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Abstract

Natural gas is an important commodity in the European energy market. The gasification of biogenic residues and the further
reaction to a methane-rich gas represent a promising concept for the production of synthetic natural gas on a fossil-free basis. This
paper investigates the thermodynamics of methanation in a fluidized bed reactor for different product gas compositions of the
dual fluidized bed gasification technology. The investigated product gases range from conventional steam gasification, over CO2

gasification, to product gases from the sorption enhanced reforming process. All investigated product gases from conventional
steam gasification show an understoichiometric composition and therefore require a proper handling of carbon depositions and a
CO2 separation unit downstream of the methanation reactor. The product gas from CO2 gasification is considered disadvanta-
geous for the investigated process, because it only exhibits a carbon utilization efficiency of 23%.Due to the high flexibility of the
sorption enhanced reforming process, a nearly complete methanation of the carbonaceous species is possible without the need for
a CO2 separation step or the addition of steam upstream of the methanation reactor. Furthermore, the carbon utilization efficiency
is found to be between 36 and 38%, similar to the results for conventional steam gasification. Temperature and pressure variations
allow a thermodynamically optimized operation, which can increase the performance of the methanation and lower the extent of
gas upgrading for grid feed-in. Additionally, if a higher hydrogen content in the natural gas grid would be allowed, the overall
process chain could be further optimized and simplified.

Keywords Thermodynamics . Fluidized bed methanation . Synthetic natural gas . Dual fluidized bed gasification . Biogenic
residues

1 Introduction

Increasing greenhouse gas emissions and the limited availabil-
ity of primary energy carriers directed the energy policy of the
European Union towards sustainable and innovative energy
technologies [1]. Natural gas is one of the most important
primary energy carriers in Europe, but its availability is heavi-
ly dependent on the non-European market. The production of
synthetic natural gas (SNG) from biogenic residues offers a
promising alternative to the utilization of fossil fuels and

represents a novel concept to support the current energy strat-
egy of the European Union [1, 2].

One possible process route is the dual fluidized bed (DFB)
gasification, which allows the utilization of locally available
residual biogenic or waste resources and offers possibilities
for the production of highly valuable secondary energy car-
riers on a fossil-free basis. Wilk [3] and Benedikt et al. [4], for
example, increased the fuel flexibility of the DFB process
towards residues and waste for two generations of a
100 kWth DFB gasifier at TU Wien, while Schweitzer [5]
and Schmid et al. [6, 7] further extended the feedstock towards
sewage sludge and manure. In addition, the combination of
the DFB technology with sorption enhanced reforming (SER)
enables the production of a nitrogen-free product gas with
adjustable hydrogen to carbon monoxide or hydrogen to car-
bon dioxide contents [8]. Before the product gas from the
DFB gasification process can be fed to the methanation unit,
rigorous gas cleaning is required in order to protect the
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downstream equipment and the methanation catalyst. Dust,
tar, as well as sulfur and nitrogen containing compounds need
to be removed. Gas cleaning is not further elaborated here, but
in [9] a comprehensive overview over different gas cleaning
strategies is provided. The exothermic methanation itself has
been carried out in adiabatic or cooled fixed bed reactors, fluid-
ized bed reactors, three-phase reactors, and structured reactors.
The only commercially available reactor types thereof are adia-
batic fixed bed reactors [10]. For this reactor type, many similar
process concepts were developed mainly between the 1960s and
the 1980s. All concepts consist of 2–7 adiabatic reactors with or
without intermediate gas cooling and/or gas recycling. Two
prominent representatives thereof are the TREMP and HICOM
processes. Both utilize three adiabatic reactors with intermediate
cooling and gas recycling. They are applied in various coal-to-
SNG projects in China, whereas an adapted TREMP process is
also installed in the biomass-to-SNG project GoBiGas in
Sweden [11]. In general, this reactor type shows disadvantages
in terms of heat management and resistance against carbon de-
positions on the catalyst. Especially, the heat evolution and
therefore the temperature peaks in the adiabatic reactors neces-
sitate a reactor cascade and increase the complexity of the pro-
cess setup [11, 12]. Simultaneously to fixed beds, research ac-
tivities concerning the development of fluidized beds as metha-
nation reactors started [13]. One of the most prominent fluidized
bed concepts is the COMFLUX process, which successfully
demonstrated the production of 20 MWSNG from coal. The
1 MWSNG fluidized bed methanation unit connected to the
DFB gasifier in Güssing on the other hand was developed by
the Paul Scherrer Institut (PSI) andwas the first demonstration of
a biomass-to-SNG process on a large scale [10]. Fluidized beds
can overcome the limitations imposed to fixed beds by their
inherently good heat and mass transfer. This results in nearly
isothermal operation conditions and an intrinsic catalyst regen-
eration [14]. However, high particle forces and therefore high
attrition rates have prevented the commercialization of fluidized
beds in catalytic methanation processes so far. Continued re-
search work is thus put into the development of appropriate
catalysts as reported in [15–17]. Other research groups focus
on the development of structured reactors. The catalyst is dis-
persed on thermally highly conducting structures, thus reducing
temperature hotspots. This concept, for example, was applied by
the Engler-Bunte-Institut for the load-flexible methanation of
gasifier product gas with additional hydrogen from electrolysis
[12] or by Biegger et al. [18] for a power-to-gas (PtG) concept
with a honeycomb methanation catalyst. The variety of reactor
types also explains the wide range of operation conditions in the
methanation reactor. Temperatures from 250 to 700 °C and
pressures from 1 to 87 bara have been applied. From a thermo-
dynamic point of view, the methanation is favored at low tem-
peratures and high pressures. A more comprehensive compari-
son of different reactor concepts can be found in literature
[10–13].

Depending on the composition of the raw-SNG after
methanation, different gas upgrading steps might be necessary
before the gas can be fed to the gas grid. In the case of DFB
gasification and the consecutive catalytic methanation, the
upgrading steps can include drying, CO2 separation, and H2

separation. Various kinds of CO2 separation technologies
have been proposed for this task. Heyne and Harvey [19]
compared membranes, pressure swing adsorption (PSA),
and chemical absorption with monoethanolamine and con-
cluded that chemical absorption results in the highest cold
gas efficiencies. Physical absorption is another method for
the removal of CO2. However, high pressures are usually re-
quired for these processes and Gassner and Maréchal [20]
showed that it is the least favorable option for allothermal
gasification processes compared with PSA and membrane
technologies. For the separation of H2, mainly membrane
technologies are proposed [19–21]. However, to the best of
our knowledge, no comparative study on H2 separation tech-
nologies for the investigated process has been carried out so
far.

