

Refs. Specht et al. (2016) (Witte et al., (2019), Calbry-
Muzyka et al. (2019a)

Dannesboe (2019) Guilera et al. (2019) Hafenbradl (2020) Heller (2016) Rachbauer et al. (2016)
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CH4 ranges from 6.6 to 550 kWHHV (Hafenbradl, 2020). Due to
the limited information available, a clear order of methanation
capacity per reactor volume is not possible, but the catalytic
reactors outperform the biological ones by about one order of
magnitude.

Nickel-based catalysts dominate in catalytic reactors, while
both specialized archaea and mixed cultures are used in biological
plants. The operation conditions with respect to H2 to CO2 molar
ratio (around the stoichiometric value of 4) and pressure
(5–10 bar) are quite similar in all reactors; only the fixed bed
reactor concept by Haldor Topsøe A/S operates at 20 bar
(Dannesboe, 2019).

The temperature range is very specific for each reactor type
where the difference of the reactor concepts leads to diverse
temperature range situation. The biological reactors operate at
the temperature range suitable for meso- and thermophilic
microorganisms at 35–65°C leading to the above mentioned
limitations of using this heat. The catalytic reactors with very
high internal heat transport properties (microchannel reactor,
Guilera et al., 2019) show relatively flat temperature profiles with
maximum 100 K gradient, while the fixed bed reactors are
characterized by a hot spot above 550°C at the reactor inlet
(Specht et al., 2016). The fluidized bed proved to be nearly
isothermal around 350°C (Witte et al., 2019).

Unfortunately, not all projects explain their gas cleaning in
detail, but the well-described ones are quite different due to the
varying biogas sources. In the test in Zurich, Switzerland, mixed
gas from sewage sludge digestion (80%) and green waste digestion
(20%) was converted, which has a moderate level of terpenes and
siloxanes, but a significant amount of organic sulfur species
(Witte et al., 2019). Here, a combination of cold adsorbers
with metal oxides and impregnated activated carbon reached
the goal to keep sulfur concentrations in the feed to the catalytic
methanation significantly below 1 ppmv (Calbry-Muzyka et al.,
2019a). In Foulum/Denmark, biogas from digestion of
agricultural waste and manure was used (Dannesboe, 2019).
The gas cleaning concept consists of a bio-trickling filter with
oxygen addition, active carbon at ambient temperatures and a
promoted ZnO bed at elevated temperatures. The plant in Spain
applied activated carbons at two pressure levels and a hot ZnO
bed (Guilera et al., 2019).

All of the reactors were operated for several hundreds to more
than 1,000 h and reached the necessary gas quality for the
injection into the local gas grid, for which the conditions
differ significantly within Europe. Most catalytic process
concepts include an upgrading step, either a second reactor
after intermediate condensation or a membrane to recycle
unreacted gas, especially H2. Biological reactors can reach the
necessary gas quality in one step due to the favourable
thermodynamics at low temperatures, when the throughput is
not too high, i.e., the reactor is sufficiently large.

DISCUSSION

This overview of different process concepts for direct
methanation of biogas shows very different answers to the

three main challenges in this process chain: management of
impurities in the raw biogas, heat removal in the main reactor
(where the exothermic reaction takes place), and up-scaling
options and market implementation.

Gas Cleaning
The impurities in the biogas strongly depend on the feedstock and
the chosen operation conditions. While siloxanes are the
challenge in the otherwise relatively clean gas from anaerobic
sewage sludge digestion, green waste digestion increases the
amount of aromatics and terpenes. Although terpenes
themselves are not necessarily a problem in the catalytic
methanation reactors, they can impede the removal of sulfur
species in adsorption beds. With respect to sulfur species, it is
reasonable to expect, besides significant amounts of H2S, up to a
few ppmv of carbonyl sulfide and organic sulfur species
(mercaptans and thioethers). The latter is no problem in
biological methanation, but is detrimental to catalyst stability
in catalytic methanation. Therefore, thorough non-H2S sulfur
removal to the sub-ppm level is absolutely necessary. To avoid
high specific costs, the processes developed for small-scale biogas
methanation do not utilize the gas cleaning steps as found at large
scale in refineries and coal gasification plants, but rather use gas
drying at low temperatures combined with several sorbents based
on activated carbon and metal oxides, partly at elevated
temperatures.

