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Abstract: Direct catalytic methanation of CO2 (from CO2/CH4 biogas mixture) to produce 

biomethane was conducted in a pilot demonstration plant. In the demonstration project (MeGa-

StoRE), a biogas desulfurization process and thermochemical methanation of biogas using 

hydrogen produced by water electrolysis were carried out at a fully operational biogas plant in 

Denmark. The main objective of this part of the project was to design and develop a reactor system 

for catalytic conversion of CO2 in biogas to methane and feed biomethane directly to the existing 

natural gas grid. A process was developed in a portable container with a 10 Nm3/h of biogas 

conversion capacity. A test campaign was run at a biogas plant for more than 6 months, and long-

time operation revealed a stable steady-state conversion of more than 90% CO2 conversion to 

methane. A detailed catalytic study was performed to investigate the high activity and stability of 

the applied catalyst. 

Keywords: biogas; biomethane; CO2 methanation; demonstration pilot plant; adiabatic reactors; 

movable container 

 

1. Introduction 

The biogas market is growing in Europe [1]. As the European gas network is trying to limit their 

dependency on fossil fuels and external suppliers, biogas is growing in its importance. By 2040, 

biogas may be the largest gas contributor to the grid in both the UK and the Netherlands [2]. 

However, as the natural gas consumption in the EU in 2015 was 416 billion Nm3, and the potential 

biogas production was estimated to cover only 18.7% of this, there is an energy gap to be closed if 

biogas should replace natural gas in Europe [3,4]. 

Biogas consists of 48 to 65% methane (CH4) and 36 to 41% carbon dioxide (CO2) with N2, O2, and 

other different trace elements [5]. As CO2 reduces the burning value by diluting the CH4, biogas is 

considered a low-quality gas. Hence, many impurities must be removed before the biogas can be 

injected into the natural gas grid [6,7]. The process of purifying the CH4 from the biogas is referred 
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to as a first-generation biogas upgrading [8]. The amount of first-generation upgrading plants 

throughout Europe is growing with 540 plants in 2017 [1]. 

In first-generation biogas upgrading, CO2 is the main impurity and is removed by conventional 

carbon capture technologies, such as membrane, pressure swing absorption (PSA), amine/water 

scrubbing, or cryogenic technologies [9,10]. The CO2-separated purified methane, also known as 

biomethane, is generally injected into the natural gas grid [11]. 

The storage or emission of the separated CO2 results in a large amount of wasted carbon source. 

In principle, this is a source of C-building blocks for chemicals and fuels. The emission of CO2 into 

the atmosphere increases the CO2 concentration in the air, which causes global warming and climate 

changes. In the second-generation biogas upgrading, the biogas is considered a carbon source where 

the biogas’ CO2 content is upgraded without separation [8]. Direct CO2 conversion to methanol or 

higher alcohols is not a viable option, as the CH4 from biogas must be converted to syngas before 

alcohol synthesis [12]. Additionally, if the CH4 is converted into syngas, the CH4 will add valuable 

H2 to the system during the reforming process. Alternatively, the CO2 hydrogenation to methane 

allows utilization of CO2 in biogas without further separation. 

The availability of highly selective and efficient methanation catalysts allows CO2 conversion to 

CH4 [13]. This methanation process is known as the Sabatier process, which follows the exothermic 

reaction in Equation (1) [14]. 

CO2 + 4H2 ↔ CH4 + 2H2O    ∆H298K = −165 kJ/mol 
 

(1) 

This process requires large amounts of hydrogen (H2) and has therefore, been proposed to store 

renewable energy through electrolysis [15]. In Denmark, wind turbines provide excess energy, which 

can be used for hydrogen production [16]. Methanation provides an excellent route to store 

renewable energy in the form of methane, which can be stored in a natural gas storage facility and 

transported using the gas grid on-demand to balance total power consumption. A nickel-based 

catalyst is typically used for the Sabatier process as it is known to have high selectivity and conversion 

[17]. Given these properties, converting a CH4/CO2 gas mixture to pure CH4 is possible [18]. 

