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The work included in this PhD thesis covers part of the research developed between 

2017 and 2020 by the PhD candidate Andreina Alexandra Alarcón Avellán at the 

Catalonia Institute for Energy Research – IREC, in Sant Adrià del Besòs, Barcelona. 

The research has been performed under the framework of the Nanoscience PhD 

program from University of Barcelona (UB) and funded by the CoSin project 

(COMRDI15-1-0037), LLAVOR project (LLAV-2018-00066) and the Walter Valdano 

Raffo program from Escuela Superior Politécnica del Litoral, Ecuador. 

 

The research is focused on catalyst and reactor design for carbon dioxide 

methanation, especially on development of micro-size catalyst and fixed-bed reactor 

configurations. This dissertation covers all the aspects from catalyst synthesis, 

characterization, testing and implementation in relevant industrial environments to 

reactor design analysis, CFD modelling and experimental validation. 

 

The thesis includes five chapters. In Chapter 1, a general introduction of the 

background is presented, and the objectives are formulated. The core of the 

dissertation, Chapters 2 to 4, are based on six peer-reviewed scientific articles, in 

which the PhD candidate is first author and co-author, in agreement with the 

requirements of the Nanoscience doctoral program of the University of Barcelona for 

a thesis presented as a compilation of publications. The main conclusions and future 

work are described in Chapter 5. Lastly, two appendixes are included at the final of 

the thesis. An overview of the kinetic models, catalysts and preparation methods 

reported for CO2 methanation is presented in Appendix 1, while the supporting 

information of each scientific article is shown in Appendix 2. 
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Summary of results 

 
The transformation of the current energy model towards a more sustainable mix, 

independent of fossil fuels, requires the exploration of new technologies that are 

capable of taking advantage of excess electricity (e-) derived from renewable energy 

sources (wind and solar) and to use new alternative sources of carbon (CO2) for the 

generation and storage of clean fuels. An alternative that combines both is the Power-

to-Gas (P2G) technology, whose concept is based on a two-stage process. In the first 

stage, excess electricity from renewable energies is converted to hydrogen by 

electrolysis. Then, in a second stage, the H2 produced is transformed to CH4 through 

methanation with CO2. The CH4 produced is referred to as synthetic natural gas (SNG) 

and allows large amounts of renewable energy to be distributed from the energy 

sector to the end-use sectors. 

The thermo-catalytic CO2 methanation process, known as the Sabatier reaction, is 

considered the most efficient route for large-scale SNG production in P2G 

applications. However, developing a cost-effective CO2 methanation technology is 

one of the biggest challenges facing the P2G concept. For CO2 methanation, the use 

of a catalyst that is active and capable of working under moderate conditions for a 

long period of time is key to achieve an adequate reaction rate. Furthermore, a reactor 

that presents a simple configuration and is capable of controlling the high 

temperatures formed by the exothermic nature of the Sabatier reaction is required to 

avoid thermodynamic limitations and catalyst degradation. Both catalyst and reactor 

can be considered as the core of CO2 methanation technology and are widely 

investigated to promote the intensification of the process. 

In this context, this thesis focused on the design of a catalyst and a reactor for the 

production of SNG by means of CO2 methanation. The thesis objectives were 

addressed in three main aspects, which are: i) design a high performance catalyst 

based on metal oxide promoted Ni/-Al2O3 and determine its reaction mechanism; ii) 

evaluate the stability of the catalyst and the tolerance to sulfur for its implementation 

in a relevant industrial environment (CoSin project); and finally, iii) develop a CFD 

model based on experimental kinetic data to understand the role of operating 

conditions and propose a new reactor configuration.  

In the first Chapter of this thesis it is presented a general introduction of the SNG 

production through CO2 methanation process. In the second Chapter, it is proposed 

a Ni/-Al2O3 promoted metal oxide catalyst. The addition of a promoter (X: CeO2, 

La2O3, Y2O3, Sm2O3 or ZrO2) on a system composed by Ni as active phase and -

Al2O3 microspheres (dp=400-500 μm) as support was studied as the design strategy 

to develop a micro-sized Ni-X/-Al2O3 catalyst. The effect of promoters was studied in 

a temperature range of 250-350 °C to select the most interesting metal-oxide. The 

ternary catalyst based on Ni-CeO2/-Al2O3 was proposed as the most feasible due to 
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its high catalytic performance in relation to its economic competitiveness. In order to 

find the optimal composition for Ni-CeO2/-Al2O3, the simultaneous optimization of its 

components was evaluated through a systematic experimental design. The catalyst 

composed by 25 wt.% Ni, 20 wt.% CeO2 and 55 wt.% -Al2O3 proved to be the most 

active and stable using moderate reaction conditions (T=300 °C, P=5 bar·g and 

GHSV=40,000 h-1). The successful performance of the micro-sized catalyst was 

attributed to its enhanced Ni dispersion and reduction, its high metallic area, and the 

formation of moderate base sites. 

In Chapter three, the thermal stability and tolerance to sulfur impurities on the Ni/-

Al2O3 catalyst promoted with CeO2 is further studied using the following reaction 

conditions: i) high temperatures (T=500 °C), and ii) the presence of H2S on the 

reactants (1-5 ppm). The catalytic results showed that Ni-CeO2/-Al2O3 was capable 

of maintaining high thermal stability and greater tolerance of H2S compared to a 

conventional Ni/-Al2O3 catalyst. The strong metal-promoter interaction and the 

favourable formation of cerium oxide sulfide (Ce2O2S) were revealed as the main 

causes of its successful stability and tolerance to H2S, respectively. Additionally, it 

was evaluated the technical feasibility of the implementation of Ni-CeO2/-Al2O3 (105 

g) on microstructured reactors in a two-stage industrial methanation process, CoSin 

project. The desired gas composition (≥92.5% CH4) at the outlet of the second 

microreactor was successfully obtained using a pressure of 5 bar·g and a decreasing 

temperature profile in both the first (T=450-400 °C) and the second microreactor 

(T=375-275 °C). The high stability recorded during the 2000 h of experimentation 

demonstrated that Ni-CeO2/-Al2O3 can be a competitive catalyst for CO2 

methanation. 

Regarding to reactor design, in Chapter four, the design of a fixed-bed multitubular 

reactor on a Ni-CeO2-Al2O3 catalyst was proposed for mid-scale SNG production. A 

CFD mathematical model based on experimental kinetic data was developed. The 

optimization of the temperature profile in the reactor tube was carried out through a 

sensitivity analysis. A reactor tube with a diameter of 9.25 mm and a length of 250 

mm was proposed, which should be operated at Tinlet=473 K, Twall=373 K, 

GHSV=14,400 h-1 and P=5 atm. At these conditions, CO2 conversions of 99% were 

achieved with Tmax of 673 K. On the other hand, for small-scale SNG production, a 

reactor with a heat management approach based on free convection was proposed. 

The pre-evaluation of the reactor design (di=4.6 mm and L=250 mm) through 

experiments and the optimization of the reaction conditions (GHSV, Tinlet, P, Tair) 

through a CFD mathematical model were carried out using the micro-sized Ni-CeO2/-

Al2O3. The optimal conditions were found at: GHSV=11,520 h-1, Tinlet=503 K, P=5 atm, 

and Tair=298 K. The feasibility of the reactor proposal was experimentally validated. 

As results, a competitive conversion (XCO2=93%) was obtained with a decreasing 

temperature profile (T=830-495 K). 
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Resumen de resultados 

 
La transformación del modelo energético actual hacia un mix más sostenible, 

independiente de los combustibles fósiles, requiere la exploración de nuevas 

tecnologías que sean capaces de aprovechar el exceso de electricidad (e-) derivado 

de fuentes de energía renovables (eólica y solar) y utilizar nuevas fuentes alternativas 

de carbono (CO2) para la generación y almacenamiento de combustibles limpios. Una 

alternativa que combina ambas es la tecnología Power-to-Gas (P2G), cuyo concepto 

se basa en un proceso de dos etapas. En la primera etapa, el exceso de electricidad 

procedente de energías renovables se convierte en hidrógeno por electrólisis. Luego, 

en una segunda etapa, el H2 producido se transforma en CH4 mediante metanación 

con CO2. El CH4 producido se conoce como gas natural sintético (SNG) y permite 

distribuir grandes cantidades de energía renovable desde el sector energético a los 

sectores de uso final. 

El proceso termo-catalítico de metanación de CO2, conocido comola reacción de 

Sabatier, se considera la ruta más eficiente para la producción de SNG a gran escala 

en aplicaciones P2G. Sin embargo, el desarrollo de una tecnología de metanación de 

CO2 rentable es uno de los mayores desafíos que enfrenta el concepto P2G. Para la 

metanación de CO2, en miras a lograr una velocidad de reacción adecuada, es clave 

el empleo de un catalizador que sea activo y capaz de trabajar en condiciones 

moderadas durante un largo período de tiempo. Además, se requiere un reactor que 

presente una configuración simple y sea capaz de controlar las altas temperaturas 

generadas por la naturaleza exotérmica de la reacción de Sabatier, evitando así 

limitaciones termodinámicas y la degradación del catalizador. Tanto el catalizador 

como el reactor pueden ser considerados como el núcleo de la tecnología de la 

metanación de CO2 y aún se investigan para promover la intensificación del proceso. 