In order to feed the generated gas into the Austrian gas grid,
the feed-in regulations must be satisfied. In Austria, the limits
for the most important accompanying substances are defined
at 4 vol.-% for H2 and 2 vol.-% for CO2. Limitations for other
trace substances and calorific properties are defined as well
but are not relevant to this investigation. The values are stan-
dardized in [22, 23]. Interestingly, there is no specification
mentioned for CO. This is due to the fact that the guidelines
were developed for natural gas and later extended to biogas
from biological methanation. Both sources do not contain CO
and therefore this issue has not arisen. However, for the SNG
production via the thermochemical pathway, a limit for the
CO content would be necessary to ensure a high quality gas.
This is an issue not only in Austria but also all around Europe,
since no threshold levels are defined as summarized in [24].
Currently, the discussion focuses on an increased H2 content
in the natural gas grids all around Europe [25]. Studies have
shown that up to 10 vol.-% of H2 in the natural gas grid has no
adverse effects on the grid and most applications [26, 27].
However, as long as this is not transferred to national or
European law, the strict limits—as defined before—must be
fulfilled. Therefore, an alternative is the generation of a CH4/
H2mixture, also referred to as hythane, which can be used as a
substitute for natural gas directly in industrial applications
without the need to feed it into the gas grid first [28].

In Güssing (Austria) and Gothenburg (Sweden), two plants
for the conversion of woody biomass to SNG were operated
on a large scale. Both concepts utilized a DFB gasification
process but applied different gas cleaning and synthesis steps.
In Gothenburg, an adapted four-step adiabatic fixed bed
methanation process with intermediate cooling was used
(TREMP process). Additionally, a water-gas shift reactor, a
pre-methanation reactor, and an amine-based CO2 separation
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unit were installed upstream of the methanation reactors. The
gasifier system was operated with a thermal fuel power of
32 MWth and therefore was the largest DFB gasifier built so
far. The DFB section was operated in total for 12,000 h with
wood pellets and later with wood chips and forest residues as
feedstock. During the operation, they identified some issues
regarding the fuel feeding, the tar formation, and the product
gas cooling [29]. Because of these problems, the SNG pro-
duction periods were quite limited but nevertheless about
67 GWh of SNG was produced in total. From December
2017 to February 2018, they achieved the design goal and
the installed capacity of 20 MWSNG was reached. Chemical
efficiencies for the production of SNG from 50 to 63% with
wood pellets were reported. The carbon utilization efficiency
was about 30%, which means that 30% of the carbon in the
biomass is transferred to the SNG while the rest is exhausted
mainly as CO2 [30].

In contrast to this concept, the Güssing plant utilized a
single fluidized bed methanation reactor and the amine-
based CO2 separation was performed downstream of the
methanation reactor. Unlike the GoBiGas plant, a membrane
for the separation of excess H2 was required as the final gas-
upgrading step. The 1MWSNGmethanation section was main-
ly operated in 2009 and was the first plant to produce SNG
from woody biomass on a demonstration scale. The gas was
not injected into the gas grid but was stored in a compressed
natural gas (CNG) tank. Nevertheless, the Austrian gas grid
specifications were reached and SNG with about 95 vol.-%
CH4 and 3.8 vol.-% of N2 in minor amounts of H2, CO2, CO,
and C2H6was produced. Additionally, a cold gas efficiency of
62% is reported for this process [31]. Because of the applica-
tion of a fluidized bed methanation reactor the Güssing con-
cept allowed a simpler process setup compared to GoBiGas.
However, the Güssing setup was the first of its kind and was
not optimized technically. The methanation section applied in
Gothenburg on the other hand is commercially available and
technically optimized to the specific requirements of the plant
[10, 12].

Several other concepts follow the same goal to convert
biogenic feedstock to SNG. Anaerobic digestion allows bac-
teria to convert non-woody biomass to biogas with approxi-
mately 60 vol.-% CH4 and 40 vol.-% CO2. This biogas can
then be upgraded to SNG quality by removing the CO2 and
other minor impurities [32]. The same concept is applied to
biogas from landfills or wastewater treatment plants where the
biogas is produced naturally without the additional supply of
feedstock [33].

Besides biological approaches, a significant amount of re-
search is put into PtG concepts. The hydrogen produced via
electrolysis can be utilized to methanate various kinds of car-
bon resources as the comprehensive review by Götz et al. [34]

shows. One of these sources is the separated CO2 from biogas
plants, which can be upgraded to CH4 by catalytic methana-
tion instead of the simple exhaustion. One of the most prom-
inent representatives of this technology is the Audi e-gas plant
in Germany, which uses a molten salt cooled tube bundle
reactor [10]. Besides the classical PtG concepts, also hybrid
processes have been developed. For example, Witte et al. [35]
directly upgraded the biogas to biomethane on a smaller scale
in Switzerland by feeding it together with hydrogen to a bub-
bling fluidized bed reactor. Instead of the downstream catalyt-
ic methanation, Bensmann et al. [36] on the other hand pro-
posed a direct introduction of the hydrogen into the biogas
reactor which induced a biological methanation process.
Other hybrid concepts add hydrogen to the product gas of a
biomass gasification process in order to increase the hydrogen
to carbon ratio and therefore increase the overall carbon utili-
zation efficiency of the biomass-to-SNG process. Here, the
DemoSNG project is mentioned, where this combination
was experimentally tested with a honeycomb-type methana-
tion reactor. It was shown that despite the fluctuating avail-
ability of the hydrogen, a continuous production of SNG was
possible [37].

From a thermodynamic point of view, the main chemical
species which are involved in the methanation reaction system
are CH4, H2, CO, CO2, and H2O. The corresponding reaction
equations are the CO methanation (Eq. 1),

COþ 3H2⇌CH4 þ H2O ΔH300
R ¼ −216

kJ

mol
ð1Þ

the reverse water-gas shift reaction (Eq. 2), and

CO2 þ H2⇌COþ H2O ΔH300
R ¼ 39

kJ

mol
ð2Þ

the CO2 methanation (Eq. 3) which is a combination of Eq. 1
and Eq. 2.

CO2 þ 4H2⇌CH4 þ 2H2O ΔH300
R ¼ −177

kJ

mol
ð3Þ

Additionally, the reaction enthalpies at 300 °C (ΔH300
R )

are given. Besides these species, the product gas of the DFB
gasifier also contains hydrocarbons. As one of the main com-
ponents, ethylene (C2H4) is identified and is thus included
here [38]. The hydrogenation to methane is given in Eq. 4.

C2H4 þ 2H2→2CH4 ΔH300
R ¼ −209

kJ

mol
ð4Þ

A deactivation mechanism of the catalyst, which cannot be
prevented by gas cleaning steps, is the formation of solid
carbon on the catalyst. While adsorbed carbon on the catalyst
surface is a necessary reaction intermediate during
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methanation, the formation of stable deposits leads to catalyst
fouling [39]. Thermodynamically, this deposition can be
accounted for by the Boudouard reaction in Eq. 5.

2CO⇌CO2 þ C sð Þ ΔH300
R ¼ −174

kJ

mol
ð5Þ

The deposited surface carbon can also be hydrogenated to
methane according to Eq. 6,

C sð Þ þ 2H2⇌CH4 ΔH300
R ¼ −82:1

kJ

mol
ð6Þ

or undergo gasification with steam as shown in Eq. 7 [40].

C sð Þ þ H2O⇌COþ H2 ΔH300
R ¼ 134

kJ

mol
ð7Þ

These reactions show that increased amounts of H2, H2O,
or CO2 in the gasifier product gas might prevent the carbon
deposition.