For biogas utilization, the Sabatier process has several advantages. Firstly, the usual operating 

conditions of a Sabatier reactor are close to ambient (350–400 °C and down to atmospheric pressure) 

[16], and secondly, only a single process is required for the upgrading. For comparison, methanol 

production from biogas requires two processes (reforming and methanol synthesis) with usual 

operating conditions of up to 830–910 °C and 50–100 bar [19]. Although process conditions are 

advantageous, there are significant cost and process constraints associated with the Sabatier process 

before its industrial-scale implementation. The reaction produces a significant amount of heat, raising 

reactor design constraints, and efficient heat removal systems are required to avoid catalyst 

deactivation and formation of local hotspots in the fixed bed reactor. Given this, many reactor design 

concepts were developed, such as multiple fixed bed reactors and heat exchangers in series [20], large 

recycling loops [21], feed and catalyst dilution [22,23], to mention some of the complexities with the 

Sabatier process. 

Nickel catalysts are known to deactivate due to sulfur impurity in the biogas feed, which needs 

to be removed to parts per billion (ppb) levels before the feed gas is passed over the catalyst bed 

[24,25]. The main sulfur impurity in biogas is H2S, with concentrations up to 10,000 parts per million 

(ppm) [26]. Today’s biogas applications, i.e., heat and power generation or first-generation 

upgrading, require the H2S content of the desulfurized biogas to be <500 ppm and <4 ppm, 

respectively [27]. However, for second-generation utilization of biogas with a nickel catalyst, the H2S 

content of biogas is required to reduce to 10-100 ppb [28]. If the H2S is not removed from the biogas, 

it will react with nickel, blocking active sites and causing deactivation of the nickel catalyst according 

to the deactivation reaction (Equation (2)) below [20]: 

H2S + NiO ↔ NiS + H2O    ∆G300 K = −48.5 kJ/mol 
 

(2) 

Thus, for second-generation utilization of biogas, further reduction of the H2S content is required 

compared with today’s technologies. 
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This paper presents the results from thermocatalytic biogas upgradation to methane from the 

Methane Gas for Storage of Renewable Energy (MeGa-StoRE) demonstration project. In Figure 1, the 

project is schematically presented, where the desulfurization section purifies the raw biogas from the 

storage tank before entering the catalytic methanation, upgrading CO2 using H2. In this case, the H2 

is produced by water electrolysis to produce biomethane, which is directly fed into the natural gas 

grid. 

 

Figure 1. Schematic presentation of the MeGa-StoRE project, including the methanation container and 

Green Hydrogen container. 

The overall project goal was to demonstrate second-generation biogas upgrading through the 

Sabatier process. Part of the project goal was to develop a new desulfurization process to meet the 

nickel catalyst requirements used in the thermochemical upgrading process. The MeGa-StoRE 

demonstration unit is shown in Figure 2. It included a larger 2-container-sized demonstration pilot 

plant. Hydrogen is produced in one container (not shown), and methanation of CO2 (from biogas) is 

performed in the second container (shown). The present article mainly focuses on the methanation 

process. The desulphurization and hydrogen production processes are not discussed in the present 

work. 

 

Figure 2. The MeGa-StoRE project container situated at the NGF Nature Energy biogas plant, 

Midtfyn. In the container, a pilot plant desulfurization and methanation systems are present. 

This project provides a localized solution for small-scale biogas producers or farmers to convert 

their CO2 in biogas into methane using green electricity, enabling energy storage. The container-sized 

process solution is a new simple approach for complex chemical processes, which until now is only 

working at a large scale at remote locations. This plug and produce approach for chemical processes 

will provide a new platform for many chemical processes. 

Additionally, in this MeGa-StoRE project, we are trying to provide solutions to reduce global 

warming, provide alternate energy storage solutions, and promote renewable energy use. The project 

is linked directly to the Danish Governments ambitious plan to be independent of fossil fuel by 2050 

and cut the greenhouse gas emission by 70% by 2030. 
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2. Results and Discussion 

2.1. Thermodynamic Calculations 

CO2 methanation reaction is exothermic in nature, where 4 moles of H2 reacts with one mole of 

CO2 to form one mole of CH4 and 2 moles of H2O as shown in the main reaction (Equation (1)). 