En este contexto, la presente tesis se enfocó en el diseño de un catalizador y un 

reactor para la producción de SNG mediante la metanación de CO2. Los objetivos 

abordaron tres aspectos principales, los cuales fueron: i) diseñar un catalizador de 

alto rendimiento basado en Ni/-Al2O3 promovido por óxido metálico y determinar su 

mecanismo de reacción; ii) evaluar la estabilidad del catalizador y la tolerancia al 

azufre para su implementación en un entorno industrial relevante (proyecto CoSin); y 

finalmente, iii) desarrollar un modelo CFD basado en datos cinéticos experimentales 

para comprender el papel de las condiciones de operación y proponer una nueva 

configuración de reactor. 

En el primer Capítulo de esta tesis se presenta una introducción general de la 

producción de SNG mediante el proceso de metanación de CO2. En el segundo 

Capítulo, se propone un catalizador de Ni/-Al2O3 promovido por óxido metálico. Se 

estudió la adición de un promotor (X: CeO2, La2O3, Y2O3, Sm2O3 ó ZrO2) en un sistema 

compuesto por Ni como la fase activa y micro-esferas de -Al2O3 (dp=400-500 μm) 
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como el soporte se estudió como la estrategia de diseño para desarrollar un 

microcatalizador (Ni-X/-Al2O3). Se estudió el efecto de los promotores en un rango 

de temperatura de 250-350 ° C para seleccionar el óxido metálico más interesante. 

El catalizador ternario basado en Ni-CeO2/-Al2O3 se propuso como el más factible 

por su alto rendimiento catalítico en relación a su competitividad económica. Con la 

finalidad de encontrar la composición óptima para el Ni-CeO2/-Al2O3, se evaluó la 

simultanea optimización de sus componentes mediante un diseño experimental 

sistemático. El catalizador compuesto por 25 wt.% Ni, 20 wt.% CeO2 y 55 wt.% -

Al2O3 demostró ser el más activo y estable usando condiciones de reacción 

moderadas (T=300 °C, P=5 bar g y GHSV=40,000 h-1). El exitoso rendimiento del 

microcatalizador se atribuyó a su alta dispersión y reducción de Ni, a su alta área 

metálica, y a la formación de sitios básicos moderados.  

En el Capítulo tres, se estudia la estabilidad y tolerancia al azufre sobre el catalizador 

de Ni/-Al2O3 promovido con CeO2 usando la siguientes como condiciones de 

reacción: i) altas temperaturas (T=500 °C), y ii) la presencia de impurezas de H2S en 

los reactivos (1-5 ppm). Los resultados catalíticos mostraron que el Ni-CeO2/-Al2O3 

es capaz de mantener una alta estabilidad y mayor tolerancia de H2S en comparación 

a un catalizador convencional de Ni/-Al2O3. La fuerte interacción metal-promotor y la 

formación favorable de sulfuro de óxido de cerio (Ce2O2S) se revelaron como las 

causas principales de su exitosa estabilidad y tolerancia a la impureza de H2S, 

respectivamente. Adicionalmente, se evaluó la viabilidad técnica de la 

implementación del Ni-CeO2/-Al2O3 (105 g) en reactores microesructurados que 

formaban parte de un proceso industrial de dos etapas, proyecto CoSin. A la salida 

del segundo microreactor, se obtuvo con éxito la composición de gas deseada 

(≥92.5% CH4) utilizando una presión de 5 bar g y un perfil de temperatura decreciente 

tanto en el primero (T=450-400 °C) como en el segundo microreactor (T=375-275 

°C). La alta estabilidad registrada durante las 2000 h de experimentación demostró 

que el Ni-CeO2/-Al2O3 es un catalizador competitivo para la metanación de CO2. 

Con respecto al diseño del reactor, en el Capítulo cuatro, se propone el diseño de un 

reactor multitubular de lecho fijo sobre un catalizador de Ni-CeO2-Al2O3 para la 

producción SNG a mediana escala. Se desarrolló un modelo matemático CFD 

basado en datos cinéticos experimentales. La optimización del perfil de temperatura 

en el tubo del reactor se realizó mediante un análisis de sensibilidad. Se propuso un 

tubo de reactor con un diámetro de 9.25 mm y una longitud de 250 mm, el cuál debe 

ser operado a Tinlet=473 K, Twall=373 K, GHSV=14,400 h-1 y P=5 atm. A estas 

condiciones, se lograron conversiones de 99% con una Tmax de 673 K. Por otro lado, 

para la producción de SNG a pequeña escala, se propuso un reactor con un enfoque 

de gestión de calor basado en la convección libre.  La pre-evaluación del diseño del 

reactor (di=4.6 mm y L=250 mm) mediante experimentos y la optimización de las 

condiciones de reacción mediante un modelo matemático CFD se realizaron usando 
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el microcatalizador de Ni-CeO2-Al2O3. Las condiciones óptimas se encontraron a: 

GHSV=11,520 h-1, Tinlet=503 K, P=5 atm, y Tair=298 K. La viabilidad de la propuesta 

de reactor se validó experimentalmente. Como resultado, se obtuvo una competitiva 

conversión (XCO2=93%) con un perfil de temperatura decreciente (T=830-495 K). 
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1. Synthetic natural gas production through CO2 methanation 

process  
 
The use of energy throughout human history has been linked to all phases of global 

development [1]. Most of the energy that is used to power modern civilizations has 

been derived from the chemical energy found in fossil fuels (oil, coal, and natural gas), 

which benefits from their high energy density, low cost and ease of access. At the 

present time, these fossil resources represent the 85% of the global primary energy 

[2]; however, they have negative impacts on the environment and human health. 

Fossil fuels are the largest source of carbon dioxide (CO2), a greenhouse gas which 

contributes to global warming and climate change. Without CO2 mitigation, the 

average temperature on the planet may increase as much as three to five degrees 

Celsius in this century, according to the Intergovernmental Panel on Climate Change 

[3]. These concerns are triggering the world must balance the role of energy in social 

and economic development; with the need to decarbonise, reduce our dependence 

on fossil fuels, and transition towards low-carbon energy sources. 

 

Renewable energy sources (RES), such as solar and wind are practically CO2-neutral, 

and they play a key role in the shift towards green growth, a low-carbon economy, 

and a greater share of renewables in the energy mix [4]. However, due to their variable 

and unpredictable nature, the integration of both solar and wind energy into the 

electricity grid is a challenge, since the existing grids and their capacities were 

established to comply with less or non-variable energy sources, dispatchable power 

generation, and predictable load peaks. Consequently, long term and large capacity 

electricity storage is required, as well as reserve production capacity [5].  

 

Several options have been proposed for large-scale energy storage, including 

flywheels, batteries, pumped hydro energy storage, compressed air energy storage 

and thermochemical energy storage. Compared to all storage technologies (see 

Figure 1.1), chemical energy storage in the form of synthetic gas (as methane (CH4)) 

produced via Power-to-Gas technologies (P2G) has the greatest potential for the 

seasonal energy storage of low-carbon electricity [6–8]. Indeed, CH4 caverns can 

store approximately 1000 kWh·Nm-3 at 100 atm, while compressed air has a 

significantly lower energy density of 0.4–20 kWh·Nm-3 and pumped hydro can only 

store 0.5–1.3 kWh·Nm-3. This latter is also limited by geographical constraints and it 

is preferentially used for weekly storage. Therefore, P2G  technology can be 

considered an energy-efficient approach that offers a wide opportunity for 

conserving primary energy sources as well as reducing greenhouse gas emissions. 

https://www.sciencedirect.com/topics/engineering/primary-energy-source
https://www.sciencedirect.com/topics/engineering/greenhouse-gas
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Figure 1.1.  Comparison of electricity storage technologies in terms storage capacity, discharge 
time and energy density. Adapted from Anajovic et al. [9]. CAES=compressed air energy 
storage, PHES=pumped hydro energy storage, P2G=power-to-gas. 

The P2G concept relies on the ability to transform the supply electrical energy from 

RES into valuable energy carries by means of 1-step process (Power-to-Hydrogen) 

or 2-step processes (Power-to-Methane), as it is shown Figure 1.2. In the 1-step 

process, the electricity excess is used to split water into hydrogen (H2) and oxygen 

(O2) through electrolysis. Consecutively, the produced renewable H2 is combined with 

CO2 to produce CH4 through methanation process. In this 2-step process, the sources 

of CO2 used as feedstock are derived from power plants (coal or natural gas), 

industries (cement, steel, chemical, etc.), biogenic sources (biogas produced from 

organic waste, bioethanol fermentation, biomass combustion, etc.) and direct air 

capture. The produced methane is also known as synthetic natural gas (SNG). 