A different form of deposition occurs through the adsorp-
tion of hydrocarbons like C2H4 on the catalyst surface.
Between 500 and 800 °C, the adsorption can lead to coke
deposits [40]. In general, there is a large number of different
forms and structural types of carbon or coke deposits which
can occur at different temperature intervals in methanation
processes [41].

If kinetic models are considered, all of the abovementioned
reaction pathways have to be taken into consideration. The
catalytic methanation of syngas is, however, mostly limited
by heat transfer and not by kinetics under typical operating
conditions. This limitation mostly applies for fixed bed reac-
tors and thus multiple reactors with intermediate cooling are
necessary in order to manage the heat released by the exother-
mic reactions [10]. Fluidized beds were shown to overcome
this limitation and allow a low-temperature methanation in a
single reactor step. The process was mainly found to be lim-
ited by the mass transfer between the bubble and the dense
phase of the fluidized bed. Nevertheless, the gas composition
is close to the thermodynamic equilibrium for temperatures
down to 320 °C and kinetic limitations apply for lower tem-
peratures as some studies confirm [17, 42, 43]. Additionally,
the adjustment of the H2/CO ratio of the feed gas to the re-
quired level of three can be directly carried out in the fluidized
bed methanation reactor. Fixed bed applications usually re-
quire a separate water-gas shift reactor upstream of the metha-
nation for this task [44, 45]. A thermodynamic calculation
including the water-gas shift reaction thus provides a good
estimation of the expected gas composition. Because of the
broad variety of possible carbon species, deviations from the
thermodynamic equilibrium for carbon depositions have to be
expected [10]. Nevertheless, graphitic carbon has previously
been used to elucidate this issue since kinetic models are often
only valid for specific reaction conditions and catalysts [46].

Extensive studies have been performed on the thermody-
namics ofmethanation. Bia et al. [39] used ternary diagrams to
visualize the calculated boundaries of carbon formation under
methanation conditions. Frick et al. [46] applied the same
method but extended the investigation to different feed gas
mixtures. They concluded that ternary diagrams are an appro-
priate tool for the design of methanation processes. Gao et al.
[47] performed a systematic thermodynamic investigation on
the methanation of CO and CO2 under varying parameters like
pressure, temperature, or the H2/CO ratio. As a result, they
give general indications on the effects of the parameter varia-
tions. Other research groups extended the modelling to a larg-
er part of the process setup and used different modelling ap-
proaches. For example, Witte et al. [48] used rate-based
modelling and investigated different combinations of metha-
nation reactors and hydrogen membranes to upgrade biogas
from biological digestion to biomethane. In order to upgrade
the biogas, they proposed a PtG concept with renewable hy-
drogen via electrolysis. They concluded that, in order to reach
the gas grid requirements, a combination of a bubbling fluid-
ized bed reactor with a second-stage fixed bed methanation
unit or a gas separation membrane are the technically and
economically favorable options [49]. Neubert [50] proposed
a similar two-stage methanation setup within the PtG concept.
The first stage consists of a structured methanation reactor
followed by an intermediate water condensation and a
second-stage fixed bed reactor. Within his work, he elaborate-
ly used thermodynamic models and ternary diagrams to define
the optimal CO2 removal as well as steam and hydrogen ad-
dition in general. For the production of SNG from coal, Liu
et al. [51] used thermodynamic calculations in Aspen Plus to
find the most suitable process setup. They concluded that a
circulating fluidized bed followed by a second-stage fixed bed
methanation reactor poses the most promising concept. For
small-scale air blown biomass gasifiers Vakalis et al. [52]
thermodynamically modelled the methanation with additional
hydrogen. They reached CH4 concentrations of only
40 mol.-% because of the high N2 concentrations inherent to
the product gas of air-blown gasifiers. The modelling of a
combination of the SER process with a TREMP methanation
process was carried out in [53]. They reached cold gas effi-
ciencies of 62% with this setup and about 60% when addi-
tional hydrogen from an electrolyzer was added. In [54], three
different gasifier types were compared for the production of
SNG with the conclusion that allothermal gasification sys-
tems, like the DFB system, result in the highest overall effi-
ciencies. Rönsch et al. [11] give a comprehensive overview
over many different modelling approaches for methanation
reactors and SNG production plants. Depending on the scope
of the study, the investigations range from detailed one-, two-,
or three-dimensional methanation reactor models to flow sheet
simulations of entire SNG process chains with zero-
dimensional equilibrium models. However, no evaluation of
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the results from the latest DFB gasifier design in terms of SNG
production has been carried out. Furthermore, no detailed
thermodynamic analysis of the SNG production from biogen-
ic residues exists and no evaluation of the process in terms of
the carbon utilization efficiency is reported.

In this paper, a thermodynamic model of a fluidized bed
methanation reactor is developed and applied to specific feed
gas mixtures, which have been obtained by experimental gas-
ification test runs of different biogenic residues with a new
generation of a 100 kWth DFB gasifier at TU Wien. The cho-
sen feed gas compositions for the methanation aim at covering
the broad range of product gas compositions which can be
produced by the DFB gasifier. The results show a detailed
thermodynamic analysis of the raw-SNG gas compositions
and key values for different feed gas mixtures and varying
operation conditions like temperature and pressure. These re-
sults are discussed and evaluated in terms of their suitability
for a feed-in into the natural gas grid. Because of the different
process setups regarding the CO2 separation unit in Güssing
and Gothenburg, the placement of the CO2 separation unit
upstream or downstream of the methanation reactor is
discussed as well.

2 Concept and methodology

In order to calculate the thermodynamic equilibrium, only
four of the seven reaction equations (Eq. 1 to Eq. 7) need to
be considered. Otherwise, the system would be overdeter-
mined, because only four equations are linearly independent
of each other. For example, the CO2 methanation reaction can
be seen as the reversed water-gas shift reaction followed by
the CO methanation.

Thermodynamic calculations were performed with HSC
Chemistry 6 andMATLAB. HSC Chemistry is a commercial-
ly available software tool for thermodynamic calculations and
contains a database with thermodynamic property data. It cal-
culates the thermodynamic equilibrium concentrations with
the Gibbs free energy minimization method. For the purpose
of this work, a MATLAB-based program for the thermody-
namic equilibrium calculations was developed. This program
calculates the thermodynamic equilibrium based on the tem-
perature dependent thermodynamic property data from HSC
Chemistry. The solution was obtained by numerically solving
the equilibrium constant expressions for each reaction equa-
tion. The equilibrium concentrations were then automatically
plotted over temperature and pressure. The model was vali-
dated by comparing the calculated results on a random basis to
results obtained with HSC Chemistry. This comparison
showed that the model is highly accurate.