Additionally, this main reaction is also followed by an exothermic reversed water gas shift 

(RWGS) reaction and endothermic CO methanation, as shown in Equations (3) and (4), respectively. 

H2 + CO2 ↔ CO + H2O        ∆H298 K = 41 kJ/mol. (3) 

CO + 3H2 ↔ CH4 + H2O        ∆H298 K = −206 kJ/mol (4) 

The overall CO2 methanation reaction (Equation (1)) is associated with a decrease in the overall 

number of gas molecules and releasing heat. Hence, according to Le Chatelier’s principle, the CO2 

methanation process should favor high pressure and low process temperature for high methane yield 

[29]. Thermodynamic equilibrium calculations were performed using Aspen Hysys V11 by the Gibbs 

free energy minimization method to identify the reaction conditions with maximum CO2 conversion 

and methane selectivity. Figure 3 shows the effect of temperature and pressure versus CO2 

conversion. 

  

(a) (b) 

Figure 3. Thermodynamic equilibrium curve of (a) CO2 conversion(XCO2) and methane selectivity 

(SCH4) at 8 bar, 200–600 °C, (b) CO2 conversion (XCO2) at 1, 4, 8, and 16 bar pressure at 200–600 °C using 

CO2:H2, 1:4 ratio. 

Figure 3a shows the temperature effect on CO2 conversion and CH4 selectivity. The conversion 

kinetics are infeasible at low temperatures, while at high temperatures, the reaction is 

thermodynamically unfavorable. Almost complete CO2 conversion and CH4 selectivity are observed 

at a temperature of 200 °C, and further increases in the temperature cause the CO2 conversion to 

decrease. At a stoichiometric H2:CO2 ratio of 4, the optimum temperature range for CO2 methanation 

is 200 to 500 °C, where CO2 conversion drops by only 20% and the CH4 selectivity is 99%. With an 

increase in the temperature above 500 °C, the CO2 conversion drops with CH4 selectivity. CO and 

carbon formation is favored at a high-temperature, which reduces CH4 selectivity drastically [30]. 

Figure 3b shows the effect of pressure on CO2 conversion at different temperatures. The calculations 

reveal that an increase in the pressure favors the methanation reaction. 

Additionally, according to Jurgensen et al., the elevated pressure increases the temperature at 

which carbon deposits occur [31]; hence, reaction at high pressure has dual advantages. However, 

the CO2 conversion is increased with increasing pressure up to a certain pressure, while further 

increase in the pressure does not significantly increase the CO2 conversion at high temperature. 

Hence, all reactions were performed at an optimum 8 bar pressure. 
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Reactor design plays an important role in exothermic CO2 methanation, especially using 

adiabatic reactors. The benefits of adiabatic reactors are that they are relatively simple in construction 

and maintenance, but it is not easy to manage the heat generated [32]. There is a risk of CO and/or 

carbon formation in case of too high reactor temperature. CO can be just a byproduct, but the catalyst 

surface’s carbon formation may completely deactivate the catalyst over time. Hence reaction heat 

management is of utmost importance to avoid carbon formation and catalytic deactivation. 

Generally, the heat is either managed by a specially tailored design reactor system, efficient cooling 

fluid surrounding the reactor, or diluting the feed gas with an inert gas to lower the heat generation 

per volume. Our state-of-the-art reactor design managed the heat generation per volume by adding 

total reactant feed in small portions at the inlet of all four reactors and circulating efficient cooling 

oil. This process resulted in stable temperature management within the optimal temperature range 

(<500 °C), and we achieved almost equilibrium conversion as expected by the above simulations (see 

also the discussion in Section 3). 

Table 1. shows the expected temperature of the adiabatic reactor system, which was calculated 

by Aspen Hysys. The actual reactor temperature recorded by a thermocouple placed in the middle 

of the reactor showed that the reactor temperature was within the optimum range. 

Table 1. Expected and actual reactor temperature. 