Compared to hydrogen which requires specialized infrastructure, if the SNG 

composition meets the gas quality requirements of the natural gas grid (e.g.≥95% for 

Spain), it could be directly injected into a natural gas pipeline at the point of production. 

In addition, the SNG can be stored for long-term (days, weeks, or even months), used 

in the transportation sector and burned for heat and power production. 
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Figure 1.2. Schematic illustration of the Power-to-Gas concept for synthetic natural gas 
production. 

Thermochemical, biological, plasmolysis, electrochemical and photoelectrochemical  

are the main methanation technologies proposed for the production of synthetic 

natural gas [10–13]. Among them, thermochemical CO2 methanation process via 

Sabatier reaction is the most mature and intensive technology for P2G plants at 

industrial scale [14,15]. In the thermochemical route, high volumetric productivity can 

be reached in comparison with another technologies (e.g. biological [16]). This 

process is very old, since the CO2 methanation reaction was already proposed by the 

French chemistry Paul Sabatier and Jean-Baptiste Senderens in 1902 [17]. In the 

context P2G, Sabatier reaction is typically conducted on a catalytic reactor under 

moderate temperature and pressure, in which H2 and CO2 react over a catalytic metal-

based system to form CH4 and H2O, as it is shown in Figure 1.3. 

 

 
Figure 1.3. Schematic illustration of the thermochemical CO2 methanation process. 
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The overall Sabatier reaction is reversible, highly exothermic and characterized by a 

volume reduction of 40% of the reacting gases. Thermodynamically, the reaction is 

highly favourable because of its large negative values of enthalpy (∆HR
298K=-165 

kJ·mol-1) and Gibbs free energy (∆GR
298K=-130.8 kJ·mol-1). However, the involvement 

of eight-electrons in the process makes it kinetically limited [18]. Accordingly, an active 

and stable metal-based catalytic system needs to be utilized to attain an acceptable 

reaction rate and methane selectivity. Since the reaction has an exothermic nature, a 

reactor design with a proper temperature control is mandatory to avoid backwards 

reaction and catalysts deactivation. According to Le Chatelier's principle, low 

temperatures and high pressures shift the equilibrium to the products side. 

Consequently, a balance between thermodynamic and kinetic barriers should be 

found in order to guarantee an efficient methane production via thermochemical CO2 

methanation technology. This requirement imposes high challenges: i) on the 

development of innovative heterogeneous catalytic systems with proficient catalytic 

performance, high stability and tolerance to impurities; and, ii) on the proposal of 

advanced reactors with novel thermal approaches to manage the heat released by 

the reaction during the Sabatier process. 

 

In this context, the aim of this introduction is to present current academic and industrial 

progress of the CO2 methanation process with a special interest to the main aspects 

to drive CO2 methanation technology to widespread applications. Therefore, 

fundamentals of the CO2 methanation reaction, strategies applied to design high-

active and stable CO2 methanation catalysts are reviewed. Finally, CO2 methanation 

reactor configuration and implementation strategies were analysed, as well as future 

prospective challenges for efficient and scalable CO2 methanation technology are 

discussed. 

 

1.1. Fundamental concepts 
1.1.1. Thermodynamics  

 

The CO2 methanation process carried out through the exothermic Sabatier reaction 

(Eq. 1) occurs in a parallel combination between the endothermic reverse water gas 

shift reaction (RWGS) (Eq. 2) and the exothermic CO methanation reaction (Eq. 3).  

 

CO2 + 4H2 ⇄ CH4 + 2H2O ∆HR
298K = −165 kJ · mol−1 Eq. 1 

CO2 + H2 ⇄ CO + H2O ∆HR
298K = +41.1 kJ ∙ mol−1 Eq. 2 

CO + 3H2 ⇄ CH4 + H2O ∆HR
298K = −205.9 kJ ∙ mol−1 Eq. 3 

 

Under certain process conditions, the formation of carbon over catalyst surface can 

be derived from by-reactions, such as: the exothermic Boudouard reaction (Eq. 4), 

the endothermic methane cracking reaction (Eq. 5), the exothermic CO reaction (Eq. 

6) and the exothermic CO2 reduction reaction (Eq. 7). 
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2CO ⇄ Cgraphite(s) + CO2 ∆HR
298K = −172.4 kJ ∙ mol−1 Eq. 4 

CH4 ⇄ 2H2  + Cgraphite(s) ∆HR
298K = +74.6 kJ ∙ mol−1 Eq. 5 

CO + H2 ⇄ Cgraphite(s) + H2O ∆HR
298K = −131.3 kJ ∙ mol−1 Eq. 6 

CO2 + 2H2 ⇄ Cgraphite(s) + 2H2O ∆HR
298K = −90.1 kJ ∙ mol−1 Eq. 7 

 

Besides carbon, the formation of saturated hydrocarbons can occur according the 

following reactions (Eq. 8 and 9): 

 

nCO + (2n + 1)H2 ⇄ CnH2n+2 + nH2O  Eq. 8 

nCO + 2nH ⇄ CnH2n + nH2O  Eq. 9 

 

In order to analyse the thermodynamics of the main reactions involved in the CO2 

methanation process, Van’t Hoff equation (Eq. 10) was used to calculate equilibrium 

constants (K) for each reaction in function of temperature. 

 

d(ln(K))

dT
=

△ HR

RT2
 

 Eq. 10 

 

where T is the temperature, △ HR the molar enthalpy changes of reaction at 

temperature T, and R the gas constant. According to values of  
d(ln(K))

dT
, reaction can 

be classified as either spontaneous or not- spontaneous: 

• If   
d(ln(K))

dT
< O, reaction is favourable or spontaneous 

• If  
d(ln(K))

dT
> O, reaction is unfavourable or not spontaneous 

Figure 1.4 shows the equilibrium constant values of the main reactions involved in the 

CO2 methanation process as a function of temperature. As it can be observed, the 

catalytic hydrogenation of CO2 to CH4 through both exothermic reactions (Eq. 1 and 

Eq. 3) is favourable when temperature decreases. In particular, CH4 formation by Eq. 

1 is promoted in the temperature range from 473-823 K. A further increase on the 

temperature (T≥823 K) is unfavourable for the process since Eq. 2 is more dominate 

and promotes the formation of CO. With respect to the set of by-reactions (Eq. 4-7), 

Eq. 4, 6 and 7 are favoured at low temperatures, while Eq. 5 is favoured at high 

temperatures. Besides, it can be seen that the Eq. 4 has an equilibrium constant much 

larger than Eq. 5, 6, and 7. Therefore, it is necessary to consider that the Boudouard 

reaction lies in the temperature range where the conversion of CO2 to CH4 is favoured. 



Chapter 1                                                                                           Andreina Alarcón                                                                                                   

 

8 

 

Figure 1.4. The equilibrium constant (K) of the possible reactions involved in methanation 
process as a function of temperature. The values calculated were based on thermochemical 
data in gas and solid phase of the main species (H2, CO2, CH4, H2O, CO and C) [19] and using 
the Van’t Hoff equation: d(ln(k))/dT=∆HR/RT2. 

Temperature reaction is not the only important parameter to evaluate the CO2 

methanation process. According to thermodynamics, the equilibrium of the Sabatier 

process in regard to CO2 conversion, selectivity and yield to CH4, CO and C can be 

also influenced by the effects of the pressure, the H2/CO2 molar ratio and the addition 

of other reactants (e.g. H2O and CH4). The minimization of the Gibbs free energy of 

the system is a non-stoichiometric method can be applied to calculate the equilibrium 

composition of the chemical species in a reactive system. This method is based on 

the principle that the total Gibbs energy of the system has its minimum value at 

chemical equilibrium, and only requires the definition of all the chemical species 

involved in the process (both reactants and products).  

 

In this line, thermodynamic calculations using a Gibbs energy minimization model 

were performed to understand the potential behaviour of the Sabatier process. The 

model was developed in excel and its minimization was executed using a Solver 

plugin with GRG nonlinear optimizer [20]. The thermochemical data in gas and solid 

phase of the main species (H2, CO2, CH4, H2O, CO and C) was used  to calculated 

the Gibbs free energy [19]. The Gibbs function (Eq. 11) as a function of pressure and 

temperature can be written follows as: 
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nG(T, P) = ∑ ni∆Gi
0  + ∑ niRTlnP + ∑ niRTyi + ∑ niRTlnΦ̂i 

Eq. 11 

 

where 𝑛𝑖 is the number of moles of species i, ∆Gi
0 is the standard Gibbs free energy 

of formation of species i, R is the universal gas constant, P is the total pressure of the 

gas mixture, yi is the mole fraction of species i in the gas mixture , Φ̂i is the fugacity 

coefficient of species i in the gas mixture. The equilibrium model results shown below 

were in concordance with previous reported thermodynamic equilibrium analysis [21–

26]. 

 

The CO2 equilibrium conversions and selectivities to CH4, CO and C as a function of 

temperature at pressures between 1 and 30 atm and using a H2/CO2=4 are presented 

in Figure 1.5. CO2 conversions (XCO2≥95%) close to equilibrium can be obtained at 

low temperatures (T≤623 K) and high pressures (P>1 atm) (see Figure 1.5 (a)). 

