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Abstract 

Pure carbon dioxide methanation by hydrogen with simultaneous in situ steam 

removal (sorption-enhanced methanation - SEM) was studied, from a 

thermodynamic point of view. The focus of the analysis was to describe the carbon 

deposition boundaries at low pressure (1-10 atm), and to check the suitability of the 

equilibrium product gas composition for injection in the natural gas grid. Results 

show that steam removal can result in significant carbon generation, especially at 

high temperature and low pressure. In order to avoid carbon formation, only partial 

steam capture should be performed if a stoichiometric CO2/H2 feed is used. On the 

other hand, total steam capture can be possible without carbon formation if an 

excess of hydrogen is fed. The H2 content in the product appears to be the most 

critical limit to be respected. 

 

Introduction and Methodology 

Methane is an important energy carrier for many sectors as well as a precursor for a 

number of chemicals. It has a developed storage and distribution infrastructure in 

many countries, and benefits from a relatively large public acceptance. The 

growing debate on climate change and on chemical storage of energy has 

stimulated a renewed interest towards paths to Synthetic or Substitute Natural Gas 

(SNG) production.  Catalytic methanation (discovered by Sabatier and Senders in 

1902 [1]) occurs exothermically either via CO2 or via CO hydrogenation, with a net 

reduction of gaseous moles (volume).  

Methanation of CO2 (CO2 + 4H2 = CH4 + 2H2O; -164 kJ mol-1 @298K), using 

hydrogen obtained by water electrolysis, is often indicated as Power‐to‐Gas 

technology, since it converts surplus (renewable) electric energy into a grid-

compatible gaseous fuel.  Commercial methanation processes typically rely on a 

cascade of adiabatic catalytic fixed bed reactors operated at temperatures between 

250 and 600°C with intermediate cooling steps and recycles, and at high 

operational pressure [2]. Fluidized bed reactors have been suggested as a possible 

alternative since they are known to be favorable for large‐scale operation of highly 

exothermic reactions [2].  
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Recently, the sorption enhanced methanation (SEM) concept has been proposed 

[3,4]: in SEM the steam generated by the methanation reaction is in situ removed 

from the gas phase by adding a suitable sorbent material [3,4], or by using water-

selective membranes [5].  This removal shifts the chemical equilibrium towards the 

products formation also at moderate temperature and relatively low pressure, in 

spite of thermodynamic constraints. This would decrease the energy duty for gas 

compression work needed to reach the pressure level of the natural gas grid [4]. 

Catalyst deactivation due to carbon deposition is one of the main challenges during 

methanation [2,6]. Thermodynamic calculations and experimental results showed 

that carbon deposition is usually not a problem during pure CO2 methanation [5-9]. 

However, it is reasonable to expect that SEM conditions could enhance carbon 

formation also during pure CO2 methanation.  

The purpose of this study was to investigate the effect of SEM during pure CO2 

methanation at low pressure, with a specific focus on avoiding carbon formation 

and on achieving product compositions suitable for injection in the natural gas grid. 

In this work we used the Gibbs free energy minimization technique, subject to 

constraints of conservation of elements, to calculate the equilibrium composition of 

the chemical species in the system (the details of the equations and of the species 

properties estimation have been reported in the literature [5,7,9-11]). Calculations 

were carried out using a code set up in MATLAB environment. The choice of the 

species present in the system is an important consideration in this approach. The 

following major species were accounted for in this work: CO2, H2, CH4, CO, H2O, 

C (solid carbon). Since the maximum pressure was kept below 10 atm, all the 

gaseous species were considered as ideal gases and their fugacity coefficients were 

set to unity. The inlet conditions used for the calculations were either a 

stoichiometric feed (H2/CO2 = 4 on a molar basis) or a feed with an excess of 

hydrogen. The moles of inlet H2 and CO2 were translated into the total available 

moles of oxygen, hydrogen and carbon elements which constituted the constraints 

in the mathematical procedure. The maximum possible number of moles of H2O 

that could be subtracted equals the maximum number of moles of H2O that could 

be generated at complete conversion of the limiting reactant, i.e. two times the inlet 

moles of CO2. As a consequence, we defined a H2O removal fraction as RH2O = 

nH2O,cap/2nCO2,in, where 0 ≤ RH2O ≤ 1. If RH2O = 0 no steam is captured, on the other 

hand, if RH2O = 1 all the formable steam is captured (i.e. all the oxygen is 

subtracted from the system), and this represents the limiting condition when all the 

CO2 is converted into CH4. 

