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Abstract

This article presents some crucial findings of the joint research project entitled «Storage of electric energy from

renewable sources in the natural gas grid-water electrolysis and synthesis of gas components». The project was

funded by BMBF and aimed at developing viable concepts for the storage of excess electrical energy from wind

and solar power plants. The concept presented in this article suggests the conversion of CO2-containing gases into

methane in a pressurized reactor using hydrogen produced via electrolysis. The produced gas can be upgraded to

synthetic natural gas (SNG) and fed into the well-developed German natural gas grid. This concept benefits from

the high storage capacity of the German gas grid and does not require any extensions of the current gas or power

grid. The reaction heat released by the exothermic methanation reaction leads to a temperature rise of the gas in

the fixed bed catalyst of the reactor. The conversion of carbon dioxide is limited in accordance to the chemical

equilibrium which depends strongly on temperature and pressure. For maximum carbon dioxide conversion, it is

convenient to split the methanation into several stages adding cooling sections in between. This article focuses

on the methanation process and its transfer onto an industrial scale evaluating the different plant capacities and

feedstock mixtures used. The methanation takes place in a staged fixed bed reactor. This staged reactor concept is

an in-house development based on know-how from the sulfuric acid production technology.
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Review

Background

Huge efforts are currently being made to replace the

conventional energy sources such as nuclear power or

fossil fuels by renewable energy sources such as wind

or solar energy. However, most of the renewable energy

sources cannot provide base load electric power due to

their intermittent nature (e.g., wind energy). To over-

come this problem, storage systems have to be inte-

grated in the power grid.

There are various possibilities of storing this excess

energy: A direct storage of the electrical energy can for

instance be realized with supercapacitors and supercon-

ducting magnetic energy storage (SMES). By the use of

pumped storage power plants, electric energy is converted

to potential energy. Compressed air reservoirs or flywheel

energy storage systems buffer electricity as mechanical en-

ergy, whereas batteries enable storage of electricity via

chemical energy, which is however convertible in electricity

via an electrochemical way. Furthermore, electrical energy

can be converted into chemical energy by transferring it

into fuels such as hydrogen, synthetic natural gas (SNG),

or methanol.

A comparison of the described storage technologies

with regard to their storage capacity and their character-

istic charge/discharge times is shown in Figure 1 [1]. A

crucial requirement for storage technologies in the con-

text of the present article (storage of energy from renew-

able resources) is an elevated storage capacity combined

with high charge/discharge periods. Only chemical second-

ary energy carriers such as hydrogen and carbon-based

fuels (SNG) fulfill this requirement. Storage technologies

such as flywheels and batteries, on the other hand, are

strongly limited regarding their capacity and charge dur-

ation. Therefore, these technologies are only used for com-

pensating short-term fluctuations by supplying electric

energy over a time period of several minutes up to several

hours.

Besides high capacity and charge/discharge cycles,

the process efficiency is another important characteristic.* Correspondence: tanja.schaaf@outotec.com
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Figure 2 illustrates the efficiency losses of described typical

power to gas process.

The conversion of electrical energy into hydrogen

causes efficiency losses of about 20% due to the internal

cell resistance which will be realized as heat losses. The

subsequent transformation of hydrogen in the methana-

tion step reduces the efficiency down to 64%. For the

whole process from renewable energy to the storage in

the gas grid, an efficiency of approximately 63.6% can be

reached [2]. At this stage, the highly developed natural

gas grids in Germany can be used for the transport of

excess energy. The German network for natural gas of-

fers a huge storage capacity taking into account the high

energy density of compressed methane. Moreover, the

gas grid allows for a nearly time-independent storage.

The natural gas grid is hence very well suited for balancing

the transport bottlenecks of the power grid caused by ex-

cess energy production in the northern part of Germany

and an elevated energy demand in southern Germany. In

contrast to this, a mere expansion of the German power

grid cannot efficiently reduce the bottlenecks: It has been

shown in surveys that additional 3,600 km of high-voltage

power lines are needed until 2020 to eliminate the trans-

port bottlenecks in Germany. Up to now, only 200 km of

new power lines have been built because of tedious plan-

ning and approval processes and because of strong oppos-

ition to high-voltage power lines and their pylons in the

population [3,4].

Project description

The joint research project «Storage of electric energy from

renewable sources in the natural gas grid-water electrolysis

and synthesis of gas components» focused on a concept

for the conversion of electrical energy from renewable

sources into methane (power to gas). A schematic over-

view of the whole concept is shown in Figure 3. Compre-

hensive studies and investigations into this concept taking

into account technical and economical aspects have been

carried out by a consortium consisting of various scientific

research institutes and industrial partners.

This article focuses on the synthesis step (see Figure 3),

thus the conversion of carbon dioxide containing gases

Figure 1 Charge/discharge period and storage capacity of different electricity storage systems. CAES, compressed air energy storage; PHS,

pumped hydro storage; SNG, substitute natural gas.

Figure 2 Sankey diagram for ‘power to gas’ storage technology.
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to SNG. This reaction shall be carried out in a pressur-

ized methanation reactor. Carbon dioxide is taken from

biogenous or other sources. The produced gas can be

upgraded to SNG to be fed into the natural gas grid.