However, high operating pressures (P≥20 atm) are neither technically nor 

economically feasible, and low operating temperatures (T≤473 K) require highly active 

metal-based catalytic systems. In contrast, high temperatures (T≥823 K) shift the 

equilibrium to the reactants side, leading to the reduction of CO2 conversions. 

Besides, at this condition the carbon monoxide (CO) is promoted by RWGS reaction. 

Consequently, higher CO selectivities and lower CH4 selectivities are obtained (see 

Figure 1.5 (b)).  

 
Regarding H2/CO2 effects, carbon formation is not expected at a H2/CO2 molar ratio 

of 4 (see Figure 1.5 (b)). A similar trend was observed by Gao et al. [21], who also 

claimed that the catalyst deactivation by carbon deposition is strongly influenced when 

the hydrogenation of CO2 is performed at low molar ratios (H2/CO2<4) and using 

temperatures below 823 K. In addition, it was informed that a H2/CO2 molar ratio above 

4 increase the selectivity to hydrogen-rich species (methane) with a decrease in coke 

as hydrogen is a well-known coke removing agent [22]. From thermodynamic point of 

view, a H2/CO2 molar ratio of 4, low temperatures (473-623 K) and high pressures (1-

30 atm) should be considered as the operating window to achieve an efficient 

methane production during the CO2 methanation process. 
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Figure 1.5. a) CO2 equilibrium conversions and b) selectivities to CH4, CO and C as a function 
of temperature at pressures between 1 and 30 atm and using a H2/CO2=4.  
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1.1.2. Reaction mechanisms 

 

Although the methanation process has been investigated extensively for many years, 

the elementary steps involved in the overall Sabatier reaction catalysed by metals 

remain controversial. In view of the studies reported to date over Ni-based catalyst 

(see Table 1.1), reaction mechanisms for the hydrogenation of CO2 can be classified 

in three main types (see Figure 1.6):  

 

• Dissociative mechanism, where the dissociation of CO2 to COads 

(CO2+**→CO*+O*) and the dissociation of COads to Cads (CO*+*→C*+O*) are 

identified as the rate-limiting step for CH4 formation. 

• Associative mechanism, where the formation of formates 

(CO2*+H*→HCOO*+*) is recognized as the rate-limiting step. 

• Hybridized mechanism, where a mixture between the two previous ones is 

considered.   

 

The hydrogenation of CO2 via dissociative mechanism occurs on the active metal 

nanoparticles. This reaction pathway starts from the dissociative adsorption of both 

hydrogen (H2) and carbon dioxide (CO2) on the metallic sites (*) to form adsorbed 

hydrogen adatoms (Hads), as well as adsorbed carbonyl species (COads) and adsorbed 

oxygen (Oads). Then, COads can be transformed to methane (CH4) following the same 

pathway as CO methanation, where the COads is i) directly hydrogenated to methane 

(CH4) or further ii) dissociated to form adsorbed carbidic carbon species (Cads) and 

Oads. [27–29].  In the first route,  Hads is associated with carbonyl species, such as 

linear CO [30] and bridged CO [31] to form adsorbed formyl (HCOads), HCOHads and 

COHads. Consecutively, these intermediate species are hydrogenated to CH4. In the 

second route,  the dissociated Cads [32] is directly hydrogenated to CH4, where COHads, 

CH2ads and CH3ads are the intermediate species formed during the process. 

 

The associative mechanism suggests that the formation of intermediate species are 

highly dependent of the reaction conditions, metal/support interaction [33–36], and 

physicochemical properties of the catalyst (e.g. metal loading [37], structural 

properties [38], and distribution of the basic/acidic sites [39–42]). In this route, 

adsorbed H2 is dissociated on metallic sites (*) to form adsorbed hydrogen adatoms 

(Hads), while adsorbed CO2 is activated on the support to form adsorbed hydrogen 

carbonate (HCO3ads) under the presence of an adsorbed group hydroxyl (OHads), and 

adsorbed carbonate species (CO3ads) in form of monodentate (m-CO3ads), bidentate 

(b-CO3ads), polydentate (p-CO3ads) and bridged carbonate [43–48]. Later, these CO3ads 

are hydrogenated to adsorbed formate (HCOOads) or formyl (CHOads) species. From 

these two species, formate formation is mainly identified as the rate-limiting step, and 

its successive hydrogenation to adsorbed formaldehyde-like (H2COads) and methoxy 
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(H3COads) species allow that CH4 can be formed and released from catalyst surface 

as a final product. 

 

Hybridized mechanisms can be defined as the combination of both CO and formate 

route. These can be divided in two subcategories resulting in i) the migration of 

dissociated carbonyl species and/or ii) the dissociation of formate species. The first 

one suggests that CO2 and H2 are adsorbed and dissociated on metal sites to form 

COads, Oads and Hads atoms, followed by migration onto the support surface [49].  The 

CO then interacts with oxide surfaces of the support to form bridged carbonyl and 

linear carbonyl, while the presence of H atom facilitates the formation of bidentate 

formate. These three species could be responsible for the formation of methane, 

being the bidentate formate species the main route to formation of methane. The 

second one suggested that CO2 is adsorbed on support to form HCO3ads or CO3ads, 

followed by their hydrogenation to HCOOads. Then, adsorbed formate can be 

dissociated and hydrogenated on the sites actives to form methane [50–52]. 

 

 

 
Figure 1.6. Schematic illustration of proposed reaction mechanisms of CO2 methanation 
process. 

 

 

 

 
 

 



Andreina Alarcón                                                                                           Chapter 1 

 

13 

Table 1.1. Proposed reaction mechanisms of CO2 methanation on Ni-based catalysts. 

Catalyst 
Reaction 

mechanism 
Species formation Reference 

Ni/SO2 

Dissociative Lineal and bridged CO 

[27] 

Ni (100) [28] 

Ni/Al2O3 [30] 

Ni/Sepeolite [31] 

Ni/CeO2-x 

Associative 
Monodentate, Bidentate 

and Bridged formate 

[33–35,37,43] 

Ni/MgO [36] 

Ni/TiO2 [38] 

Ni/CeO2-ZrO2 [39–42] 

Ni/SO2 [44] 
Ni/Hβ40 

CeO2 -modified Ni-A [45] 

Ni/Al@MnAl2O4  [46] 

W-doped Ni-Mg [47] 

Ni/Y-doped ZrO2 [48] 

Ni/MSN 

Hybridized 

 [49] 

g-C3N4 -modified Ni-

CeO2  
Bidentate formate [50] 

Ni-CeO2/CexZr1−xO2   [51] 

NiUSY zeolites  [52] 

  

1.1.3. Reaction kinetics  
 

An important part of studying chemical reactions is to monitor the rate at which they 

occur. Reaction kinetics is the field of science dealing with the rate of a chemical 

reaction. This is the rate at which the reactants are consumed to form products. In 

addition to the rate of the reaction, kinetics can be also used to make conclusion 

regarding the mechanism or sequence of steps by which reaction exactly occur at 

molecular level. Understanding the kinetics of Sabatier reaction is critical for being 

able to control the process and obtain the desired products.  

Kinetic rate expressions for describing the hydrogenation of CO2 to CH4 can be 

developed employing Power-law (PL) and Langmuir-Hinshelwood-Hougen-Watson 

(LHHW) kinetics approaches. PL kinetics are easier to be developed with respect to 

LHHW kinetics. The reaction rate equations through this kinetic approach can be 

obtained by a simple adjusting the reaction constant and the reaction rate in the range 

at which reaction parameters were measured. In contrast, kinetics expressions 
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derived from LHHW approaches are more complex and a reaction mechanism is 

mandatory to adapt the reaction rates. An overview of kinetic reaction expressions on 

nickel-based catalyst using these kinetic approaches are summarized in Table A1.1. 

Eq. 12 is used for a better understanding and interpretation of the mathematical 

description of the proposed reaction rates.  

r =
(rate constant) ∗ (driving − force) ∗ (equilibrium term)

(adsorption term)
 

Eq. 12 

 

The first kinetic studies for the hydrogenation of CO2  to CH4 were performed in 1950s 

[53–55]. On the basis of these results, the most plausible mechanisms for CO2 

methanation reaction were proposed. Additional kinetic models were latter developed 

in view of the potential significance of the CO2 methanation reaction for the industrial 

fuel production [56–59]. Among them, the intrinsic kinetics proposed by Xu et al. [59] 

for steam reforming of methane has provided finding which are relevant for further 

work on methanation kinetics. They developed reaction rates for the reversible water 

gas shift (RWGS), CO methanation and CO2 methanation at reactions conditions 

close to those used industrially. 