Figure 1 visualizes the modelling approach with a basic
flowsheet. In the DFB gasification process, the feedstock is

converted to the gasifier product gas. The validated results for
a multitude of experimental test runs in a 100 kWth DFB
gasifier at TU Wien have already been published elsewhere
(see Sect. 3) and are used as a basis for the modelling of the
methanation in this study. In the gas cleaning section, impu-
rities like dust, tar, as well as sulfur and nitrogen containing
contaminants are removed. The gas cleaning is not included in
the model because it does not influence the thermodynamic
calculations of the methanation. Therefore, the gas cleaning is
treated as a black box which removes all impurities except
ethylene. Ethylene was found to be the main hydrocarbon in
the gasifier product gas besides CH4 which is not removed by
conventional gas cleaning steps like scrubbers or activated
carbon filters. Besides ethylene, also hydrocarbons like ben-
zene, toluene, xylene, or naphthalene are often not completely
removed [55–57]. In this investigation, they are neglected
because the concentrations are comparably low. After the
gas cleaning, the gasifier product gas is fed to the methanation
unit. Here, the thermodynamic model is applied and the con-
version of the feed gas to raw-SNG is calculated. Since the
raw-SNG does not fulfill the requirements of the gas grid, the
necessary gas upgrading steps are also discussed but not
modelled. Optionally, the CO2 separation can be carried out
as shown in Fig. 1 or as part of the raw-SNG upgrading after
the methanation reactor. The standard setup in this investiga-
tion is the downstream CO2 separation as part of the raw-SNG
upgrading. However, also the upstream CO2 separation as
indicated in Fig. 1 is discussed.

The main focus of this investigation is a low-temperature
methanation (300 °C) at ambient pressure. These parameter
settings result from the current efforts on the scientific inves-
tigation of a novel bench-scale fluidized bed methanation set-
up for the given parameters. As the DFB gasification process
also operates at ambient pressure an additional energy input
for compression is avoided. This bench-scale methanation set-
up has been designed and built at TUWien and is currently in
the commissioning phase. Nevertheless, also a temperature
variation from 200 to 500 °C and a pressure range from 1 to
10 bara are investigated. While thermodynamic calculations
are in general independent of the reactor design, the validity of
the underlying assumptions is nevertheless defined by the
process-related circumstances. In this study, this translates to
the following assumptions: (i) the water-gas shift reaction
takes place simultaneously to the methanation reactions in
one reactor without a need for a prior adjustment of the H2/
CO ratio, (ii) C2H4 is hydrogenated to methane, and (iii) de-
spite the high exothermicity of the reactions, a low-
temperature methanation (e.g. 300 °C) is possible in one re-
actor. These assumptions are only valid for fluidized bed
methanation but would not be valid for fixed bed methanation
as reported in literature [10, 44, 45, 58]. Graphite is chosen as
the prevailing carbon species, since Frick et al. [46] found that
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the Gibbs free energy is lower than for amorphous carbon and
is thus preferentially formed.

In order to classify the feed gas composition, the stoichio-
metric number (SN) is defined in Eq. 8.

SN ¼
yH2

3 yCO þ 4 yCO2
þ 2 yC2H4

ð8Þ

SN gives the ratio between the molar fraction of H2 (yH2
) to

the molar fractions of the carbonaceous species in the feed gas
which react to CH4. If SN is equal to 1, there is a stoichiomet-
ric amount of H2 available according to Eqs. 1, 3, and 4.
Because the regarded pressures in this study are relatively
low, an ideal gas behavior is assumed and molar fractions
are thus equal to volume fractions. The definition of SN is
not unambiguous, because the chemical equilibrium is influ-
enced by all available species and therefore also by CH4 and
H2O. Nevertheless, it allows an approximate classification of
the feed gas mixture. Typical product gases from the DFB
gasification of biogenic feedstock show similar CH4 concen-
trations; moreover H2O concentrations in the feed gases are
assumed 0. The latter is attributed to the required gas cleaning
which is conventionally carried out at low temperatures [59].
If similar CH4 concentrations and a water-free feed gas are
assumed, the implementation of SN is justified.

Additionally, the CH4 yield (YCH4 ) is defined in Eq. 9. It
describes how much of the carbon in the feed gas is converted
to CH4.

YCH4 ¼
ṅCH4;eq

∑iN i ṅi;feed
� 100 ð9Þ

The carbon yield (YC) in Eq. 10 is a measure for carbon
deposition.

YC ¼
ṅC;eq

∑iN i ṅi;feed
� 100 ð10Þ

Index i refers to the carbonaceous species in the feed (i =
CH4, CO, CO2, C2H4), and Ni is the number of carbon atoms
in species i.

The CO conversion (XCO) in Eq. 11 gives the amount of
CO which is converted during the reaction.

X CO ¼
ṅCO;feed−ṅCO;eq

ṅCO;feed

� 100 ð11Þ

Analogously to Eq. 11, the CO2 conversion (X CO2 ) is
defined in Eq. 12.

X CO2 ¼
ṅCO2;feed−ṅCO2;eq

ṅCO2;feed

� 100 ð12Þ

In order to assess the performance of the overall process,
the carbon utilization efficiency (ηC) is introduced (Eq. 13). It
sets the amount of carbon in the methane of the raw-SNG

(ṅCH4;eq ) in relation to the amount of carbon which is intro-

duced to the process via the feedstock (ṅC;feedstock ). If CO2 is
used as gasification agent, the amount of carbon in the gasifi-

cation agent must be considered as well (ṅC;gasif ). The carbon
utilization efficiency illustrates how much of the carbon is
valorized as CH4 in the SNG and how much is “lost” mainly
as CO2.

ηC ¼
ṅCH4;eq

ṅC;feedstock þ ṅC;gasif

¼ ηC;DFB � YCH4 ð13Þ

An analogous way to calculate the carbon utilization effi-
ciency is by the multiplication of the carbon utilization effi-
ciency over the DFB gasifier (ηC,DFB) and the methane yield in
the methanation section (YCH4). In this paper, ηC,DFB is calcu-
lated from the validated results of test runs with the 100 kWth

DFB gasifier at TU Wien. This value is therefore only valid
for this gasifier. An extrapolation of ηC,DFB to large-scale gas-
ifiers is not recommended since the internal energy and mass
balances might differ. In this small-scale gasifier, the high heat
losses are balanced by the addition of heating oil in the com-
bustion section of the DFB process which is not the case for
large-scale plants. Large-scale gasifiers exhibit much lower
heat losses, but, depending on the feedstock, a partial
recycling of product gas to the combustion section might still

DFB 

gasification
Gas 

cleaning

CO2

separation
Methanation

Product 

gas Feed gas Raw-SNGFeedstock

Modelling

Impurities

Upgrading

SNG

Fig. 1 SNG production flowsheet via the DFB gasification route; the highlighted area defines the modelled part of the process in this study

100 Biomass Conv. Bioref. (2021) 11:95–110



be necessary. The recycled amount of product gas is not avail-
able for methanation. This factor cannot be considered in the
calculation, and the shown results therefore need to be seen as
a maximum.

Additionally, the minimum amount of steam (H2Ofeed),
which needs to be added upstream of the methanation reactor
to prevent carbon formation, is introduced. In order to calcu-
late H2Ofeed, every investigated reaction condition with each
feed gas is checked for the possibility of carbon formation. If
carbon formation is possible, the water content in the feed gas
is incrementally increased until the thermodynamic possibility
for carbon formation yields 0. At this point, H2Ofeed can be
obtained. Furthermore, gas cleaning is not within the scope of
this study and the feed gas mixtures for the methanation are
assumed free of impurities and other minor components.
Besides, kinetics or heat and mass transfer phenomena are
not considered.