The present article is basically split into two main

parts: In the first part, the results of a detailed experi-

mental investigation into the methanation process are

presented. A lab-scale pilot plant was used to determine

both the suited catalysts, which are primarily designed

for CO methanation, and the optimum operation condi-

tions for the methane synthesis step for CO2 in a fixed

bed adiabatic reactor. This data cannot be found in the

literature.

The second part then addresses the scaling-up of the

methanation process from the lab-scale to an industrial

scale. Different plant concepts have been compared to each

other taking into consideration technical and economical

aspects. This part also includes rough cost estimations.

Methanation process

Fundamentals

The methanation reactions of carbon monoxide and car-

bon dioxide were discovered at the beginning of the

19th century [5]. Nowadays, these reactions are widely

applied in ammonia synthesis plants to remove traces

of carbon monoxide that acts as a catalyst poison for

the ammonia synthesis catalyst [6]. Also refineries and

hydrogen plants make use of the methanation reactions

for the purification of hydrogen (removing the carbon

monoxide) [7]. With today’s increasing interest in produ-

cing SNG from (cheap) coal via gasification, the percep-

tion of the methanation process has changed completely:

Originally considered as a pure gas cleaning technology,

it is today viewed at as a major chemical synthesis

process. Another reason for the increasing importance

of the methanation process is the need for storing excess

electrical energy from renewable sources.

Many applications that were developed to remove carbon

monoxide converting to methane can be easily modified

into processes where carbon dioxide and hydrogen are used

as a feedstock, such as the Fischer-Tropsch synthesis, the

methanol synthesis, or the methanation [8-10].

The methanation of carbon dioxide is an exothermic

catalytic reaction and is typically operated at tempera-

tures between 200°C and 550°C depending on the used

catalyst:

CO2 þ 4H2⇆CH4 þ 2H2OΔrH ¼ −165 kJ=mol ð1Þ

A two-step reaction mechanism is assumed for this re-

action. In the first step, carbon dioxide and hydrogen are

converted to carbon monoxide and water via the water-

gas shift reaction:

CO2 þH2⇆COþH2OΔrH ¼ 41 kJ=mol ð2Þ

In the subsequent reaction, methane is formed from

carbon monoxide and hydrogen:

COþ 3H2⇆CH4 þH2OΔrH ¼ −206 kJ=mol ð3Þ

Besides methane and water, also higher saturated hy-

drocarbons can be found in the products [11]. The most

stable C2+ hydrocarbon is ethane and it is formed ac-

cording to

CO2 þ 3:5H2⇆0:5C2H6 þ 2H2O ΔrH ¼ −132 kJ=mol

ð4Þ

Under certain process conditions, carbon precipitation

can occur according to following reaction mechanism:

CO2 þ 2H2⇆C þ 2H2OΔrH ¼ −90 kJ=mol ð5Þ

A suitable quantity to estimate which of the above prod-

ucts can be expected at a certain process temperature

is the Gibbs free energy ΔG. Figure 4 summarizes the

development of the Gibbs enthalpy with temperature

for all reactions introduced above. The lines in the dia-

gram have been calculated using the software tool HSC

Chemistry.

Figure 3 Concept for the storage of renewable energy in a gas distribution system.
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A reaction is in equilibrium, if ΔG = 0. For ΔG < 0

(gray area in the diagram), the corresponding reaction is

favored and the equilibrium is shifted towards the prod-

ucts. If ΔG > 0, the equilibrium is shifted towards the re-

actants. It can be seen that methane formation from

carbon dioxide and hydrogen is favored up to a max-

imum temperature of about 600°C. Carbon monoxide

formation from carbon dioxide, on the other hand, is

favored at temperatures above 800°C. Thus, the process

should be run with multiple stages to keep the tem-

perature and consequently the concentration of carbon

monoxide low (methanation reaction is exothermic). As

the formation of ethane is not favored at temperatures

above 400°C, low ethane selectivity is expected at ele-

vated temperatures.

Apart from the discussed temperature influence, also

the pressure dependence of the methanation reaction

has to be taken into account. Figure 5 visualizes the con-

version of carbon dioxide at an equilibrium affected by

the methanation reaction (Equation 1) as a function of

temperature and pressure.

A glance at Figure 5 clearly shows that the conversion

of carbon dioxide increases with increasing pressure and

decreasing temperature. At an atmospheric pressure of

1 bar and a reaction temperature of 450°C for instance,

a carbon dioxide conversion of 78% could be achieved.

However, the methane synthesis process presented here

requires higher carbon dioxide conversions. With a sim-

ple one-stage process, elevated conversions can only be

achieved at lower temperatures or elevated pressures. By

Figure 4 Gibbs free energy as a function of temperature.

Figure 5 CO2 conversion as a function of temperature and pressure. CO2/H2 = 1/4.
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increasing the pressure to 20 barg and keeping the

temperature at 450°C, the carbon dioxide conversion

reaches approximately 93%. A further increase of the

operating pressure does not significantly increase the

methane yield.

Apart from these purely thermodynamic considerations,

the choice of catalysts has a significant influence on the

methanation reaction. The state-of-the-art catalyst is based

on nickel because of the high activity and the compara-

tively low price of nickel.