Reactors R1 R2 R3 R4 

Expected temperature (°C) 471 488 421 348 

Actual reactor temperature (°C) 485 485 475 358 

2.2. Experimental Results 

The pilot plant methanation system ran for approximately 6 months of operation hours, 

including the startup and shut down by varying reaction conditions to establish stable operating 

conditions. The methanation process ran continuously for 6 h at optimized reaction conditions using 

8 Nm3/h biogas and 16 Nm3/h H2, and it was stable over the operation hours. Figure 4 shows the 

experimental data from the methanation reactor for CO2 conversion. The CO2 conversion was 

approximately 90% and remained almost steady over the test period. The methane selectivity was 

>99%. The catalyst was used for more than 500 h and did not show any sign of deactivation or activity 

loss over the entire period. Similar observations were also seen from catalyst characterization, where 

no significant carbon formation was observed by XRD, BET, TGA, which could suppress or inhibit 

the catalyst activity. Physically no carbon formation was observed on the catalyst surface at the inlet 

of the reactor, and no pressure drop change was observed across the reactors throughout the test 

campaign. This result indicated no significant carbon formation which could block the fixed bed 

reactors. 
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Figure 4. CO2 conversion from raw, cleaned biogas at 350–500 °C, 8 bar using CH4:CO2:H2 = 

23.1:15.4:61.5. 

2.3. Catalyst Characterization 

Figure 5 shows the X-ray diffraction (XRD) pattern of a fresh and used catalyst, respectively. The 

fresh catalyst shows broad XRD peaks corresponding to a small noncrystalline nature. The 

characteristic diffraction peaks at 37.2, 43.1, 62.9, and 75.2° corresponded to NiO (JCPDS = 47-1049), 

while the broad peak at 44° could be attributed to both NiO and Ni [33,34]. According to the database, 

the diffraction peaks at 44.5 and 51.9° were assigned to Ni (JCPDS = 87-0712). A small fraction of a 

catalyst sample after the reaction was taken from all four reactors inlet after a more than 6-month test 

campaign. The used catalyst diffraction pattern shows that the nickel crystallites have grown in size; 

according to the XRD database (JCPDS = 44-1418), most of the peaks are assigned to the Ni3S2 phase. 

 

Figure 5. XRD of the catalyst before (black color) and after (red color) reaction at 8 bar, 350–500 °C. 

The Ni3S2 phase formation after the reaction indicated that feed biogas was contaminated with 

sulfur-containing compounds. This could be because of a sudden interruption of the desulfurization 

process during the test campaign. The backup carbon filter could not remove all the bulk sulfur from 

the biogas to ppb levels required by the Ni catalyst. A potential future improvement could be a 

sacrificial ZnO adsorbent before the active Ni catalyst, which can reduce the sulfur level to ppb in 
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case of such unforeseen conditions [35,36]. Still, it was surprising to see that the catalyst was active 

and showing more than 90% CO2 conversion at all the time. This could be because the catalyst had 

better sulfur tolerance capability, or there was a possibility that only the top layer of the catalyst was 

poisoned as it was first to expose to biogas. Moreover, later, part of the catalyst was still active, which 

provides an active surface for the methanation reaction. According to Hepola et al., sulfur’s catalyst 

poisoning decreased along the catalyst bed [37]. Furthermore, before the reactor’s daily startup, 

hydrogen treatment might have reactivated some of the nickel sites [38]. A complete mechanistic 

study of sulfur poisoning was not a part of this pilot plant test campaign. The diffraction peak at 26.2° 

in both diffraction patterns are from the graphite base (JCPDS = 75-2078) used to support the catalyst 

sample for XRD analysis. 

The Temperature Programmed Reduction of H2 (H2-TPR) is usually employed for estimating the 

reducibility of the catalyst. Figure 6 shows the H2-TPR results for the fresh and used catalysts, 

respectively. The reduction patterns for a fresh catalyst showed two main reduction peaks; one at a 

lower temperature around 244 °C and another at a higher temperature above 550 °C. A sharp 

hydrogen consumption peak at 244 °C was attributed to reducing free NiO or weakly bonded NiO 

with Al2O3. At 579 °C, a broad peak corresponded to the reduction of a NiO, which is strongly bonded 

with Al2O3 [39]. A reduction at 400–600 °C generally corresponds to less reducible NiO species 

present in an aluminum oxide rich phase [40]. The H2-TPR of used catalysts showed low-intensity 

peaks at 213, 252 °C indicating that very low reducible nickel species were present in the catalyst after 

the reaction. 