3 Results and discussion

Table 1 shows the investigated feed gas compositions for the
methanation derived from DFB gasification. In the upper part
of the table, the operational parameters of the DFB gasifica-
tion process are shown. All displayed feed gas compositions
are obtained with a new generation 100 kWth DFB gasifier at
TUWien. The DFB process is not elaborated in this study and
further information can be found in literature [4, 7, 8, 56, 60,
61]. The lower part of Table 1 depicts the gas compositions
which are derived from the DFB gasification process and are
in further consequence used as the feed gas compositions for the
methanation process. All feed gases are assumed to be free of

H2O. Feed gas no. 1 shows a typical SER product gas with a
high hydrogen content. Limestone (L) is used as bed material,
and bark (BA) is chosen as feedstock. Feed gas no. 2–no. 4
present product gases from conventional gasification. With feed
gas no. 2, the same fuel and bedmaterial as with feed gas no. 1 is
used but the gasification temperature is higher which results in
lower H2 and higher CO and CO2 contents. For feed gas no. 3,
lignin (LI) is used as fuel and olivine (O) as bed material.
Sewage sludge (SS) and an olivine/limestone mixture (O/L)
are the basis for feed gas no. 4, which results in low H2 and high
CO2 contents. For feed gas no. 5, a CO2/H2Omixture is used as
gasification agent and rapeseed cake (RSC) and O as fuel and
bed material, respectively. This results in even lower H2 and
high CO and CO2 concentrations. Feed gas no. 6 shows a tem-
perature variation for SER gasification. This is included to dem-
onstrate the adaptability of the DFB gasification process to the
requirements of the methanation process (cf. Fig. 6). Data for
this variation is only available for softwood (SW) as feedstock.

In Fig. 2, the results of the chemical equilibrium calcula-
tions at 300 °C and 1 bara are shown for feed gas nos. 1–5. The
volume fractions of the dry gas components after the metha-
nation (referred to as raw-SNG) and the water content of the
raw-SNG (H2Oraw-SNG) as well as the minimum required wa-
ter content in the feed gas in order to prevent carbon deposi-
tion (H2Ofeed) are depicted.

Additionally, Table 2 lists some key figures as defined in
Eqs. 8–12 complementary to the results in Fig. 2. In Fig. 2a
and the left part of Table 2 (without H2Ofeed), the results for a
water-free feed gas are displayed. Figure 2b and the right part
of Table 2 (with H2Ofeed) display the results with steam addi-
tion to the feed gases in order to prevent carbon formation.
C2H4 is not depicted in any of the figures, because it is

Table 1 Investigated feed gases
DFB parameters Unit Feed gas number

1 2 3 4 5 6

Source – [8] [4] [56] [7] [60] [61]

Gasification agent – H2O H2O H2O H2O CO2/H2O
a H2O

Feedstock – BA BA LI SS RSC SW

Bed material – L L O O/Lb O L

Gasification temperature °C 625 761 789 800 840 582–797

Combustion temperature °C 820 998 945 945 938 830–1041

Feed gas composition to methanation (water-free feed)

H2 vol.-% 68.3 51.1 42.6 35.6 25.8 71.1–47.6

CO vol.-% 6.5 17.9 21.2 13.7 32.1 7.3–21.6

CO2 vol.-% 8.9 22.4 21.8 36.5 33.7 4.1–23

CH4 vol.-% 14.5 8.0 12.0 11.7 7.3 17.4–8.8

C2H4 vol.-% 1.9 0.6 2.4 2.5 1.1 1.9–0.5

aCO2/H2O= 68/32 vol.-%
bO/L = 80/20 wt.-%
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completely converted under all investigated conditions. CO is
also not shown in Fig. 2 because it is almost entirely converted
(see Table 2) and only trace amounts remain in the raw-SNG.
The feed gases are displayed in descending order for SN in Fig.
2 as well as in Table 2. This results in a decreasing trend for
CH4 and H2 and an increasing trend for CO2 in the raw-SNG.
Analogously, the methane yield and the CO2 conversion drop
significantly with understoichiometric feed gases.

A closer look at the results for the water-free feed gases
reveal that the SER feed gas (feed gas no. 1) allows an almost
complete conversion of CO and CO2 to CH4. Thus, no CO2

separation is necessary. In addition, no carbon formation is
thermodynamically expected. However, 22 vol.-%db of H2 is
still in the raw-SNG and needs to be separated below 4 vol.-%

before grid feed-in according to the Austrian regulations [22,
23]. Feed gas nos. 2–5 result in a lower CH4 content and a
higher CO2 content. The CO conversion is almost complete
even though SN is well below one for feed gas nos. 2–5. This
is possible because thermodynamically the feed-CO is rather
converted to solid carbon than left unreacted in the raw-SNG.
This results in severe carbon depositions with a carbon yield
as high as 54.5%. More than half of the carbon in the feed
would be deposited on the catalyst. This deposition would
result in a high loss of carbon and deactivate the catalyst.
Therefore, feed gas nos. 2–5 should not be introduced into
the methanation reactor without a previous steam addition.
Thus, in Fig. 2b and the right part of Table 2, the results with
the addition of steam to the feed gas are depicted. The amount
of steam added corresponds to the minimum amount needed
to prevent carbon formation. For feed gas no. 1, no steam
addition is necessary and therefore the results are the same
as in Fig. 2a. All other feed gases require steam addition in a
range of 37 to 52 vol.-%. The raw-SNG for these feed gases
therefore shows a different composition compared with the
water-free feed gases. For feed gas nos. 2 and 3, about half
the raw-SNG consists of CH4, the rest is CO2 and H2. For feed
gas nos. 4 and 5, CO2 constitutes the main component in the
raw-SNG with a CH4 yield of approximately 40% and 30%,
respectively. All four gas compositions require the separation
of both CO2 and H2 before grid feed-in, even if the less strin-
gent limitation of 10 vol.-% H2 is applied. Compared with the
results of the dry feed gases, the CH4 yield is slightly in-
creased but the CO2 conversion is significantly lowered. All
four gases show a negative CO2 conversion, which implies
that more moles of CO2 are produced than consumed during
the reaction. The influence of the steam addition on the reac-
tions can be pictured as follows: The water-gas shift reaction
(Eq. 2) proceeds towards CO2 and H2. This way, more H2 is
available for the methanation of CO and less CO needs to be
methanated because it is shifted towards CO2. The additional
H2 is used to hydrogenate the solid carbon. From this point of
view, it also becomes apparent that the CO2 conversion is less
compared with the results of the water-free feed or even neg-
ative. There are of course many ways to illustrate this effect.
The reaction pathway is only important for the consideration
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Fig. 2 Raw-SNG gas composition for feed gas nos. 1–5 at 1 bara and
300 °C. aWater-free feed gas. b Feed gas with steam addition to prevent
carbon deposition

Table 2 Key figure results of the equilibrium calculations

Parameter Unit Feed gas number (without H2Ofeed) Feed gas number (with H2Ofeed)