The nickel catalyst, however, has to meet some im-

portant conditions: The material must be able to with-

stand fast temperature changes between 50°C and 100°C

occurring within a few seconds and caused by changes

of the operating point [12].

Operating temperatures below 200°C are not allowed

in the presence of a nickel-based catalyst because of the

potential formation of highly toxic nickel carbonyl from

carbon monoxide. The operating temperature should,

on the other hand, never exceed 550°C to avoid deacti-

vation of the catalyst by sintering or carbon formation

[12]. For these reasons, the range of possible temperatures

in the methanation reactor is clearly defined. Figure 5

visualizes the catalyst’s operating temperature range by

a gray shaded box. To avoid the catalyst’s degradation

by catalyst poisons, such as sulfur or siloxane, a gas

cleaning strategy upstream the methanation reactor is

needed [13].

Methanation reactor design

Due to the highly exothermic nature of the methanation

reaction, the design of the reactor is crucial to be able to

have thermal control over the system. There are basically

two state-of-the-art reactor types that can be used for

this process: two-phase fixed bed reactors and fluidized

bed reactors. Whatever reactor design is chosen, the

generated heat of the methanation reaction has to be

continuously removed from the reactor. For the metha-

nation of carbon dioxide (reaction Equation 1), an in-

crease of the methane’s molar gas fraction of about 1%

in the product gas induces a temperature rise of about

60 K.

An effective way to reduce temperatures in the reactor

is the reduction of the reactive feed via a controlled dilu-

tion of the reactor inlet gas stream. This can be carried

out by cooling down and recirculating a portion of the

reactor’s outlet gas stream. Cooling down the product

gas, however, causes undesired energy losses.

An alternative solution is the isothermal operation of

the reactor. In this case, a cooled reactor is needed

transferring the reaction heat from the reaction zone to

a cooling medium [12]. However, owing to the strong exo-

thermic nature of the methanation reaction and the lim-

ited radial and axial heat transfer in a fixed bed reactor, it

is difficult to operate a single fixed bed reactor under iso-

thermal conditions. For a good control of the reaction

temperature in a fixed bed reactor, at least two adiabatic

reactors have to be connected in series. Temperature con-

trol can be realized by recirculation of the reactor outlet

gas streams (as discussed above) and by intermediate gas

cooling steps [12,14,15].

As an alternative to the fixed bed reactors, also fluid-

ized bed reactors were considered in this article. In these

reactors, the methanation reaction takes place within a

fluidized bed of catalyst particles. Due to the very good

mixing of gas and solid catalyst particles in the fluidized

bed, high mass and heat transfer and almost isothermal

conditions can be achieved. A further advantage of the

fluidized bed reactors is the very good process control.

However, abrasion and entrainment of catalyst particles

in the gas flow are challenging issues, if this reactor type

is chosen [16,17].

Table 1 summarizes already realized reactor concepts

for the methanation process along with some oper-

ational data [2,15,18,19]. All presented processes used

coal or naphta as a feedstock. Major developments in

the field of SNG production from coal or naphtha date

back to a time between the sixties and eighties.

Processes using fixed bed reactors were all realized

with at least two stages. The processes (a), (b), (d), and

(g) use a partial product gas recirculation with inter-

mediate cooling steps for a better temperature control

inside the reactors. The process (i) is composed of a

first, isothermal fixed bed reactor with an indirect heat

exchanger and a second adiabatic fixed bed reactor

aimed at increasing the total methane yield. Process

(c) is a so-called «one through» process with between

four and six fixed bed reactors in series. Gas recircula-

tion is not necessary, because the cold feed gas can be

split and fed to the first four reactor stages at different

ratios. A high-temperature methanation process consist-

ing of three adiabatic reactors in series and gas cooling

in between was developed by ICI (h).

The US Bureau of Mines developed two different flu-

idized bed reactors which are equipped with different

gas feeding systems (k): The first reactor of an inner

diameter of 19 mm had only one gas inlet. The second

reactor of an inner diameter of 25.4 mm contained three

gas inlets located at the bottom. The fluidized bed

methanation reactors of (j), on the other hand, contained

two feed inlets and two in-tube heat exchanger bundles.

The methanation reactor of (j) had a diameter of 0.4 m

and was operated for several hundred hours between

1977 and 1981. In 1982, a pre-commercial reactor of a

diameter of 1 m was built and commissioned. Thereby,

the process concept could be demonstrated on an indus-

trial scale with a production rate of 2,000 m3/h of syn-

thetic natural gas [2,15,18,19].
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Technological as well as economical challenges did

not allow for a wide-spread commercialization of the

above described reactor concepts. Worldwide, only one

commercial methanation plant has been built so far. It was

commissioned in 1984 in North Dakota (United States) by

Lurgi GmbH (g). Originally, the plant was designed for a

synthetic natural gas production of 3.54 Mio m3/day. A

continuous process optimization during the nineties finally

increased the production to 4.81 Mio m3/day. The plant is

still in operation [20-22].

Other concepts, such as catalytic tube wall reactors,

adiabatic parallel-plate or hybrid reactors were brought

to commercialization [15].

Recent research activities

Some countries’ growing desire for independence from

natural gas imports along with the growing prices for

natural gas have strongly revived activities in the field of

synthetic natural gas production from coal and biomass.