 

In the Power-to-Gas context, Koschany et al. [60] developed kinetic models using 

three approaches: simple PL with and without inhibition of water, and LHHW. They 

emphasize that the kinetics at differential conversions and pure H2/CO2 feed markedly 

differ from the regime closer to equilibrium. PL with inhibition and LHHW models were 

capable to reflect the kinetics over a wide range of conditions from differential 

conversion to thermodynamic equilibrium. Hubble et al. [61]  also proposed a LHHW 

kinetic model based on a mechanism in which adsorbed CO2 dissociated to CO and 

O surface species. The subsequent dissociation of adsorbed CO was considered as 

the rate-limiting step. 

 

Macro- and even micro-intrinsic kinetics were proposed to design, simulate and 

optimize conventional and advanced reactor configurations for industrial Power-to-

Gas applications [62–69]. For instance, Molina et al. [62] proposed a kinetic model for 

CO2 methanation using a simple PL rate expression over a commercial catalyst. The 

experimental kinetic parameters were implemented for the optimization of a wall-

cooled fixed-bed exchanger reactor.  With the same goal, Ducamp et al. [63] 

developed a  kinetic model over a commercial catalyst. The rate equations were 

defined through the adaptation of the activity coefficients and adsorption constants of 

the three kinetic rates from the Xu and Froment model. Most recently, Miguel et al. 

[64] proposed a LHHW kinetic model based on a formyl intermediate mechanism with 

a hydroxyl group being the most abundant species.  

 

Besides direct path (CO2 methanation rate equation), kinetic studies with indirect path 

(RWGS rate equation + CO methanation rate equation) have been performed in order 
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to account for the presence/formation of CO. Marroco et al. [65] proposed a kinetic 

model in where rate equations were developed applying a simple power law, a power 

law with an inhibition term, and a LHHW approach. The most suitable fitting of 

experimental data was achieved by using the LHHW expression and the PL (with 

inhibition influence of adsorbed water or hydroxyl). On the other hand, kinetic model 

proposed by Champon et al. [66] was performed over a commercial catalyst and their 

rate equations were also developed following a LHHW approach.  

 

Regarding the micro-intrinsic kinetics rate equations, these were developed over 

structured reactor configuration. Farsi et al. [67] developed a kinetic model using a 

microstructured packed bed reactor. The kinetic model for two-step CO2 methanation 

process was developed using a LHHW formalism. The best agreement to the 

experimental data was obtained when the direct water adsorption in the inhibition term 

was assumed. Hernandez et al. [68] developed kinetic rate equations using a catalytic 

plate reactor. The proposed models suggested that the rate determining step includes 

the reaction of an oxygenated complex (COH* or HCOO*) with an active site (*) or an 

adsorbed hydrogen (H*). Furthermore, water was assumed to be adsorbed as a 

hydroxyl species (OH*), while methane did not influence the reaction. Recently, 

Morosanu et al. [69] proposed a power law model for aging evolution of a commercial 

catalyst.  This was developed considering that the loss of activity during the sintering 

process can be correlated with the loss of normalized surface area or dispersion of 

the active phase. 

 

In summary, the majority of kinetic model proposed for CO2 methanation were 

developed over commercial Ni-based catalysts. These PL and LHHW kinetics were 

mainly proposed for the modelling, design, and optimization of conventional and 

advanced reactor technologies. Concerning the activation energies (Ea), the 

proposed values ranged between 55 and 240 kJ·mol-1. A comparison between them 

is tricky since different reaction conditions were selected to develop the kinetic 

models.  However, it is possible to claim that energy must be provided to initiate the 

exothermic Sabatier reaction.  As it can be seen in Figure 1.7, the activation energy 

is higher when the reaction occurs in absence of a catalyst as shown by the red curve.  

In contrast, the presence of a catalyst decreases the activation energy which is 

indicated by the green reaction pathway. However, a sufficiently high temperature 

(depending catalyst) makes Sabatier reaction take place until all reactants are 

consumed. Therefore, active catalysts able to work at relatively moderate conditions 

should be designed to overcome the energy barrier of the exothermic Sabatier 

reaction.  



Chapter 1                                                                                           Andreina Alarcón                                                                                                   

 

16 

 

Figure 1.7. Activation energy with and without catalyst. 

1.1.4. Transport phenomena limitations  
 

In a heterogeneous catalytic system, transport phenomena limitations have a 

significant effect on the rate of reaction and product formation due to differences 

between reactant and product phases (gas) compared with the catalyst phase (solid). 

For a solid-catalyzed reaction, the reactants first diffuse through the stagnant 

boundary layer surrounding the catalyst particles (external transfer effect). Then, the 

reactants diffuse into and through the pores within the catalyst particles, with reaction 

taking place only on the catalytic surface of the pores (internal transfer effect). A 

schematic description of this two-step diffusion process is shown in Figure 1.8. These 

two mass transport limitations are potentially favoured when large-size particles and 

low velocities of the fluid flow are used. Consequently, both external and internal 

transfer must be considered in a catalytic reaction system since they limit the rate of 

the reaction. In addition to mass transfer effects, heat transfer throughout the catalyst 

particle and the stagnant boundary layer can also affect the rate of the reaction. 
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Figure 1.8. Schematic representation of the mass transfer and reaction step for a catalyst pellet. 
Adapted from Folger et al. [70]. 

Since a balance between transport phenomena and rate of the reaction is frequently 

considered the most effective means of operating a catalytic reaction [71]. The 

fundamental understanding of these transport phenomena is essential for CO2 

methanation process scale-up. For the Sabatier reaction, serious efforts in order to 

minimize or eliminate mass and heat transfer resistances are needed due to its 

exothermic nature. Strong gradients of temperature and concentrations of reacting 

components can arise within the reactor in the gas volume as well as inside the 

catalyst structure. Consequently, the implementation of a catalyst with proper shape 

and size on a reactor design with effective control of temperature is critical to 

overcome transport phenomena in the Sabatier process. 

1.1.5. Reactor design 

 

Reactor design suitable for SNG production via CO2 methanation process should 

have an efficient heat management to prevent temperature increase in the catalytic 

bed and thermodynamic limit. High temperatures may result in damaging of the 

catalyst and the reactor itself, or in the initiation of undesired parallel or consecutive 

reactions. Therefore, another great challenge in CO2 methanation technology is to 

design reactors able to manage the heat naturally released by the exothermic 

Sabatier reaction. Currently, there are various reactor designs developed for CO2 

methanation, which according to their configuration can be classified as follows: fixed-

bed reactor (FIXBR), fluidized bed reactor (FBR), three-phase reactor (TPR) and 

microreactor (MR). 

 

FIXBR represents the simplest reactor design option and most used. This approach 

can operate in adiabatic or polytropic conditions. Adiabatic fixed-bed reactors (AFIXR) 

are designed with a cooled product gas recirculation system to limit the strong 
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exothermicity of the reaction [72] (see Figure 1.9). This simple design can be 

disadvantageous when too many AFIXBRs are required to reach the target 

conversion.  

 

 

Figure 1.9. Adiabatic fixed-bed reactor. 

FIXBR in polytropic operation condition involves the design of a cooled fixed-bed 

reactor (CFIXBR). The most common is the multitubular fixed-bed exchanger reactor 

(MFIXBR).  As it can be observed in Figure 1.10, its design consists of a series of 

tubes mounted inside a cylindrical shell. The tubes are filled with catalytic particles. 

The gas flow goes downward through the tubes from the upper to the lower head. In 

the tubes, gas and the catalytic particles react. The heat that results from the reaction 

is absorbed by a cooling fluid (e.g. water, steam, oil, and molten salt) in the shell side 

of the reactor [73]. Compared to an adiabatic reactor, a cooled fixed-bed reactor offers 

the advantages of intensive heat removal and therefore suitable conditions in the 

reactor tube, which in turn facilitate hot spot avoidance and a high level of temperature 

control over cooling performance. However, some limitations are found when high 

cooling operating conditions are required (T≥375 K & P≥30 atm) to reach the reaction 

temperature targeted [74]. Therefore, the design of a multitubular fixed-bed reactor is 

always a compromise between selectivity, yield and investment- and operating costs. 
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Figure 1.10. Multitubular fixed-bed reactor. 

FBR is an alternative design to operate in isothermal conditions. The reactor 

configuration consists of a vertical column with an in-tube heat exchanger bundle, as 

it is represented in Figure 1.11. The fluidization occurs when the solid catalyst 

particles are suspended in the upward-flowing stream of the gases. Due to the 

turbulent gas flow and rapid circulation, this design offers a higher efficiency in heat 

exchange, and thus a higher control temperature with respect to fixed bed reactors 

[75]. However, the main issue is associated with the fluidized bed. For instance, 

particle blowout caused by an uncontrolled gas velocity can lead to the deterioration 

of the reactor by abrasion and attrition. 

 
Figure 1.11.  Fluidized bed reactor. 
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TFR also is known as a slurry bubble column reactor (SCBR) [76]. The design involves 

the use of fine catalyst particles (dp<100 μm) which are suspended in an inert liquid 

medium (dibenzyltoluene) by the gases flow [77], as it is shown in Figure 1.12. The 

stable isothermal operation in a SCBR is achieved thanks to the catalyst removal 

during the process. Further advantage is the possibility to operate in both semi and 

continuous. On the other hand, their limitations include severe backmixing, 

decomposition and evaporation of the suspension liquids, and the necessity of a 

catalyst filtration step. However, an important feature of this reactor design is that they 

allow the continuous catalyst replacement in the case of its quick deactivation [78].  