1 2 3 4 5 1 2 3 4 5

SN - 1.16 0.35 0.27 0.19 0.11 1.16 0.35 0.27 0.19 0.11

YCH4 % 99.9 28.2 24.6 14.4 5.2 99.9 50.8 49.2 39.8 29.6

YC % 0 47.2 54.5 52.8 50.9 0 0 0 0 0

XCO % 100 99.9 99.9 99.8 99.9 100 99.8 99.8 99.6 99.8

X CO2 % 99.7 45.6 42.7 39.9 2.2 99.7 − 8.5 − 34.9 − 10.3 − 57.1
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of kinetic effects and does not influence the thermodynamic
equilibrium. Table 2 shows that the CO conversion remains
almost complete for all feed gases. Nevertheless, the CO2

methanation is found to be kinetically inhibited even for very
lowCO concentrations [62]. For feed gas no. 1, only 7 ppmv,db

of CO remain in the raw-SNG in the thermodynamic equilib-
rium. At least 600–700 ppm

v,db
need to be expected for feed

gas nos. 2–5. As long as there are no regulations on the
allowed CO content, no statement about the grid feed-in can
be made. The authors recommend a threshold value for CO if
the production of SNG via the thermochemical pathway is
further pursued at industrial scale.

3.1 Investigation of the sewage sludge product gas

In the following section, a more in-depth discussion of the
feed gas derived from SS gasification follows (feed gas no.
4). Because of the expected carbon deposition for this feed gas
composition, H2O should be added if a long catalyst lifetime
and a high conversion efficiency are aimed at. This was al-
ready discussed in the previous section. Hence, Fig. 3 depicts
the raw-SNG gas composition after the addition of steam for a
temperature variation from 200 to 500 °C and pressures of 1,
5, and 10 bara (Fig. 3b). The amount of steam added corre-
sponds to the minimum amount needed to prevent carbon

deposition. This minimum volume fraction of H2O in the feed
gas (H2Ofeed) as well as YCH4 is also displayed (Fig. 3a). With
increasing temperature, less CH4 and CO2 and more CO and
H2 are present. Accordingly, the CH4 yield decreases from 41
to 26% with increasing temperature at 1 bara. H2Ofeed de-
creases from 55 to 40 vol.-% within the displayed temperature
range. Nevertheless, the methanation is preferred at low tem-
peratures from a thermodynamic point of view if the addition-
ally required steam is not seen as the decisive factor.
Especially, the low methane yield and the strongly rising CO
content at higher temperatures make low-temperature metha-
nation attractive. Pressure only has a significant influence on
the gas composition at higher temperatures. At 500 °C, YCH4

can be substantially elevated and the H2 content significantly
lowered if the pressure is increased to 5 bara. A further pres-
surization only allows a minor improvement of YCH4 but still
reduces the H2 content by 5 percentage points. At 200 °C,
YCH4 is almost constant for all pressures. For H2Ofeed, hardly
any influence of pressure can be observed.

In general, this feed gas shows a rather unfavorable com-
position for methanation. The stoichiometric number is far
below 1, and the CO2 content in the feed gas is even higher
than the H2 content. For grid feed-in, the CO2 needs to be
separated from the raw-SNG. A maximum of only 2 vol.-%
is allowed. A H2 content below the allowed threshold level of
4 vol.-% after CO2 separation and without an additional H2

separation unit could be achieved by increasing the pressure at
260 °C to 5 bara or at 280 °C to 10 bara. If the stringent feed-in
specification of the natural gas grid is loosened and 10 vol.-%
H2 is allowed in the future, the methanation can be performed
at 350 °C at 10 bara, 320 °C at 5 bara, or 270 °C at 1 bara.
Even though there is only a slight influence of pressure on the
gas composition at these temperatures, a small increase can
nevertheless enable the grid feed-in without an H2 separation
unit. This is especially interesting if 10 vol.-% of H2 would be
allow in the gas grid because the reaction temperature would
be in a range where catalysts were found to be kinetically
active. If the desired commodity is hythane, only CO2 sepa-
ration is necessary and the discussion concerning the H2 con-
tent and the pressurization can be neglected.

3.2 Investigation of the feed gases with upstream CO2

separation

Firstly, the upstream CO2 separation is discussed with the
sewage sludge product gas (feed gas no. 4) in detail before
the discussion is extended to all other investigated feed gas
compositions. In Fig. 4, the equilibrium calculations for feed
gas no. 4 in a temperature range from 200 to 500 °C and
pressures of 1, 5, and 10 bara are shown. In contrast to Fig.
3, the CO2 separation is done upstream of the methanation
reactor as demonstrated in the GoBiGas project in

Fig. 3 Temperature and pressure variation for feed gas no. 4 in the
thermodynamic equilibrium: 1 bara (full line), 5 bara (dashed line), and
10 bara (dash-dotted line). a CH4 yield and feed water content. b Raw-
SNG gas composition
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Gothenburg. The feed gas to the methanation is therefore free
of CO2. In order to enable a fair comparison to Fig. 3, the
calculation of the methane yield includes the CO2 separation
step in this case. A comparison between Figs. 3 and 4 reveals
that YCH4 is slightly increased, whereas the required amount of
steam in the feed is substantially lowered. The lower amount
of steam in the feed could lead to a more energy-efficient
process because less steam needs to be provided to the metha-
nation reactor. Interestingly, at higher temperatures, H2Ofeed

increases again and the pressure sensitivity is much more pro-
nounced in comparison. The H2 content is a little higher and
the CO content slightly lower (e.g., 250 ppmv,db compared
with 667 ppmv,db at 300 °C and 1 bara) comparing CO2 sep-
aration upstream and downstream of the methanation reactor.
The CO2 content is in a range of 9 to 15 vol.-%db, which
implies that CO2 is formed during the reaction. The CO2 con-
tent as well as the higher H2 and lower CO content in the raw-
SNG can be explained by the water-gas shift reaction (Eq. 2)
which is shifted towards CO2 and H2 due to the missing CO2

and the understoichiometric H2/CO ratio in the feed. In this
case, the CO2 needs to be separated again, which requires a
second CO2 separation unit. The same applies for feed gas
nos. 2, 3, and 5. These feed gases also have a H2/CO ratio

below 3, and therefore CO2 is formed during the reaction in an
order that it exceeds the limit of 2 vol.-% for all investigated
operation conditions. Hence, a simple process setup with a
single CO2 separation step upstream of the methanation reac-
tor does not suffice for a single stage methanation when
understoichiometric feed gases, like feed gas nos. 2–5, are
introduced to the methanation reactor. Two possible arrange-
ment results are as follows: (i) The CO2 separation unit is
placed downstream of the methanation reactor. The resulting
disadvantage is the slightly lower methane yield, as shown
above, and a higher gas volume flow through the methanation
reactor because of the surplus CO2. The latter increases the
capital expenditures (CAPEX) of the methanation reactor. On
the other hand, the strong volume contraction during metha-
nation reduces the gas flow through the CO2 separation unit
which in turn reduces the CAPEX. (ii) A CO2 separation unit
is placed upstream and downstream of the methanation reac-
tor. The methane yield is slightly higher and the gas flow
through the methanation is lower. The disadvantages in this
case are the increased CAPEX for the second CO2 separation
step and the increased heat flux in the methanation reactor due
to the missing ballast gas. Hence, the second option does not
seem to be favorable because of the additionally required pro-
cess unit in the case of a single stage fluidized bed methana-
tionwith the investigated understoichiometric feed gases (feed
gas nos. 2–5). For the SER feed gases (feed gas no. 1 and no.
6), the CO2 separation can be neglected completely if the right
operating conditions are chosen as is explained below. For a
multistage process, like GoBiGas, the upstream CO2 removal
is nevertheless justified. The water-gas shift reaction is carried
out in a separate reactor followed by the CO2 separation unit,
both upstream of the methanation reactors. This way, the pro-
duction of CO2 and surplus H2 in the methanation section can
be suppressed and no further gas upgrading besides drying is
necessary.