Especially in the United States and China, huge efforts

have been made to increase SNG production. For China,

the production of SNG is expected to reach around 20

billion m3/a (at 0°C and 1 atm) until 2015 [15,19].

In the United States, some new methanation process

concepts, such as the hydromethanation process [23] and

alternative fluidized bed reactors or concepts without cata-

lysts have been developed over the last years [15,18].

The development history of SNG synthesis processes

based on biomass is much shorter than the respective

history of SNG production based on coal. Due to the in-

creasing importance of a sustainable use of natural re-

sources, synthetic natural gas production via biomass

with its carbon-neutral character is a very promising ap-

proach. However, if biomass is chosen as a feedstock for

synthetic natural gas production, new challenges such as

strongly varying chemical feed compositions and feed

gas impurities (e.g., organic sulfur compounds) have to

be overcome. Different reactor concepts (e.g., multi-

tubular reactors) for the methanation of biomass are

currently being developed in Europe [16,18,19].

The present and future need for the storage of renew-

able energy from wind and solar power plants opens up

even new markets for innovative methanation process

designs. Some current research activities in this field in-

clude liquid-phase methanation with novel cooling agents

[24], biological methanation [25], and innovative reactor

concepts using so-called comb catalysts [2].

Experimental work

The first part contains the results of a comprehensive

experimental study of the methanation process in a lab-

scale pilot plant aimed at determining the optimum op-

eration conditions and finding appropriate commercial

catalysts for the carbon dioxide methanation.

The methanation test plant was designed and commis-

sioned to investigate the catalytic methanation of carbon

dioxide and hydrogen. The process flow diagram of the

plant is shown in Figure 6.

A mixture of different gases was fed to the evaporator

to add water vapor to the gas mixture. Downstream, the

water containing gas was fed to a heated fixed bed re-

actor. Heating as well as proper insulation of the reactor

was necessary to minimize heat losses and to achieve

quasi-adiabatic process conditions. The reactor outlet

gas was cooled to condense the water contained in the

off-gas. A pressure valve was installed in the product gas

line to control the pressure in the reactor. The compos-

ition of the product gas was analyzed after leaving the

Table 1 Already developed processes for fixed bed and fluidized methanation

Process
number

Process/company Reactor type Process
stages

Operation range Feed

p (bar) T (°C)

(a) TREMP/Haldor Topsøe Fixed bed 3 30 300…700 Coal, petrol coke, biomass

(b) Hicom/British Gas Corp. Fixed bed 4 25…70 230…640 Coal

(c) RMP/Ralph M. Parson Co. Fixed bed 4…6 1…70 315…780 Coal, heavy fuel

(d) SuperMeth, ConoMeth/Conoco Fixed bed 4/4 Approximately 80 n. s. Coal

(e) CRG/British Gas Corp. Fixed bed 2 Approximately 25 300 Naphtha (refinery residue)

(f) Hygas/Institute of Gas Technology Fixed bed 2 70 280…480 Coal

(g) Lurgi, Sasol/Lurgi GmbH Fixed bed 2 18 Approximately 450 Coal

(h) ICI, Koppers/Imperial Chemical Industries Fixed bed 3 400…700 Coal

(i) Linde/Linde AG Fixed bed 2 n. s. n. s. Coal

(j) Bi-Gas/Bituminous Coal Res. Inc Fluidized bed 1 86 n. s. Coal

(k) Bureau of Mines/US department of
the Interior

Fluidized bed 20 200…400

(l) Comflux/Thysengas GmbH Fluidized bed 1 20…60 400…500 Coal (biomass)
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reactor: For this purpose, a small portion of the off-gas

was sent through a series of gas analyzers continuously

measuring the concentrations of methane (CH4), hydro-

gen (H2), carbon dioxide (CO2), and carbon monoxide

(CO). The major part of the off-gas was directly burnt

by a flare.

A series of experiments was carried out to evaluate the

performance of different catalysts varying the inlet and

outlet gas temperatures as well as the catalyst space vel-

ocities (NGHSV).The pressure was kept at 20 barg for

all experiments.

A cross-sectional view of the fixed bed reactor is

shown in Figure 7.

The catalyst layer is placed between two layers of inert

material to achieve a uniform gas distribution. Three

heating elements are placed at the outer walls of the re-

actor to ensure an individual temperature control. A

multipoint temperature sensor is applied in the center of

the reactor bed with the highest measurement point

density being within the region of the catalyst layer.

In the experiments, the gas temperature after the cata-

lyst layer (T128 in Figure 7) is controlled by adjusting

the methane content in the reactor inlet gas stream. The

following quantities were fixed for all experiments: the

height of the catalyst layer, the molar ratio between

hydrogen and carbon dioxide (was kept stoichiometric

at H2/CO2 = 4), and the water vapor content of the in-

gas (30 vol.% to prevent carbonizing effects).

In Figure 8, three temperature profiles along the re-

actor for different temperatures of the catalyst are shown.