 
Figure 1.12. Three-phased or slurry bubble column reactor. 

MRs are advanced reactor designed for the intensification of the CO2 methanation 

process. The design involves a compact and miniaturized configuration. Compared to 

conventional reactors, these offers an high heat management thanks to its large 

surface area to volume ratio [79,80]. Microchannel [81] and Monolith honeycomb [82] 

are the main microreactor design proposal for CO2 methanation. In a microchannel 

reactor (see Figure 1.13), the diameter of the channels is in the range of 50 to 5000 

μm [83] and the catalyst can either be packed in them or deposited to the walls as a 

coating [84]. This is considered as a heat exchanger reactor type since the overall 

unit design combines a reactor and a heat exchanger. In addition to its enhanced 

heat/mass transfer, it has a quick response time (start-up and shut-down) [85]. 

Despite its easy scale-up, the high manufacturing cost limits its widespread 

application. A further drawback is the removal the catalyst of the walls, leading also 

to high operation costs. The implementation of structured catalysts, e.g. micro-size 

particles or open cell foam (OCF) coated with material catalytic has been recently 

proposed to overcome this problem [86].  



Andreina Alarcón                                                                                           Chapter 1 

 

21 

 

Figure 1.13. Microchannel reactor. 

With regard to monolith honeycomb reactor, this design offers an extruded structure  

more practical with an enhanced heat transfer and high radial heat conductivity [76]. 

In a honeycomb structure, each monolith can contains thousands of parallel channels 

or holes, which are defined by many thin walls. The channels can be  

square, hexagonal, round, or other shapes. The hole density may be from 30 to 200 

per cm2, and the separating walls can be 0.05 to 0.3 mm. A suitable hole density is 

mandatory since the surface area is mainly influenced by this parameter. Honeycomb 

structures can be also used into the tubes of a conventional multitubular fixed bed 

reactor. However, one crucial point for the development of structured honeycomb 

reactors is the deposition of a suitable and stable catalytic layer on the metallic or 

ceramic support [87].  

 

Among the proposed reactor configurations, fixed-bed, fluidized bed and 

microstructured reactors are the three designs available in the market. The rest of 

reactor technologies continue in demonstration or research & development (R&D) 

stages. Lurgi from Air Liquide [88], TREMPTM from Haldor TopsØe [89], Vesta from 

Clariant and Foster Wheeler [90], and DAVYTM from Johnson Matthey [91] are the 

accessible technologies to carried out methanation process using adiabatic fixed-bed 

reactors. Alternatively, cooled fixed-bed reactors are provide by Etogas [92] and Man 

[93],while cooled microstructured reactors by INERATEC [94], Velocys [95] or 

ATMOSTAT [96]. 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Honeycomb_structure
https://en.wikipedia.org/wiki/Hexagon
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1.1.6. Modelling of fixed-bed exchanger reactor technology  

 

Modelling and simulation of chemical reactors is crucial to design and technology 

scale-up as it allows to understand the role of the design parameters and operational 

conditions without performing an excessive number of experiments, avoiding a trial-

and-error approach. Competitive fixed-bed exchanger reactor for Sabatier process 

can be designed by means of the development of mathematical models. In the last 10 

years, various one- and two-dimensional mathematical models have been developed 

to study the Sabatier process and propose reactor design able to achieve high CO2 

conversion in safe condition.  A brief description and main findings reported in the 

proposed mathematical model are exposed as follows. 

 

Kiewidt et al. [97] developed a one-dimensional pseudo-homogeneous model to 

evaluate the temperature behaviour of a single-stage externally-cooled fixed-bed 

reactor. They suggested that the thermal optimization of the Sabatier process over a 

single-stage externally cooled fixed-bed reactor depends slightly on the inlet 

temperature, and strongly on possible thermal requirements of the catalyst. Through 

the optimization of Semenov number (Se), they achieved methane-yields above 90% 

for typical reaction conditions of 573 K and 10 atm. Another mathematical model 

based on a wall-cooled fixed-bed reactor was proposed by Molina et al. [62]. They 

demonstrated that the reduction of the tube diameter leads to high efficiency in terms 

of heat dissipation and both the inlet temperature and gas velocity can be increased, 

which improves the amount of SNG produced per tube.  

 

The combination of both modelling and experimental validation of a cooled fixed-fed 

reactor was reported by Ducamp et al. [63].  A two-dimensional heterogeneous 

computational fluid dynamics (CFD) model was developed using experimental 

characterization of heat transfer and kinetic parameters. They confirmed with the 

model that at the peak temperature location, the reacting mixture was at 

thermodynamic equilibrium (XCO2=69% at T=793 K and P=4 atm). Strong diffusion 

limitations were also identified in the catalyst particles which locally reduced the 

efficiency of the reaction to 10%. Fache et al. [98] proposed an one-dimensional 

dynamic pseudo-homogeneous model for optimization of fixed-bed methanation 

reactors with safe and efficient operation under transient and steady-state conditions. 

The mathematical model developed for reactor optimization was based on a fixed-bed 

exchanger reactor composed by four-dilution zones. They indicated that a proper 

catalyst dilution profile can increase the steady state efficiency and stability of the 

reactor. Nevertheless, the dilution profile considered in this work had a negative 

impact on transient efficiency and stability.  

 

Molioli et al. [99] developed a one-dimensional heterogeneous fixed-bed reactor 

model in order to evaluate the most important elements for the activation and heat 
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management of the Sabatier process on Ru/Al2O3. For adiabatic reactors, feed 

temperature was found at 487 K for a space velocity of 3000 h-1 and a pressure of 10 

atm. On the other hand, the properties of cooled reactors were obtained by the 

interrelationship between cooling and feed temperature. They proposed a staged 

feeding strategy to limit the maximum temperature in the reactor and ensure the stable 

operation of the system. On the other hand, the operation range extension via hot-

spot control for catalytic CO2 methanation reactors was investigated by Bremer et al. 

[74]. A dynamic one-dimensional pseudo-homogeneous fixed-bed reactor model was 

developed. They applied stabilizing control to moderate the reactive zone (hot spot) 

via adaptive coolant temperature variations. By using this alternative heat 

management approach, they attained unconventional operating points in regions of 

steady-state multiplicity that offer reduced catalyst temperatures (<773 K) while 

maintaining elevated reactor performance.  

 

Design of an air-cooled Sabatier reactor was modelled and experimentally validated 

by Currie et al. [100]. A transient one-dimensional pseudo-homogenous model was 

developed to simulate the reactor. They suggested that the selection of proper 

reaction conditions (P=10 atm and GHSVs=500-3000 h-1) was a key point to achieve 

CO2 conversion as high as 90−95% and complete selectivity to CH4 formation. Zhang 

et al. [101] developed a CFD model to simulate CO2 methanation  in a shell-and-tube 

reactor with multiphase coupled heat transfer. The steady-state CFD model was 

based on the open-source toolbox OpenFOAM. Three different methanation rate 

models were adopted to validate the practical applicability of the developed solver. 

They claim that the solver can capture the trends of temperature profiles along both 

axial and radial directions. Most recently, the design of an optimal fixed-bed reactor 

concept for CO2 methanation process in small-scale applications was proposed by 

Molioli et al. [102]. The model-based optimization of the Sabatier reaction was 

developed by controlling the heat transfer. They found that the reactor can be divided 

into three zones: an initial zone for reaction activation; a central zone to remove 

excess heat; and a final zone to achieve high conversion reaching the thermodynamic 

equilibrium curve. They suggested that the optimal reactor can be designed by point-

by-point manipulation. Therefore, modelling is a powerful tool for justification and 

prediction of the optimal reactor design for efficient SNG production which meets the 

criteria required for industrial-scale applications. 
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1.2. Catalyst design 
 

It is well-known that heterogeneous catalysts play an important role in industrial 

chemical production due to their easy separation, handling, recycling and the 

possibility of continuous operation of the reactor. Heterogeneous catalysts are 

composed by several elements such as support, promoter and active catalytic 

materials of metal or metal oxide [103]. The kinetic rates of the Sabatier reaction are 

reliant on the nature of the applied catalyst; thus, a special attention is required in its 

design, formulation and preparation method. In order to be industrially relevant, this 

must allow the reaction to proceed at a suitable rate under conditions that are 

economically desirable, at as low a temperature and pressure as possible.  

 

The design of heterogeneous catalytic systems with optimal performance (active, 

selective and stable) for CO2 methanation reaction involves a consideration of some 

properties, including physical, chemical and mechanical [104]. Besides the properties 

shown in Figure 1.14, catalytic material selection as well as its shape and size are 

important aspects for the optimization during the catalyst design.  

 

 

Figure 1.14. The main properties to be considered for the CO2 methanation catalyst design.  