 

Figure 6. H2-TPR of the catalyst before and after reaction at 8 bar, 350−500 °C. 

The BET surface area results for fresh and used catalysts are shown in Table 2. It is seen that the 

surface area of the used catalyst decreased by 75.6 m2/g compared to the fresh catalyst. The catalyst 

reduction, carbon deposition on the catalyst surface leading to pore blockage, and crystalline phase 

transition leading to metal and support sintering are mainly responsible for the loss in the surface 

area [41–43]. 

Table 2. BET surface area of the fresh and used catalyst. 

Catalyst SBET (m2/g) 

Fresh catalyst 170.7 

Used catalyst 95.1 

In our case, XRD shows phase transition and increase in crystalline size due to the Ni3S2 phase, 

and this could be the reason for the loss in the surface area as the Ni3S2 phase can accelerate the 
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particle sintering and loss of surface area [44–46]. However, no significant catalytic activity loss was 

observed during the catalytic reaction, which shows that carbon species blocked no active species. 

Further detailed studies are needed to clarify this catalyst phase formation and its relationship with 

catalytic activity. 

It is reported that the carbon deposition starts from the formation of graphitic carbon (150–250 

°C) and amorphous carbon (250–500 °C) islands on the catalyst surface. The carbon species may 

encapsulate the active nickel sites, causing the catalyst’s deactivation, or the carbon may form 

filamentous carbon on the catalyst surface. The latter does not encapsulate active sites and will only 

reduce the catalytic activity [47]. Since we did not observe drastic changes in the catalytic activity 

over a 6-month test campaign, the latter type of carbon formations may very likely occur and thus be 

responsible for the loss in the overall surface area along with sulfur poisoning. 

The fresh and used catalyst was tested for the decomposition of any species using thermo-

gravimetric analysis (TGA). Figure 7a,b shows the TGA of a fresh and used catalyst, respectively. The 

results indicated that the total weight loss for fresh and used catalysts was ca. 8.2 and 9.6%, 

respectively. The fresh catalyst’s loss was due to water evaporation, decomposition of carbonates, 

and surface hydroxyl species. For the used catalyst, the change in weight loss was only 1.4%, which 

was negligible compared to the total time the catalyst was in operation. The small changes in the TGA 

graph of the used catalyst observed at 170 and 700 °C could be due to surface adsorbed species or 

carbon [48], but no major weight loss indicates that the carbon deposition was negligible on the 

catalyst. Furthermore, these observations were in good agreement with the decrease in the surface 

area and no major loss in catalytic activity. 

 

Figure 7. Thermo-gravimetric analysis of fresh (a) and used (b) catalysts. 

3. Materials and Methods 

The methanization process was tested at a fully operating biogas plant (NGF Nature Energy, 

Midtfyn, Broby, Denmark). A pilot plant methanation reactor system was developed in a modular, 

movable container and a desulfurization plant, as shown in Figure 1. The pilot demonstration plant 

was constructed to work up to 10 Nm3/h biogas conversion to methane at a temperature up to 600 °C 

and 15 bar pressure. A cylindrically shaped Ni-based methanation catalyst, MC-750R (supplied by 

Unicat), was used for the reaction. The catalyst consists of >65% nickel with support and binder. The 

catalytic tests were performed using biogas, which was directly supplied from the biogas digestion 

unit at the NGF Nature Energy biogas plant. Initially, the biogas was passed through an electro-

catalytic scrubber, where almost all sulfur was removed. A backup carbon filter was installed to 

remove any traces of H2S, which during testing was allowed to pass through the desulphurization 

plant. This carbon filter removes H2S and other sulfur species to an undetectable range. Hydrogen 

was produced using a small-scale water electrolysis plant in a container. This container was running 

at all times during the campaign producing hydrogen at 16 Nm3/h using a specially designed 

electrolyzer system developed and run by Green Hydrogen, Denmark. 
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3.1. Methanation Reactor 

The methanization reactor system consisted of four reactors (R-1 to 4) placed in a series. Figure 