The electric power of the three distinct heating zones

was chosen in a way to achieve approximately adiabatic

conditions within the packed bed of the catalyst. The key

parameter to be controlled, however, was the gas tem-

perature at the lower end of the packed catalyst bed. The

control of this temperature was done by adjusting the

methane content in the in-gas. In an industrial process,

this adjustment of the methane content at the reactor’s

inlet would be best realized by a partial recirculation of

the (methane-rich) product gas.

The temperature at the inlet of the reactor was kept at

approximately 250°C for all experiments.

The temperature profile clearly shows that the reaction

was already completed in the first centimeters of the cata-

lyst bed, at the point where the maximum temperature

was reached.

A typical evolution of the product gas composition with

time during a test run is shown in Figure 9 (solid line).

Additionally, also the evolution of the temperature at the

lower end of the packed catalyst bed is plotted in the dia-

gram (dashed line).

To reach steady state conditions, each experiment was

run for about 24 h. Before the start of each experiment,

the catalyst was first heated up to 250°C, while the re-

actor was purged with nitrogen. The experiment was

started by changing the gas mixture to the desired com-

position. Due to the thermal inertia of the catalyst bed,

some time is needed for the catalyst to reach its final

temperature.

Figure 10 shows the experimentally determined carbon

dioxide conversion of different test runs as a function of

the adjusted temperature after the catalyst layer (T128 in

Figure 7). Experiments were performed for different inlet

gas compositions and gas space velocities. The solid lines

Figure 6 Process scheme of the methanation test plant.
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Figure 7 Cross section of the methanation reactor.
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in Figure 10 represent calculated values of carbon monox-

ide conversions at chemical equilibrium for the corre-

sponding inlet gas compositions.

Higher methane contents in the feed gas generally lead

to a lower carbon dioxide conversion, if the temperature

is kept constant. However, as the catalyst temperature in

the experiments decreased with increasing methane feed

gas concentration, higher carbon dioxide conversions were

reached at higher methane concentrations. An ideal re-

actor stage would show carbon dioxide conversions lying

on the solid curves in the diagram above. The experimen-

tal values are slightly below these equilibrium curves.

However, the experimental data follows the trend of the

equilibrium curve very well. The results indicate that

the experimental conversion is close to equilibrium for

the investigated range of gas space velocities and that

the presented catalyst is suitable for the carbon dioxide

methanation. Different tested catalysts show similar re-

sults in terms of temperature profiles and carbon dioxide

conversion [26,27].

In addition to the online gas analytics, the reactor out-

let gas was also analyzed by a gas chromatograph (GC).

Unlike the online gas analysis, the GC also analyzed the

concentrations of higher hydrocarbons such as ethane.

The results of both measurement methods are compared

in Table 2.

The comparison of both analytic methods indicates

good agreement. Furthermore, the measured gas compo-

sitions at the reactor outlet also reflect the temperature

dependence of the Gibbs free energies for the involved

Figure 8 Temperature profiles over the height of the reactor for different gas outlet temperatures.

Figure 9 Time-dependent product gas composition during the test run.
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reactions (see Figure 4): The formation of carbon mon-

oxide (water-gas shift reaction, Equation 2) and ethane

(Equation 4) should both be impeded (ΔG > 0) within

the investigated temperature range. These theoretical

considerations were confirmed in the experiments by

the low fractions of these components found in the off-

gas. Analysis of the product gas stream by gas chroma-

tography showed no formation of higher hydrocarbons

such as heptanes or hexanes for the investigated cata-

lysts and operation conditions.

Above all experimental data obtained in this study

were compared to theoretical values at chemical equilib-

rium due to the lack of literature data in the field of car-

bon dioxide methanation in fixed bed adiabatic reactors.

Theoretical work

In this second part, the scaling-up of a methanation

process from a lab-scale to an industrial scale is discussed.

The work done for this part included considerations

on process design and process calculations based on

AspenPlus simulations as well as cost estimations for

the determination of suitable plant sizes.

The industrial-scale methanation plant shall consist of

a staged fixed bed catalyst reactor similar to the reactor

design used for the sulfur dioxide (SO2) oxidation process

of sulfuric acid plants. This prerequisite allows for the use

of existing expertise and know-how of our company in the

field of sulfuric acid plants. This approach generates bene-

ficial synergies, because both processes (methanation and

sulfur dioxide oxidation) are characterized by strongly

exothermic chemical reactions and are based on gaseous

reactants and products.

Two different plant capacities with methane produc-

tions of 1,000 m3/h and 10,000°m3/h methane were con-

sidered. Hydrogen for the feed gas is produced by water

electrolysis. For the carbon dioxide feed, on the other

hand, two different concepts were evaluated depending

on plant capacity: For the 10,000 m3/h plant, pure car-

bon dioxide from either a power plant or an ammonium

synthesis plant can be used. The carbon dioxide for the

smaller methanation unit (1,000 m3/h) is best taken

from a biogenous source such as a biogas plant offering

a mixture of approximately 50 vol.% carbon dioxide and

50 vol.% methane. Minor components and impurities

such as organic sulfur were neglected in the process cal-

culations. To prevent carbon formation on the catalyst’s

surface, 30 vol.% water vapor has to be added to the feed

gas [26-28]. The requested product gas purity for a gas

Figure 10 Experimentally determined carbon dioxide conversion of different test runs. CO2 conversion in temperature-dependent experiments

after the packed catalyst bed for different gas space velocities and inlet gas compositions. The solid lines represent the calculated equilibrium curves for

the respective compositions.