Due to the varying composition of the biogas, no standard gas
cleaning solution seems to have been developed so far. Further
development in this field and cost optimization will be necessary,
accompanied by developing standard methods for analytics. The
latter is needed both for determining the biogas composition to
control the H2/CO2 molar ratio, and for impurity measurement.
Finally, it was shown that long duration tests of the chosen gas
cleaning measures with the real gas (and thus with the varying
concentrations of impurities) are of utmost importance to verify
the gas cleaning performance.

Concepts for Methane Synthesis and
Upgrading
The challenge of removing heat from the methanation reactor has
led to a relatively large number of reactor concepts, of which
several have been tested at TRL 5 or greater for direct
methanation of real biogas. Reactors with liquid hold-up or
moving catalyst particles, i.e., the biological and the fluidized
bed reactors, allow for nearly isothermal operation. Reactors with
fixed catalyst beds experience significant temperature gradients
and hot spots, which might lead to catalyst damage and
necessitates measures such as recirculation cooling. Strong
temperature gradients can be a problem when changing the
gas load, as then the temperature profile moves within the
reactor. In such cases, too fast local temperature changes have
to be avoided in order not to compromise the catalyst stability.
While solutions for fast load changes (within few minutes) are
discussed in the scientific literature (Bremer et al., 2017; Kreitz
et al., 2019; Theurich et al., 2019), in reality a tank for H2 storage
can significantly dampen this necessity. To limit the size of this
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H2 tank, however, relatively low part load or even simple stop and
restart of the methanation reactor operation are helpful. Here,
biological methanation reactors have shown an impressive ability
to interrupt for hours the H2 feed without any problem
(Hafenbradl, 2020).

All process concepts discussed here allowed the attainment of
the gas quality (minimum CH4 content, maximum H2 content)
necessary for the injection into the respective local grid, which is
easier to achieve in areas such as the north-west of Germany and
in Spain (<5% H2) than in areas such as Switzerland or the south
of Germany (<2% H2). Biological methanation reactors at
moderate throughput reach this gas quality due to low
operating temperatures and the inherent, favourable
thermodynamics, without further upgrading (besides the
drying and odoration steps that are mandatory for all
processes). Catalytic reactors need an intermediate
condensation step and a second reactor or a membrane for
recirculation of unreacted gas; in other words, compared to
biological methanation, more units are needed. On the other
hand, the higher temperature level in catalytic reactors enable the
further use of the heat of reaction and the heat of water
condensation, which improves the potential synergies with the
biogas plant, the overall efficiency and therefore the process
economics.

Costs
Generally, Power-to-Gas plant costs are dominated by the
electricity costs and the capital costs of the electrolyser (Witte
et al., 2018b). The costs of electrolysers are expected to decrease
markedly in future: studies estimate the average costs of alkaline
electrolysers at 1,300 €/kWel in 2017 dropping to <500 €/kWel by
2050, of PEM electrolysers at 1,900 €/kWel in 2017 dropping to
500 €/kWel in 2050, and of high-temperature electrolysers at
3,570 €/kWel in 2017 dropping to 535 €/kWel in 2050 (Thema
et al., 2019). Costs of biogas cleaning to a level acceptable for
methanation have been estimated in the range of 0.03–0.10
€/Nm3 of biogas, as discussed earlier in section “Costs”.

In the methanation step itself, capital costs for the reactor, the
compressor and heat exchangers have the most significant impact
as well as the electricity costs for stirrers and compressors.
Different from electrolysers, the specific costs of these units
are strongly depending on the plant size with a tendency that
they decrease by a factor of more than two for a ten times larger
plant. It therefore does not make sense to indicate absolute
numbers for the general discussion, while it is possible to
consider the differences between the respective technologies.

To withstand the temperatures or the corrosive potential of
CO2 dissolved in water, all methanation reactors require a
stainless steel system at elevated pressure (at least PN 16),
therefore the number and size of the reactor(s) and heat
exchangers has direct importance for the costs. Here catalytic
reactors with limited heat transfer (fixed beds) and biological
reactors are at a disadvantage in comparison with, for example,
fluidized beds. Compressor costs can be minimized by lower
pressure drop through the reactor, and by lower recirculation
rates, for instance by improved heat transfer in externally cooled
fixed bed reactors, or due to more selective membranes in case of

membrane based upgrading. Stirrer costs in biological reactors
can be optimized by well-designed gas injection systems; due to
the disadvantageous scaling rules for the energy consumption of
stirred tank reactors, the stirring requirements might however
limit the feasible diameter of this reactor type. Furthermore, the
direct methanation of biogas itself has already an energy
advantage over state-of-the art biogas Power-to-Gas plants, as
these first separate the CO2 from CH4 before feeding to the
methanation unit, which represents a continuous energy loss.