3.3 Investigation of the SER product gas

Feed gas no. 1 is a typical SER product gas with a high H2

content. The SN is greater than 1, which allows a practically
complete methanation of the carbonaceous species (CO +
CO2 + C2H4) at temperatures up to 300 °C with a CH4 yield
of nearly 100% (Fig. 5).

Pressure only has a significant influence on the gas com-
position at higher temperatures. With pressurization, the de-
creasing trend of CH4 and the increasing trends of H2, CO,
and CO2 at higher temperatures can be counteracted. In addi-
tion, above 440 °C at 1 bara carbon formation is thermody-
namically possible. As is shown in Fig. 5a, H2O needs to be
added in this small operating window. At higher pressures, the
steam addition can be prevented. Below 300 °C, there is prac-
tically no influence of pressure or temperature on the gas
composition. In this case, methanation around 300 °C and

Fig. 4 Temperature and pressure variation for feed gas no. 4 in the
thermodynamic equilibrium with CO2 separation upstream of the
methanation: 1 bara (full line), 5 bara (dashed line), and 10 bara (dash-
dotted line). a CH4 yield and feed water content. b Raw-SNG gas
composition
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1 bara shows a favorable raw-SNG composition without the
need of compression. Lower temperatures would not improve
the gas composition but increase the challenge of employing
an active catalyst. For grid feed-in, only H2 would need to be
separated from the raw-SNG. For the application as hythane
on the other hand, no further upgrading step is necessary ex-
cept water condensation.

3.4 Investigation of variable product gas
compositions of the SER process

Fuchs et al. [61] already described the adaptability of the SER
process with regard to the product gas composition. In Fig. 6,
the evolution of the product gas components over the gasifi-
cation temperature of the 100 kWth DFB gasifier at TU Wien
is depicted. The product gas can be adjusted to the required
feed gas for methanation by varying the gasification tempera-
ture. However, this also adds an additional parameter to the
modelling of the methanation reactions. The range for the gas
components, the temperatures, the used bed material, and the
fuel is already listed in Table 1 (feed gas no. 6).

Figure 7 displays the composition of the raw-SNG in the
thermodynamic equilibrium for all data points of Fig. 6 over
SN. Temperature and pressure are again set to 300 °C and
1 bara respectively, for the methanation process. In order to
assess the carbon formation, YC is given. There is a decreasing

trend for CO2, H2O, and the amount of carbon formed for an
increasing SN. CH4 has a maximum at a SN slightly above 1.
At the same point, carbon formation declines to 0 and the
small incline in H2 turns into a sharp increase for higher SN.
CO is only present in trace amounts (0.14–614 ppmv,db) and is
not displayed here. From a thermodynamic point of view, the
feed gas with a SN of 1.09 results in a raw-SNG with the most
favorable composition for the methanation at 300 °C and
1 bara. A SN of 1.09 corresponds to a gasification temperature
of about 680 °C. The associated compositions for the feed gas
and the raw-SNG as well as the key figures are depicted in
Table 3. Both CO and CO2 are almost completely converted
and therefore no CO2 separation step is necessary. Compared
with feed gas no. 1 the H2 content is lower but for grid feed-in
the H2 still needs to be separated. A pressure increase to 4 bara
lowers the H2 content below 10 vol.-%, and the raw-SNG
could be directly utilized as SNG without further purification
if the loosened H2 restriction in the gas grid is assumed. This
would be an economic improvement because noH2 separation
step is necessary. Additionally, the CH4 yield and the CO2

conversion increase and the CO content decreases. The ac-
cording raw-SNG composition and the key figures at 4 bara
and 300 °C are also displayed in Table 3. Different operation
conditions of the methanation might favor other feed gas com-
positions from Fig. 6 and vice versa. In order to find the most
suitable feed gas composition for deviating methanation con-
ditions, reiterations of the thermodynamic equilibrium calcu-
lations would have to be carried out.

Fig. 5 Temperature and pressure variation for feed gas no. 1 in the
thermodynamic equilibrium: 1 bara (full line), 5 bara (dashed line), and
10 bara (dash-dotted line). a CH4 yield and feed water content. b Raw-
SNG gas composition

Fig. 6 Product gas composition over gasification temperature for the
100 kWth DFB gasifier at TU Wien for softwood and olivine as fuel
and bed material, respectively (from [61])
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3.5 Comparison of all investigated feed gases with the
carbon utilization efficiency

Table 4 compares the investigated feed gases (feed gas nos. 1–
6) by means of the carbon utilization efficiencies (ηC, ηC,DFB)
as well as the H2 and CO2 contents in the raw-SNG at 300 °C
and 1 bara. ηC is the highest for the product gas from the
gasification of LI (feed gas no. 3) and the lowest for the prod-
uct gas from the CO2 gasification of RSC (feed gas no. 5). All
other values for ηC are in a similar range between 34.6 and
37.9%. The comparison of ηC and ηC,DFB reveals that the
carbon utilization for the SER product gases (feed gas no. 1
and 6) is governed by the carbon utilization in the DFB sys-
tem. The excess carbon (in the form of CO2), which is still in
the raw-SNG in case of conventional gasification (like feed
gas nos. 2–4), is already removed within the SER process by
the increased transport of carbon from the fuel to the flue gas.
This results in a low ηC,DFB but a similar value for ηC com-
pared with feed gas nos. 2 and 4 because nearly a complete
carbon utilization is achieved in the methanation section.
Additionally, no CO2 separation step is required as the

possibility to adjust the stoichiometric number SN is inherent
to the process. Further savings result from the fact that no
steam addition to the feed gas is necessary and the fact that
the composition of the feed gas can be adjusted (cf. Fig. 6).
Despite the high flexibility, a H2 separation is nevertheless
required under current regulations. If 10 vol.-% of H2 would
be allowed, the SER process seems economically advanta-
geous because neither a CO2 nor a H2 separation unit or a
steam addition to the feed gas is required under the right pro-
cess conditions (e.g. feed gas no. 6 at 300 °C and 4 bara). The
CO2 separation alone was estimated to account for 13–22% of
the total fixed capital investment costs of a biomass-to-SNG
plant [19].