Table 2 Comparison of GC and online analytics for the

off-gas composition

Component Analytic method

Online analytic (vol.%) GC analytic (vol.%)

Methane (CH4) 82.8 81.3

Hydrogen (H2) 12.87 14.64

Carbon dioxide (CO2) 4.31 4.01

Carbon monoxide (CO) 0.02 0.03

Ethane (C2H6) - 0.02
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to be fed into the German natural gas grid is defined by

[29-31] and summarized in Table 3.

For both defined plant capacities, flow-sheet calculations

were carried out using the simulation tool AspenPlus.

These calculations served as basis for different plant con-

cepts. In what follows, two different plant concepts for the

10,000 m3/h plant are presented in more detail.

Plant concept I

Figure 11 illustrates the process scheme of the first plant

concept: To achieve high yields of methane in the prod-

uct gas, the methanation reactor is divided into four

serial reaction stages interrupted by intermediate gas

coolers. The first step of the reaction takes place in the

single fixed bed reactor (C1). The subsequent three

stages are included in one single reactor (C2) being thus

called a stage reactor.

Hydrogen and water vapor are supplied at a pressure

level of 20 barg. Water vapor is supplied only for start-

ing up the plant. During steady-state operation, the

water produced in the reactors C1 and C2 is partially

separated in the separators B1 and B2 and recirculated

to be fed again to C1. As a result of this, the reaction

temperatures in C1 and C2 are reduced. The amount of

water in the feed has to be sufficient to prevent carbon

formation on the catalyst surface. The carbon dioxide

has to be pressurized to the operating pressure level by a

four-stage compressor prior to be fed to the reactor

(C1). The water in the off-gas of C1 is partially removed

in the first water separator B1 after having passed the

cooler W3. The amount of water, which has to be re-

moved from the gas stream, is defined by the desired gas

outlet temperature after the first stage of the reactor C2.

A temperature of 550°C should never be exceeded. Be-

fore being fed to the reactor C2, the gas is heated up to

220°C in the heat exchanger W5. Reactor C2 contains

two intermediate heat exchangers cooling the gas down

to 220°C before entering the next reactor stage. Further

gas drying after C2 is realized in a flash (B2) and a mo-

lecular sieve (B3).

The required recirculation stream from the outlet of

the reactor (C1) back to its inlet increases the dimen-

sions of the reactor, and hence, also the investment costs

significantly. In order to keep the reaction temperature

below 550°C, about 70% of the reactor outlet gas must

be recirculated.

The efficiency of the process can be increased by

an internal exchange of thermal energy between dif-

ferent heat exchangers. The excess heat generated in

an exothermic reaction can for instance be used to

heat up a medium somewhere else in the process. The

method to detect the energy integration potential of a

process is called the pinch analysis. The method not only

considers the amount of thermal energy that is ex-

changed by heating and cooling in a process but also the

corresponding temperature level of all heat sources and

sinks. The pinch method is able to calculate the amount

of thermal energy that can be interchanged between dif-

ferent internal process streams (=integrated heat) with-

out the need of providing external heating or cooling

media.

The methanation process of Figure 11 is characterized

by a total generated process heat of 30 MW due to the

exothermic reactions involved. The energy integration

analysis by the pinch method shows that a portion of

11 MW can be used for heating up the feed of the reac-

tors and for producing electricity for the plant operation

via a steam turbine. Another 12 MW are available for

other purposes, such as steam generation or district

heating. The rest of 7 MW must be removed by the use

of cooling water due to the low temperature level of this

energy.

Plant concept II

The second plant concept is basically an improvement

of plant concept I. Technical and economical aspects

were taken into consideration to simplify the process

and to decrease costs. The result of these optimizations

is shown in Figure 12.

The obvious difference between plant concept I and

plant concept II is the merging of the two originally in-

dividual methanation reactors C1 and C2 to one single

reactor (C1*). Six stages are required to reach the re-

quested product gas specification. The process of con-

cept I was able to reach the requested specification with

only four reaction stages. Furthermore, the new plant

concept is also characterized by a modified carbon diox-

ide feeding concept: Carbon dioxide is now fed to the

process at four different locations marked with num-

bered squares in Figure 12. The four-stage feeding system

S1 distributes the carbon dioxide in defined fractions to

keep the maximum temperature after each reactor stage

below 550°C. The new configuration does not require

any recirculation gas stream for the first reactor stage

any more. In addition to this, also the compressor V2

used in concept I can be omitted. However, in case 2,

steam has to be provided to the process also during

steady-state operation.

Table 3 Requested product gas purity

Component Fraction

Methane (CH4) >96 vol.%

Hydrogen (H2) <2 vol.%

Carbon dioxide (CO2) <3 vol.%

Carbon monoxide (CO) <30 ppm

Water (H2O) Dew point < −8°C (70 bar)
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The coolers W2 and W4 to W8 between the reaction

stages have to remove 46 MW of thermal energy. For

the water vapor production as well as for heating up the

feed gas to a temperature of 220°C in the heat exchangers

W1 and W3, only approximately 15 MW of the available

46 MW are needed. Hence, after energy integration, there

are still about 31 MW left for further use. The portion of

this energy that is at a high temperature level can be used

for electricity generation via steam turbines. This allows

for running the plant without any additional energy supply.