So far, a consistent, detailed cost comparison for the overall
process (total cost of ownership) for biological and catalytic
methanation is missing; only the cost differences between
catalytic fixed bed and fluidized bed processes have been
investigated (Witte et al., 2018b), showing a slight advantage
for fluidized bed reactors over cooled fixed beds. From this
comparison and the aspects above, it can be expected that the
real cost differences will only be known once demonstration
plants of each technology have been built and operated for
several years.

Upscaling and Market Implementation
To reach the demonstration phase (TRL 8), most technologies have
to undergo upscaling. While stirred bubble columns for biological
methanation have been built up to 350 kWHHV,CH4 (TRL 7),
biological trickle bed reactors have not yet reached the pilot scale
(TRL 6,7). In Dietikon, Switzerland, planning and initial
construction work is ongoing for a stirred biological reactor from
microbenergy that will convert the H2 from a 2.5MWel electrolyser.
At this site, there exists not only a waste water treatment plant
delivering the biogas, but also a source of renewable electricity which
can be used without paying a grid use fee.

Several catalytic systems have been extensively tested for
methanation of pure CO2 or producer gas from wood
gasification: Adiabatic fixed bed reactors at 20 MWHHV,CH4 in
the GoBiGas plant (Held, 2016); cooled fixed bed reactors at
3 MWHHV,CH4 in Werlte/Germany (Specht et al., 2016); catalytic
fluidized bed reactors at 1 MWHHV,CH4 in Güssing/Austria (EU-
project BioSNG, Schildhauer and Biollaz, 2016); catalytically
coated monoliths at >500 kWHHV,CH4 and micro-structured
heat exchanger reactors at up to 90 kWHHV,CH4 within the EU
project Store and Go Roadmap (2019). Based on this experience,
it will be possible (but has not yet been realized) to test these
reactor types in pilot scale with biogas and to demonstrate their
options for flexible load gradients and low part load. Additionally,
the interaction of methanation reactors with upgrading
membranes needs further investigation. Therefore, an
important gap on the way to market implementation is the
erection and operation of demonstration plants, which under
the current market situation (high price for renewable electricity
including grid use fees, too low value of renewable gas) needs
support measures.

OUTLOOK

When comparing different Power-to-Methane process concepts,
the direct methanation of biogas is closest to economic feasibility
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as it combines the conversion of (relatively expensive) renewable
H2 with the upgrading of (relatively cheaper raw biogas) to
valuable biomethane. This is an important advantage over
schemes that work with CO2 which must first be separated
from biogas, air or flue gas (Biollaz et al., 2017). With respect
to life cycle green house gas emission, direct methanation
outperforms the methanation of CO2 separated from biogas
(Zhang et al., 2020) due to the avoided effort. This is
especially significant, if a pressure swing adsorption was used
for the CO2 separation because of its relatively high methane
emissions. Still, due to the absence of noble metal catalyst or
similarly rare materials in the methanation and gas cleaning, the
life cycle greenhouse gas emission are completely dominated by
the electrolysis and to the largest extent by the CO2 intensity of
the used electricity.

While most biogas plants are relatively small with scales of 1 to
few MW, there is generally a large number of waste water
treatment plants that are close to the natural gas grid. In
addition, the number of biogas plants with green and
agricultural waste and manure is increasing. At the same time,
the subsidies for electricity production from biogas are decreasing
in many countries, which further enlarges the potential market
for direct methanation of biogas.

To exploit this market potential, on the technical side the
most important steps are gaining a better understanding and
cost optimization of the gas cleaning as well as demonstration
plants for the different methanation and upgrading
technologies. In the coming years, the specifications with
respect to residual H2 in biomethane injected into the natural
gas network might move to higher values, which would facilitate

the operation of biogas production and decrease the upgrading
effort. On the economic side, besides more consistent
comparison of technologies at demo-scale operation, the
potential synergies within the biogas sites should be the
focus: the use of heat flows from the methanation plant for
the biomass handling, efficient high-temperature electrolysis or
neighbored plants; furthermore, synergies with respect to
services and trained staff; and finally flexibility options with
respect to time of electricity consumption.
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