The highest ηC is reached with feed gas no. 3, which orig-
inates from the gasification of lignin with olivine as bed ma-
terial. The high ηC results from the high value for ηC,DFB.
Almost 93% of the carbon in the fuel is relocated to the gas-
ifier product gas. The lowest ηC results from feed gas no. 5,
which originates from the gasification of rapeseed cake with
olivine as bed material and a CO2/H2Omixture as gasification
agent. The gasification with a CO2 admixture to the

Table 3 Feed gas and raw-SNG composition and key figures for the feed gas with a SN of 1.09 at 300 °C and 1 bara as well as 300 °C and 4 bara in the
thermodynamic equilibrium

Parameter Unit Feed gas Raw-SNG at 1 bara Raw-SNG at 4 bara

CH4 vol.-%db 13.3 86.1 90.0

H2 vol.-%db 67.8 12.8 9.8

CO vol.-%db 7.3 0.005 0.0008

CO2 vol.-%db 9.8 1.1 0.2

C2H4 vol.-%db 1.7 0 0

H2O vol.-% 0 40.2 41.6

YCH4 % - 98.8 99.7

YC % - 0 0

XCO % - 100 100

X CO2 % - 95.8 99.1

Fig. 7 Raw-SNG gas
composition and YC over SN at
300 °C and 1 bara for the feed gas
compositions according to Fig. 6
in the thermodynamic
equilibrium
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gasification agent therefore cannot be used advantageously for
the production of SNG if no external hydrogen is provided.
For feed gas nos. 2–5, a CO2 separation and a H2 separation is
required. If the 10 vol.-% H2 threshold is applied, the H2

separation can be avoided (e.g. feed gas no. 4 at 320 °C and
5 bara). Even the 4 vol.-% H2 threshold can be met if the
operation conditions are adapted (e.g. feed gas no. 4 at
280 °C and 10 bara), but kinetic effects at these low tempera-
tures most likely need to be considered. For these feed gases
(feed gas nos. 2–5), the carbon utilization efficiency can be
increased by the addition of H2 from external sources (e.g.
electrolysis) which allows the methanation of the leftover
CO2. From a technical and ecological point of view, the addi-
tion is advantageous since ηC can be maximized. The avail-
ability and the expenditures for the additional hydrogen on the
other hand need to be eyed critically. In this paper, this con-
cept is not discussed any further but some relevant studies
were already referred above [50, 52].

In general, the calculated results are in good agreement
with literature values. The GoBiGas plant reached a ηC of
about 30%, which is slightly lower as most of the calculated
values. The slightly lower values seem justified, since this
study is based on thermodynamic calculations and therefore
the results need to be seen as maximum values. The gasifica-
tion section of the GoBiGas plant reached a ηC,DFB of about
70% as can be calculated from the results in [63]. This value is
similar to feed gas no. 2 but lower compared with all other
feed gases. The discrepancy possibly arises from the small
scale and good performance of the pilot plant as well as the
difficult scalability of the carbon utilization efficiency as ex-
plained in the methodology section. Taking the results from
the modelling study of Heyne and Harvey [19], a ηC of 35%
can be calculated, which is very close to the calculated values
in this paper.Also, the raw-SNGcompositionwith 45 vol.-%db

of CH
4
, 47 vol.-%db of CO2, and 4 vol.-%db of H2 is close to

the calculated values. Similar values were also reported by
Gassner et al. [64] who calculated a raw-SNG composition
with 45 vol.-%db CH4, 45 vol.-%db CO2, and 6 vol.-%db H2.
Both studies assumed similar operating conditions at approx-
imately 300 °C and 1 bara. Experimentally, Seemann et al.

[58] confirmed a similar raw-SNG composition. They recon-
structed the feed gas composition of the Güssing gasifier and
reached slightly lower CH4 concentrations at approximately
40 vol.-%db CH4, 47 vol.-%db CO2, and 4 vol.-%db H2. The
1 MWSNG methanation plant in Güssing, however, could not
meet the 4 vol.-% threshold, and a two-stage membrane sep-
aration process was necessary, whereas in Gothenburg, no H2

separation unit was required [10, 31].

4 Conclusion and outlook

In this work, the suitability of various product gases from the
100 kWth DFB gasifier for methanation in a fluidized bed
reactor was evaluated from a thermodynamic point of view.
It was shown that a complete methanation of CO and CO2 is
only possible for SER product gases. For all other presented
product gases, only the methanation of CO is possible, where-
as CO2 might even constitute the main raw-SNG component.
Additionally, gases from conventional steam gasification or
gasification with CO2 admixture to the gasification agent
(H2O + CO2) are subject to carbon depositions in the metha-
nation reactor. Therefore, up to 55 vol.-% of H2O needs to be
added to the feed gas for a stable operation. Furthermore, the
influence of different operation conditions of the methanation
on the raw-SNG composition was visualized. By the careful
choice of operation conditions, energy savings and/or less
effort for further gas upgrading can be accomplished. A com-
parison between upstream and downstream CO2 separation
revealed that only a downstream CO2 separation results in
the required SNG quality if a single fluidized bed methanation
reactor with understoichiometric feed gases is utilized. A fur-
ther investigation of the SER product gases revealed that it is
also possible to adapt the gasification process to suit certain
methanation conditions. A SER product gas with a stoichio-
metric number of 1.09, which corresponds to a gasification
temperature of 680 °C, was shown to be the most suitable feed
gas for methanation. No CO2 separation step and no H2O
addition to the feed gas was necessary, which clearly indicated
an economic advantage. However, under current regulations,
a H2 separation unit could not be avoided for the raw-SNG
from the SER product gas. An increase of the allowed H2

content in the natural gas grid to 10 vol.-% would therefore
increase the degrees of freedom of the whole system. In turn,
this would result in improved operating points, which would
simplify the overall process and reduce costs. This would
apply for all investigated feed gases, but especially the SER
process would benefit from these loosened restrictions. For
example, the SER product gas (feed gas no. 6) could be
methanated at 300 °C and 4 bara to gas grid quality without
a CO2 or H2 separation step nor a H2O addition to the feed gas.

A comparison of the carbon utilization efficiencies re-
vealed that the gasification of lignin resulted in the highest

Table 4 Comparison of the carbon utilization efficiencies and the H2

and CO2 contents in the raw-SNG for feed gas nos. 1–6 at 300 °C and
1 bara

Parameter Unit Feed gas number

1 2 3 4 5 6

ηC, DFB % 36.5 72.8 92.6 86.9 78.0 38.4

ηC % 36.5 37.0 47.0 34.6 23.1 37.9

H2 content vol.-%db 22.0 7.3 7.3 6.5 5.5 12.8

CO2 content vol.-%db 0.1 45.5 45.6 56.2 66.4 1.1
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overall value of 47%. Apart from one exception, all other
values including the SER product gases range between 34.6
and 37.9%. Only if CO2 is added to the gasification agent, the
carbon utilization factor drops to 23%. The addition of H2

from an external source would allow a much more efficient
conversion of the carbon, but the availability and the econom-
ic implications would need to be considered.

It should be noted that all investigations in this paper are
based on thermodynamic equilibrium calculations. Catalyst
poisoning due to insufficient gas cleaning, kinetic limitations
concerning carbon deposition, methanation of CO2, the high
feed water content, or low temperatures as well as possible
heat or mass transfer limitations necessitate experimental in-
vestigations. These issues are subject of further investigations
with the bench-scale fluidized bed methanation setup at TU
Wien.
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