 

Results and Discussion 

To represent the carbon deposition boundaries in such a system where only 

oxygen, hydrogen and carbon elements are present, we used ternary diagrams 

reporting in triangular coordinates the molar fraction of CHO elements in the gas 

phase. The feed composition is represented by a point in the diagram that does not 

change with reactant conversion (since the ratio of CHO elements remains 
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constant), unless one or more elements are subtracted from the gas phase. This may 

happen e.g. if solid carbon is formed, or if H2O is captured (SEM conditions). The 

ratio of CHO elements in the system completely determines whether carbon will 

form or not [12]. Carbon deposition boundaries can be computed at certain 

temperatures and pressures and are represented in the ternary diagram as isotherms 

which divide the area into two zones. In the upper zone carbon is formed, while in 

the lower zone it is not formed. These curves represent all the ratios of CHO 

elements in the gas phase which are in equilibrium with solid carbon at that 

temperature and pressure. Figure 1 reports such diagrams where the computed 

carbon deposition boundaries are shown in the range 200-600°C, at the two 

pressures (1 and 10 atm). In these diagrams two operating points representing 

traditional methanation with stoichiometric feed (SF, RH2O = 0) and SEM condition 

with half of the maximum formable steam removal (HR, RH2O = 0.5) are also 

displayed. A feed consisting of H2 and CO2 alone must be located on the line 

connecting these two species on the diagram (the five gaseous species considered 

in this work are all found on the axes of the diagram since they all consist of only 

one or two elements). The HR point is located on the line connecting CH4 and H2O, 

in an intermediate position between the SF point and the CH4 point (representing 

the condition RH2O = 1), which can be calculated using the lever rule.  

 

Figure 1 carbon deposition boundaries, at 1 atm (left) and 10atm (right) 

 

At 10 atm (Fig.1, right) the HR point is always located below all the curves, 

indicating that no carbon is formed in the range 200-600°C. However, it must be 

highlighted that for RH2O > 0.5 (i.e. moving upwards along the line connecting CH4 

and H2O) conditions do exist where carbon would form. On the other hand, at 1 

atm (Fig.1, left) the HR point is located below the 200, 300 and 400°C curves, but 

above the 500 and 600°C curves. Again, increasing the RH2O value would lead to 

more severe carbon deposition. On the basis of these results, at each temperature 

and pressure, the maximum value of RH2O which entails no-carbon formation can 

be calculated.  
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Figure 2 reports the calculated RH2O,max values as a function of temperature for the 

two pressures: under all operating conditions considered in this work RH2O,max < 1. 

The calculated RH2O,max spans in the range 0.28 – 0.94. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  RH2O,max  as a function of temperature for two pressures (1 and 10 atm) 

 

SEM conditions corresponding to RH2O,max are those providing the best methanation 

performance with stoichiometric feed, while still guaranteeing no carbon 

formation: it is interesting to compare the performance and gas quality indicators 

obtained in these conditions with those obtained in traditional methanation (RH2O = 

0). Figure 3 reports the methane yield (YCH4=nCH4,out/nCO2,in ) and  the dry gas molar 

concentrations of CO2, CO, and H2 , respectively, under the above conditions, as a 

function of temperature for the two pressures. In the figures, also the acceptable 

concentration limits of the main contaminants for grid-injection are reported as 

horizontal dashed lines (CO2 < 2.5%, CO < 0.5%, and H2 < 2% [7, 13]).     

 

 

 

 

 

Figure 3.  Methane yield (left) and dry gas molar concentrations of CO2, CO, and 

H2 (right) as a function of temperature 
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Figure 3 shows that there is an advantage in working under SEM conditions, at all 

temperatures and pressures. The outlet CO concentration is not affected 

appreciably, while optimized SEM conditions can significantly extend the 

operating range as regards the acceptable outlet CO2 concentration. The acceptable 

outlet H2 concentration appears to be the most critical limit to be respected. In 

traditional methanation H2 > 2% at all temperatures and pressures. SEM conditions 

can decrease the H2 concentration in all conditions, but only at 10 atm the 2% limit 

can be fulfilled below 290°C.  

A non-stoichiometric feed richer in H2 could improve the avoidance of carbon 

deposition. A feeding point can be found where even after all the formable steam is 

removed (RH2O = 1) still no carbon is formed. Figure 4 reports the calculated 

threshold H2/CO2 feed ratios where RH2O,max = 1 can be attained, at the two 

considered pressures. Stoichiometric feed is also reported as a horizontal dashed 

line, for reference. It can be seen that such threshold value increases exponentially 

with temperature. As expected, values at 10 atm are much lower than those at 1 

atm. In order to understand the feasibility and possible advantage of working under 

such non-stoichiometric feed, it must be noted that when RH2O,max = 1 the outlet gas 

will consist of a mixture of only CH4 and H2. This implies that in this case the 

methane yield is always = 1 and the CO2 and CO concentrations = 0, which are 

clearly very appealing operating conditions. On the other hand, the critical quantity 

to be examined is the H2 content in the gas. In Fig.4 (right) the dry gas molar 

concentration of H2 obtained for non-stoichiometric feed conditions represented by 

the curves in Fig.4 (left) is compared with that obtained under traditional 

methanation (RH2O = 0) with stoichiometric feed. It can be observed that under 

optimal non-stoichiometric feed conditions with RH2O = 1 the 2% H2 limit can be 

respected below 230 and 300°C at 1 and 10 atm, respectively. 

 

Figure 4. non-stoichiometric H2/CO2 feed ratios where RH2O,max = 1 can be attained 

(left) dry gas H2 molar concentration with stoichiometric feed (R = 0) and optimal 

non-stoichiometric SEM (R = 1) conditions (right) 
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