The removed process heat at medium temperatures be-

tween 90°C and 240°C can be used for district heating.

The remaining 9 MW of low-temperature thermal energy

(lower than 90°C) must be removed by cooling water.

Conclusions

Some results of the joint research project entitled «Storage

of electric energy from renewable sources in the natural gas

grid-water electrolysis and synthesis of gas components»

are presented in this article. The article focuses on the

methanation process as one of the crucial steps in the con-

version of electric energy from renewable sources to syn-

thetic natural gas (power to gas). In a first section of the

article, results of experimental investigations on a lab-scale

Figure 12 Process scheme of plant concept II.

Figure 11 Process scheme of plant concept I.
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methanation pilot plant are presented. The second part

then addresses different plant concepts for the scaling-

up of the investigated methanation process to an indus-

trial scale.

A lab-scale pilot plant was designed and commis-

sioned to investigate commercial fixed bed catalysts

for the carbon monoxide methanation. The experi-

ments are carried out under different operation condi-

tions varying the gas hourly space velocity (GHSV), the

reactor inlet gas temperature, and the reaction tem-

perature. The experimental results show that all cata-

lysts tested in this study can be applied in the carbon

dioxide methanation. The experiments showed carbon

dioxide conversions being slightly below equilibrium

but following the expected trends. Lower reaction tem-

peratures in the packed catalyst bed led to higher carbon

dioxide conversion rates. A maximum carbon dioxide

conversion of 70% could be reached within one single re-

action stage.

Based on the knowledge from these experiments, two

different concepts for methanation plants on an indus-

trial scale were developed. The product gas quality was

given as a specification. The first plant concept consists

of two reactors. The first reactor requires a recircula-

tion of a portion of the reactor outlet gas for the con-

trol of the reactor temperature. The second reactor

includes three subsequent reaction stages. The first re-

actor has large dimensions due to the recirculation of

product gas proposed for this reactor. This leads to

high costs also due to the required amount of catalyst

for this reactor.

The second plant concept only proposes one single

methanation reactor consisting however of six reaction

stages. The dimensions of the first reaction stage can be

reduced, because no recirculation of product gas is ne-

cessary any more.

If energy integration is strictly applied, the energy

demand of both proposed processes can be completely

covered by the heat generated in the process. The excess

thermal energy can be used in various ways (e.g., electri-

city generation via steam turbine, district heating, etc.)

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

The article was jointly prepared by all authors. All authors read and approved

the final manuscript.

Acknowledgements

This work was funded by the German Federal Ministry of Education and

Research (BMBF).