8 illustrates the coupling of the feed gas, four reactors, and product separator. The reactors were made 

up in AISI304SS with an approximately 50 mm inner diameter and 8 L total volume, loaded with 

catalyst and support. The impact of conversion taking place on the reactor walls was assumed 

negligible. In an exothermic reaction, efficient heat management of the catalyst bed was required to 

avoid catalyst deactivation and maintain high activity. Hence, heat transfer oil of maximum bulk 

fluid operating temperature 370 °C (XCELTHEM SST) was used for the external heating and cooling 

of the reactant and product gases, respectively. The temperature of the oil was maintained using a 6 

kW startup heater. The preheated oil was circulated using a specially designed spiral coiled tube 

around E-1 to preheat the feed gas. Moreover, to cool down the gas coming out reactor R-1 to R-4, 

the oil was circulated around the E-2 to E-5 heat exchangers through a coiled tube, respectively. 

 

Figure 8. Reactor design of packed bed reactor (R-1, R-2, R-3, R-4), feed heater (E-1), and cooler (E-2, 

E-3, E-4, E-5) and product separator. 

The oil was pumped from the reservoir to circulate in reactor outlets through the spiral coil (E-

2, E-3, E-4, E-5) at the desired flow to maintain individual reactor inlet gas temperature. Similarly, 

the feed, fraction of biogas, and hydrogen gas to the first reactor were passed through the preheater, 

where the temperature was maintained at 200 °C by circulating preheated oil. The flow of the oil was 

modulated to maintain the desired inlet gas temperature. 

A detailed temperature profiling at each reactor inlet and outlet allowed us to monitor each 

reactor’s catalytic performance. The reaction temperature profile was monitored by placing the 

thermocouple at each reactor’s top, middle, and bottom positions. The biogas was split into four 

proportions, while all hydrogen was injected from the first reactor. An extensive process simulation 

has been performed to identify the exact feed concentration required for each reactor to maintain 

reactant stoichiometry. Accordingly, total H2 in R-1 and biogas was added at each reactor inlet. All 

the gases were preheated by oil before entering the reactors. Subsequently, the produced gas was 

cooled down by circulating oil before injecting it back to the biogas system. In this test process, the 

produced gas was mainly biomethane with H2 and unreacted CO2. Given restrictive gas purity 

conditions for direct injection of biomethane into gas grids, the produced biomethane was injected 

back to the biogas tank. 

Given safety concerns, the methane and hydrogen gas sensors were placed in the container to 

detect any minor gas leak. The leakage sensors were connected to an automatic control system that 

could perform an immediate shutdown of gas flowmeters in case of a major gas leak. 

The gas analysis was performed using a portable high-resolution multi-component FTIR 

analyzer (atmosFIR, Protea Ltd. Cheshire, UK). The gas analyzer was placed at the gas exit after 

product separation, and gas analysis was performed after certain intervals to monitor the reaction 

progress. The gas analyzer consisted of a 4.2 m path length aluminum cell coated with nickel and 

pre-aligned coated mirrors. The optic consisted of a zinc selenide beam splitter. The frequency range 

was from 750 cm−1 to 5000 cm−1 with an average of 10 scans at a resolution of 4 cm−1. The analyzer was 
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calibrated at 60 °C for biogas containing CH4, CO2, and H2S up to 70%, 50%, and 5000 ppm, 

respectively. 

3.2. Operational Procedure 

The complete reactor setup was heat- and pressure-tested before placing the container at the 

biogas plant site. The modular container containing both the desulfurization and methanation reactor 

system was connected to the biogas storage tank after commissioning. Hydrogen production 

container was connected to the methanation reactor system. 

As the CO2 methanation reaction is exothermic in nature, the excess heat was removed to avoid 

hotspots or overheating the catalyst bed and form carbon species on the catalyst surface. 

Additionally, the feed gases were carefully set to avoid cooling down the catalytic beds. Hence, the 

operating conditions were initially varied to find optimal reaction conditions for the continuous 

startup of all four reactors. To do this, the hydrogen feed flow rate and oil circulation to preheat the 

reactant gases were varied. Overall, the CO2 to H2 gas ratio was kept constant at all the time. 

However, the biogas flow at each reactor inlet was changed to avoid the fixed bed reactor’s cooling. 