1.2.1. Active phase 

The activity, selectivity and stability are the most relevant properties to be addressed 

in the pursuit of optimally performing catalytic systems. Heterogeneous catalysts 

composed by metals primordially from VIII-XI group (noble metals (ruthenium (Ru) 

[105–107], rhodium (Rh) [108], platinum (Pt) [109], palladium (Pd) [110]) and 
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transition metals (nickel (Ni) [111], iron (Fe) [112], cobalt (Co) [113–116])) have been 

confirmed to be active materials for CO2 methanation reaction. In terms of activity and 

selectivity, these metal materials can be ordered as follows: 

Ru > Rh > Ni > Fe > Co > Pt > Pd  

Catalysts based on Ru are the most active for CO2 methanation operating at low 

temperatures (T≤ 523 K) [117–119], but their effective implementation is limited by 

the high price of Ru. Nevertheless, they can have a narrow niche market as industrial 

process if affordable alternatives are available. From the proposed transition metal 

materials, Fe is inexpensive compared to Co, but both have lower selectivity to 

methane and they are typically used for Fischer−Tropsch process [120]. Fe-based 

catalysts require of high pressures to reach similar selectivities than Ni [112]. Ni-based 

catalysts are the most widely used at industrial levels [121]. This is because nickel is 

an abundant material with a high activity and selectivity in relation to its low cost. 

However, the main limitation of catalysts based on Ni are their early deactivation by 

sintering [122] or coke deposition [30] because of the high temperatures formed by 

the nature of the Sabatier reaction; and by poisoning [123–125] when the supplied 

CO2 is derived from carbon feedstocks as for example coal power plant [126]. 

Therefore, great efforts have been made to develop an effective Ni-based catalyst 

which exhibits a high activity, a high thermal stability and a high tolerance to impurities 

in CO2 methanation. 

 

The combination of nickel metal with a second active metal material has been a 

catalyst design strategy recently explored to improve the catalytic performance of the 

Ni-based catalysts. The key parameter determining the intrinsic properties of the 

bimetallic catalyst (Ni-X/Al2O3; X: second active metal) is evidently the ratio between 

the two metals. These are separately active for the Sabatier reaction, but at different 

ratios can display a synergistic effect. Metals such as Fe, Pt, Pd, Rh, Co and Ru have 

been the most active material used together with Ni-based catalysts for CO2 

methanation process, as it is listed in Table A1.2. 

 

Bimetallic catalysts based on Ni-Fe as active phase and supported on different metal 

oxides were evaluated by Pandey et al. [127]. The maximum enhancement was 

achieved when -Al2O3 was used as the support. They suggested that the competitive 

yield in the bimetallic catalysts was due to the formation of Ni–Fe alloy (Ni3Fe), while 

the maximum enhancement for the -Al2O3 supported catalysts was due to the ability 

of the support to adsorb CO2.The metal sites of the most active -Al2O3 supported Ni–

Fe catalyst were approximately 1.63 times more active than metal sites of the -Al2O3 

supported Ni catalyst.  

 

Mihet et al. [128] investigated the effect of other metals (X=Pt, Pd and Rh) on Ni-X/-

Al2O3 catalyst. Among the evaluated bimetallic catalysts, Ni-Pt and Ni-Pd are the most 
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active ones in the temperature range of 452–541 K. The beneficial effect of Pt or Pd 

were ascribed to the different distribution of the active centers for hydrogen 

chemisorption. A catalytic enhancement at low temperature was also reported for 

bimetallic catalysts based on Ni-Co and supported on ordered mesoporous alumina 

(-Al2O3-OMA) [129]. The kinetic study demonstrates that the synergistic effect 

between the Ni and Co bimetallic active centers was beneficial to reduce the apparent 

activation energy by coordinating the activation of H2 and CO2 process over Ni and 

Co active centers. 

 

Ru as second metal on Ni/-Al2O3 catalysts was recently reported by Chen et al. [130]. 

The bimetallic Ni-Ru catalyst was more active compared with the monometallic Ni or 

Ru catalysts. The optimum reaction temperature was found to be 673 K. This 

behaviour was also detected by Zhen et al. [131]. The high catalytic performance over 

their bimetallic Ni-Ru/-Al2O3 catalyst was associated to the segregation phenomenon 

of Ru on the catalyst surface.  

 

1.2.2. Catalyst support  

 

Another important factor that must be considered for catalyst design is the mechanical 

resistance, morphology and porosity of the support. The selection of a support which 

stabilises the resulting Ni nanoparticles is crucial for determining CO2 methanation 

catalyst activity and stability. Metal oxides, such as alumina (Al2O3) [132], cerium oxide 

(CeO2) [133–135], silicon dioxide (SiO2) [136] [137], titanium dioxide (TiO2) [138], 

zirconium dioxide ZrO2 [139–143] , magnesium oxide (MgO) [144], yttrium oxide 

(Y2O3) [145,146], lanthanum oxide (La2O3) [147] and samarium oxide (Sm2O3) [30]; 

composite oxides (CeO2-ZrO2 [148–151], Y2O3-ZrO2 [152], Al2O3-ZrO2 [153], Al2O3-

ZrO2-TiO2-CeO2 [154], MIL-101-Al2O3 [155], CeO2-Gd2O3 [156], CaO-Al2O3 [157]; 

ordered porous materials (SBA-15, MCM-41 [158], MSC [159]) ; carbon [160–165] 

and zeolites [166–171] are used as material supports for Ni-based catalysts. 

 

Among metal oxide materials, Al2O3 is commonly used as a support for catalytic 

applications [172]. Despite it can be found in a variety of metastable structures 

including the , , , , , and  phase, gamma-alumina (-Al2O3) is the most 

competitive support for CO2 methanation catalyst due to its high surface area, 

developed pore structure, porosity and well characterized surface acid–base 

properties [173]. The main drawback is its tendency to sinter in the presence of water 

at high temperatures and their low CO2 absorption [174].  

 

Lanthanide metal oxides are also reported to be promising material supports, specially 

cerium oxide (CeO2). This is a well-known light rare earth element, which can be used 

as a sintering-resistant support thanks to its potential redox chemistry between Ce3+ 

and Ce4+, high oxygen affinity and absorption/excitation energy bands associated with 
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electronic structure [133] [175]. In particular, it enhances Ni dispersion on its surface 

and provides surface oxygen vacancies to generate active CO species and promote 

CO2 methanation [176]. Tada et al. [133] examined the effects of the support materials 

(-Al2O3, TiO2, MgO and CeO2) on CO2 conversion and CH4 selectivity. From all 

evaluated supports, Ni/CeO2 showed high CO2 conversion especially at low 

temperatures compared to Ni/-Al2O3. They suggested that the surface coverage by 

CO2-derived species on CeO2 surface and the partial reduction of CeO2 surface could 

result in the high CO2 conversion over Ni/CeO2. Regarding Y2O3, La2O3, Sm2O3, these 

metal oxides presented an enhanced catalytic performance than Ni/-Al2O3 catalysts 

[30]; however, these rare earths are less abundant than cerium and thus more 

expensive. 

 

The combination of conventional supports Al2O3 with other metal oxides is a strategy 

currently attracting considerable interest since it can be an alternative to design 

inexpensive catalysts. CeO2-ZrO2 [148–151], Y2O3-ZrO2 [152], Al2O3-ZrO2 [153], 

Al2O3-ZrO2-TiO2-CeO2 [154], MIL-101-Al2O3 [155], CeO2-Gd2O3 [156], CaO-Al2O3 

[157] composite oxides supported Ni-based catalysts have been reported to be active 

for CO2 methanation. Among them, the quaternary system supports proposed by 

Abate et al. [154] showed competitive catalytic performance and stability at high gas 

hour spacy velocities. The enhanced catalytic performance and stability of their 

composite oxide (55 wt.% -Al2O3-15 wt.% ZrO2-15wt.% TiO2-15 wt.% CeO2) 

supported Ni-based catalyst was achieved due to the improvements in reducibility 

nature of the catalysts.   

 

Zeolites are aluminosilicate molecular sieves that have a great applicability as basic 

catalyst and catalyst supports. In CO2 methanation, Ni/zeolite catalysts have been 

demonstrated to have proficient catalytic performances [177]. Most works suggested 

that a proper selection of the preparation conditions is crucial to improve metallic 

dispersion and avoid growth/agglomeration of metal particles on the external surface 

of the zeolites [166,167,170,178]. In a recent study, Wei et al. [169] demonstrated that 

the selection of precursor can also influence the properties of a nickel modified 

catalyst. They observed that nickel citrate combined with a rather low calcination 

temperature leads to Ni modified 13X and 5A zeolite catalysts which can be easily 

reduced at lower temperature compared to the other Ni 13X and 5A zeolite catalysts 

made with acetate and nitrate. From all their catalysts, the 5 wt.% Ni13X-cit zeolite 

catalyst prepared with nickel citrate showed high activity and CH4 selectivity in the 

Sabatier reaction at remarkably low temperatures and the catalyst displayed good 

stability.  