Received: 5 March 2014 Accepted: 3 December 2014

References

1. Specht M, Baumgart F, Feigl B, Frick V, Stürmer B, Zuberbühler U (2010)

Erdöl Erdgas Kohle 10:342–346

2. Graf F (2010) DBI-Fachforum. Berlin, DBI - Gastechnologisches Institut

gGmbH, Freiberg

3. BMWI (2012) Energiewende in Deutschland. http://www.bmwi.de/Dateien/

BMWi/PDF/energiewende-in-deutschland,property=pdf,bereich=bmwi2012,

sprache=de,rwb=true.pdf

4. DENA (2010) Endbericht dena Netzstudie II. http://www.dena.de/fileadmin/

user_upload/Presse/studien_umfragen/Netzstudie_II/Endbericht_dena-

Netzstudie_II.pdf

5. Sabatier P, Senderens JB (1902) Direct hydrogenation of Oxides of Carbon

in presence of various finely divided metals [in french]. C R Acad Sci

134:689–691

6. Appl M (1999) Ammonia: principles and industrial practice. Wiley-VCH,

Weinheim, Chichester. ISBN 3527295933

7. Xu G, Chen X, Zhang ZG (2006) Temperature-staged methanation: an

alternative method to purify hydrogen-rich fuel gas for PEFC. Chem

Eng J 121:97–107

8. Küster H (1936) Reduction of carbon dioxide to methane upon iron

catalysts at ordinary pressures. Brennstoff-Chemie 17:203–206

9. Stowe RA, Russel WW (1954) Cobalt, iron and some of their alloys as

catalysts for the hydrogenation of carbon dioxide. J Amer Chem Soc

76:319–323

10. Weissermel K, Arpe HJ (2003) Industrial Organic Chemistry. Wiley-VCH, Weinheim

11. Kaltenmaier K (1988) Untersuchungen zur Kinetik der Methaniserung von

CO2-Reichen Gasen bei Höheren Drücken. Dissertation, Karlsruhe

12. Pedersen K, Skov A, Rostrup Nielsen JR (1980) Symposium on catalytic reactions

involving synthesis gas, Houston. pp 89–100, https://web.anl.gov/PCS/acsfuel/

preprint%20archive/Files/25_2_HOUSTON_03-80_0089.pdf

13. Boll W, Hochgesand G, Higman C, Supp E, Kalteier P, Müller W-D,

Kriebel M, Schlichting H, Tanz H (2000) Ullmann’s encyclopedia of

industrial chemistry: gas production, 3. gas treating. Wiley-VCH,

Weinheim. ISBN 9783527306732

14. Hedden K (1986) Fachinformationszentrum Energie. Physik, Mathematik, Karlsruhe

15. Kopyscinski J, Schildhauer TJ, Biollaz SMA (2010) Production of synthetic

natural gas (SNG) from coal and dry biomass - a technology review from

1950 to 2009. Fuel 89(8):1763–1783

16. Kopyscinski J, Schildhauer TJ, Biollaz SMA (2009) Employing catalyst

fluidization to enable carbon management in the SNG-production

from biomass. Chem Eng Technol 32(3):343–347

17. Kunii D, Levenspiel O (1991) Fluidization engineering. Butterworth-

Heinemann, Boston

18. Rönsch S, Ortwein A (2011) Methanisierung von Synthesegasen –

Grundlagen und Verfahrensentwicklungen. Chemie Ingenieur Technik

83(8):1200–1208

19. Sudiro M, Bertucco A (2010) Synthetic natural gas (SNG) from coal and

biomass: a survey of existing process technologies, open issues and

perspectives. Natural gas, InTech. ISBN 9789533071121

20. GPGP (2006) Practical experience gained during the first twenty years of

operation of the great plains gasification plant and implications for future

projects. Department of Energy Office for Fossil. Energy, USA

21. Miller WR, Honea FI, Lang RA, Berty TE, Delaney RC, Hospodarec RW,

Mako PF (1986) Great Plains Gasification plant start-up and modification report,

U.S. Dept. of Energy report no. DOE/CH/10088-2018, Washington, USA

22. Perry M, Eliason D (2004) Gasification Technology Conference, Washington.

http://www.gasification.org/uploads/eventLibrary/11ELIA_Paper.pdf

Gasification technologies council, Arlington, USA

23. Great point energy (2014) Hydromethanation process. https://www.

greatpointenergy.com/ourtechnology.php

24. Götz M, Bajohr S, Graf F, Reimert R, Kolb T (2013) Einsatz eines

Blasensäulenreaktors zur Methansynthese. Chemie Ingenieur Technik

85(7):1146–1151

25. Krajete A (2013) DBI Fachforum Energiespeicher/Pilotprojekte, Berlin.

DBI - Gastechnologisches Institut gGmbH, Freiberg

26. Grünig J, Schaaf T, Orth A (2013) Methanation of CO2 – storage of

renewable energy in a gas distribution system, 3rd ICEPE Transition to

Renewable Energy Systems. Frankfurt am Main, ProcessNet

27. Schaaf T, Grünig J, Orth A (2013) Speicherung von elektrischer Energie im

Erdgasnetz - Methanisierung von CO2-haltigen Gasen. Jahrestreffen

Reaktionstechnik, ProcessNet, Würzburg

Schaaf et al. Energy, Sustainability and Society  (����� ��� Page 13 of 14

http://www.bmwi.de/Dateien/BMWi/PDF/energiewende-in-deutschland,property=pdf,bereich=bmwi2012,sprache=de,rwb=true.pdf
http://www.bmwi.de/Dateien/BMWi/PDF/energiewende-in-deutschland,property=pdf,bereich=bmwi2012,sprache=de,rwb=true.pdf
http://www.bmwi.de/Dateien/BMWi/PDF/energiewende-in-deutschland,property=pdf,bereich=bmwi2012,sprache=de,rwb=true.pdf
http://www.dena.de/fileadmin/user_upload/Presse/studien_umfragen/Netzstudie_II/Endbericht_dena-Netzstudie_II.pdf
http://www.dena.de/fileadmin/user_upload/Presse/studien_umfragen/Netzstudie_II/Endbericht_dena-Netzstudie_II.pdf
http://www.dena.de/fileadmin/user_upload/Presse/studien_umfragen/Netzstudie_II/Endbericht_dena-Netzstudie_II.pdf
https://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/25_2_HOUSTON_03-80_0089.pdf
https://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/25_2_HOUSTON_03-80_0089.pdf
http://www.gasification.org/uploads/eventLibrary/11ELIA_Paper.pdf
https://www.greatpointenergy.com/ourtechnology.php
https://www.greatpointenergy.com/ourtechnology.php


28. Schaaf T, von Garnier A, Orth A (2012) Methanisierung von CO2-haltigen

Gasen zur Speicherung von elektrischer Energie im Erdgasnetz, EVT & HTT

Jahrestreffen. Frankfurt am Main, ProcessNet

29. DVGW (2013) Gasbeschaffenheit, Arbeitsblatt G 260 (2013-03).

ISSN :0176–3490

30. DVGW (2011) Nutzung von Gasen aus regenerativen Quellen in der

öffentlichen Gasversorgung, Arbeitsblatt G 262 (2011-09). ISSN 0176–3490

31. DVGW (2008) Gasabrechnung, Arbeitsblatt G 685 (2008-11). ISSN :0176–3490

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Schaaf et al. Energy, Sustainability and Society  (����� ��� Page 14 of 14


	Abstract
	Review
	Background
	Project description

	Methanation process
	Fundamentals
	Methanation reactor design
	Recent research activities

	Experimental work
	Theoretical work
	Plant concept I
	Plant concept II

	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