The reactor pressure was kept around 8 bar at all the time. At the end of the test, the system was put 

into a “sleeping state” until the next day, i.e., the biogas feed flow was stopped, and the reactor was 

set to 200 °C under H2 flow until the next operation day. 

3.3. Catalytic Tests 

The catalyst was reduced in situ before the reaction at 300 °C and 0.5 bar pressure under a 50 

mL/min hydrogen set flow. After catalyst reduction, the gas stream was switched to biogas and 

hydrogen feed. Typically, the feed gas composition was 38.5% biogas (60% CH4, 40% CO2) and 61.5% 

hydrogen. The preheated gas at 200 °C was fed to the reactor; the catalyst bed temperature was varied 

from 300 to 550 °C. The produced gas exiting the pilot plant was analyzed immediately. Condensed 

water was drained and separated before the produced final gas was injected back to the biogas plant. 

The catalytic test ran for 6-8 h of continuous operation. 

3.4. Catalyst Characterization 

The catalyst was characterized by XRD, BET surface area, and H2 chemisorption before and after 

the reaction. After the reaction, catalyst samples were collected from the reactor inlet after the test 

campaign. The crystalline phases of fresh and after XRD determined reaction catalysts to identify 

phase change or loss in active phase due to long-time heat treatment and reaction. The XRD was 

performed using a Bruker D8 X-ray powder diffractometer (Karlsruhe, Germany) with Cu radiation 

in a parallel beam geometry. The XRD patterns were recorded with 2θ ranged from 25° to 85°. 

N2 adsorption-desorption isotherms determined the BET analysis of the catalysts to find out 

whether there was any loss in the active surface area or pore blockage after the reaction. The BET 

analysis was performed using a micromeritics ASAP 2460 apparatus (Norcross, GA, USA). The 

samples were outgassed at 350 °C for 6 h before being subjected to N2 adsorption to ensure the data’s 

accuracy 

The reducibility of the catalyst sample was determined by H2-TPR. The measurements were 

carried out on a Micromeritics Autochem-II instrument (Norcross, GA, USA) with a reducing mixture 

of 5% H2 in N2 from 25 °C to 600 °C with a heating rate of 10 °C/min. 

Methanation reaction on nickel catalyst generally forms carbon species on the catalyst surface. 

Hence, TGA (NETZSCH STA 449C, Selb, Germany) was performed on fresh and used catalysts to 

measure the carbon deposition after the catalytic tests. For accuracy, the used catalyst was ground to 

a powder before the measurement. After that, about 160 mg sample was loaded in a crucible, and the 

sample was heated to 950 °C at a ramping rate of 4 °C/min under argon flow (flow rate: 20 mL/min). 

  



Catalysts 2020, 10, 1428 11 of 13 

 

4. Conclusions 

Direct methanation of CO2 from an operating biogas plant was tested with varying reaction 

conditions. A four-stage fixed bed reactor system was developed to achieve maximum biomethane 

yield. The temperature profile shows that the reactor temperature could be maintained within the 

optimum range (<500 °C) according to simulation calculations. A stable operation of a few hours with 

almost 8 Nm3/h biogas feed showed more than 90% CO2 conversion with a small concentration of H2 

and CO in the upgraded biogas. The quality of the produced gas was enough to inject into the gas 

grid. However, an unrestrictive biomethane injection into the gas grid at the test site needs further 

cleaning by removing H2, CO, and unreacted CO2, which could easily be achieved by a gas separator 

system. The catalyst stability under harsh reaction conditions was supported by catalyst 

characterization after the reactions. Interestingly, Ni phase transformation to Ni2S3 was observed after 

reaction with loss in surface area, which needs further investigation using in-situ or operando 

characterization techniques. The catalyst does not show deactivation or loss in activity within the 

tested period and no major carbon deposits. 

In summary, the demonstration of direct CO2 methanation of real biogas using H2 produced by 

water electrolysis was implemented successfully. The newly developed desulfurization unit worked 

well with almost complete sulfur removal and without any chemical waste production. A successful 

long-time stability test with 8 Nm3/h biogas feed showed a Technical Readiness Level of 7. This result 

is an important and crucial step towards upscaling and industrial implementation of (desulfurization, 

H2 production, and CO2 methanation) state-of-the-art technology at the commercial level. 
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