 

Carbon materials in form of active carbon (AC) [160] and nanotube (CNTs) [161–164] 

also have been considered as support due to their admirable chemical inertness, 

thermal conductivity, large surface area and stability.  Feng et al. [161] claimed that 
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compared with Al2O3-suppported catalysts, the CNTs- supported catalysts shown an 

enhanced catalytic activity. However, they also reported that the catalytic activity of 

Ni/CNTs catalyst decreased as the reaction progresses, which was mainly due to the 

sintering of nickel particles.  In order to improve the stability in their Ni/CNTs catalyst, 

they modified the support with the addition of Ce. Similar problems were detected by 

Feng et al. [160] on a Ni/AC catalyst. In this case, an improvement of stability was 

observed when Ca was added to catalytic system. Most recently, the catalytic activity 

of CNT supported Ni and Ni-ZrO2 catalysts were evaluated by Romero-Sáez et al. 

[162]. Between them, Ni-ZrO2/CNT prepared by sequential impregnation showed an 

interesting catalytic activity but also stability. This was attributed to the available NiO 

nanoparticles, which were deposited either on the surface or next to the ZrO2 

nanoparticles, increasing the extent of the Ni–ZrO2 interface thus improving the 

catalytic performance. Li et al. [163] revealed that oxygen- functionalized carbon 

nanotubes (CNTs) are promising supports for CO2 hydrogenation to methane. They 

confirmed that the formation of covalent bonding between the interfacial Ni atom and 

C or O elements of surface oxygen groups (SOGs), causing the electrons to be 

transferred from Ni atoms to CNT support because of the intrinsic electronegativity of 

−COOH (electronic effect) were the origin of N-CNT interaction. In addition, they 

exposed that the addition of Mn to Ni-CNT catalyst was positive in terms of activity. 

The Mn promoter enhanced CO2 adsorption and conversion. Efficient and selective 

CO2 methanation over N-CNT has been also reported by Wang et al. [164]. The 

competitive catalytic performance observed on their Ni-NPs/N-CNT was ascribed to 

the high thermal conductivity of the support and the high basic surface character of 

the N-doped nanocarrier that fosters the generation of local gradients of CO2 

concentrations in proximity of the material active sites. 

 

Materials with ordered structure such as SBA-15, MCM-41[158,179], MSM [159], 

MOF-5 [180], 3D-KIT-6 [181] are also potential to manufacture CO2 methanation 

catalysts. These material supports are reported to have valuable structural and 

textural properties for the dispersion of metal species and the prevention of sintering 

processes. In a recent study, Aziz et al. [159] compared  conventional Ni/-Al2O3 

catalyst with other Ni/X catalysts (X=MSM, MCM-41, protonated Y zeolite, SiO2). They 

observed that the enhancement of catalytic activity of CO2 methanation followed the 

order: Ni/MSN > Ni/MCM-41 > Ni/HY > Ni/SiO2 > Ni/-Al2O3. The notable catalytic 

performance of the Ni/MSN was attributed to both intra- and inter-particle porosity 

which facilitated the transport of reactant and product molecules during the reaction. 

Metal-organic frameworks (MOFs) are structures materials with very high surface 

areas (>1000 m2·g-1) and considered as emerged supports for CO2 methanation 

catalysts. Zhen et al. [180] investigated Ni@MOF-5 catalyst via controlling active 

species dispersion. The promising catalytic activity and stability of their 10Ni@MOF-

5 under low temperature condition was attributed to the high dispersed Ni active sites 

(41.8%) over MOF-5 (2961 m2·g-1). 3D-mesoporous KIT-6 as support has been 
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evaluated by Cao et al. [181]. The formation of highly dispersed nanoparticles for 

enhancing catalytic performance was evidenced by transmission electron microscopy 

(TEM). They identified that Ni nanoparticles were uniformly scattered into the internal 

pores, stimulating the production of small Ni nanoparticles due to the valid 

confinement effect of 3D mesopores and intense interaction between active Ni and 

KIT-6. Furthermore, the addition of V2O5 species remarkably enhanced CO2 

conversion, and enabled the equilibrium conversion temperature to shift from 723 to 

673 K. 

 

Other mesoporous materials such as olivine [182], core shell Al@Al2O3 [183], 

attapulgite (ATPG) [184] and KCC-1[185] have been recently reported as supports. 

Wang et al. [182]  proved that Ni/Olivine catalysts has a strong resistance to coke 

deposition and abrasion, thus this catalytic system could be a promising methanation 

catalyst, especially for fluidized bed operation. On the other hand, core shell Al@Al2O3 

has been found to provide high density of medium basic sites and enhanced CO2 

adsorption capacity [183]. Regarding ATPG, this is an industrial mineral material with 

a layered chain transition structure and is rich in magnesium silicate, which contains 

abundant alkaline sites to absorb acid CO2 during methanation reaction. However, 

Liang et al. [184] demonstrated that the increase of nickel loading to attapulgite 

significantly decreased the abundance of alkaline sites, remarkably enhanced the 

catalytic activity, and suppressed the formation of CO. As an alternative to 

conventional mesoporous silica materials, fibrous silica nanosphere support (KCC-1) 

with unique dendrimeric mesopore structure has been recently proposed by Lv et al. 

[185]. They demonstrated that the dendrimeric mesoporous channels of the fibrous 

KCC-1 support was in favour of the improvement of the Ni dispersion by providing 

large accessible surface area for the Ni species. The promising 20Ni/KCC-1 catalyst 

shown much higher catalytic activity and better sintering-proof property of the metallic 

Ni nanoparticles than the 20Ni/SiO2 and 20Ni/MCM-41 reference catalysts. 

 

A summary of the supported Ni-based catalysts implemented to carry out the CO2 

methanation process is shown in Table A1.3. According to this information, a 

comparison of the productivity for all the reported support material was performed. 

Figure 1.15 suggests that the productivity trend as a function of GHSV and CO2 

conversion follows the order: KIT-6 > Al@Al2O3 > CNTs > TiO2 > Y2O3 > CeO2-ZrO2 > 

MSN > ZrO2 > GDC > MCM-41 > Zeolite > Y2O3-ZrO2 > Al2O3 > CaO2-Al2O3 > La2O3 > 

Al2O3-ZrO2 > CeO2 > Al2O3-ZrO2-TiO2-CeO2 > SiO2 > Attapulguite > Olivine > MOF-5 

> KCC-1 > MIL101-Al2O3.  The notable productivity of the KIT-6 can be probably 

attributed to its large pores with channel interconnection, leading to an enhance Ni 

dispersion. However, one of the main disadvantages of KIT-6 is its high-cost 

syntheses. KIT-6 materials are achieved typically using expensive Si sources (e.g. 

TEOS) under strongly acid solution. Therefore, a supported catalyst for CO2 

methanation with efficient productivity and low-cost is still a demand.    
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Figure 1.15. Comparison of productivity of the different support material used in Ni catalyst 
showing the relationship between GHSV [h-1] and CO2 conversion [%]. Productivity [h-1]=XCO2 

[%]*GHSV [h-1]*SCH4 [%]. Note: GHSVs were calculated assuming for all samples a ρcat=1g·mL-

1. Productivity of ZrO2 is overlapped with MCM-41; C-A: CaO-Al2O3; and, C15: Al2O3-ZrO2-TiO2-
CeO2. 

1.2.3. Promoter 

 

Catalytic performance of the conventional Ni-based catalysts can be enhanced by the 

addition of so-called promoters. These are elements or compounds incorporated in 

small amount in the catalyst composition in order to improve the physicochemical 

properties of catalysts. Promoters are usually classified as two types: i) physical 

promoters that help in stabilizing the surface area of the composite material or that 

increase its mechanical resistance, and ii) chemical promoters that modify the activity 

and selectivity of the active phase. A summary of promoted Ni/-Al2O3 catalysts for 

CO2 methanation process is shown in Table A1.4. 

 

In addition to its uses as a bulk support material, CeO2 has been explored as a 

promoter [186–188]. Most of the studies claimed that the 2-2.5 wt.% CeO2 to Ni/-

Al2O3 catalyst led to a remarkable improvement of the initial activity and stability. This 

can be attributed to the fact that the CeO2 increased the surface area of the catalyst 

by means of the reduction the nickel particles [188]. La2O3 is another metal oxide that 

act as a promoter. Its addition also strongly  increases the activity of Ni/-Al2O3 as a 

result of the strong metal support interaction and basicity [189,190]. Besides La and 

Ce, alternative lanthanide promoters (Pr, Eu and Gd) were evaluated by Ahmad et al. 

[191]. From all promoted catalysts, the Ni/-Al2O3 promoted by praseodymium 
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exhibited the best catalytic performance. A higher metal dispersion and smaller 

average particle size were the positive effects caused by addition of Pr.  

 

The effects of Mn addition on Ni/-Al2O3 catalyst has been evaluated by Zhao et al. 

[192]. The main contribution detected by using a 1.7 wt.% of this promoter were 

described as follows: the addition of Mn ii) created high medium-strength basic sites, 

ii) improved the catalyst reducibility and iii) the Ni active sites dispersion. A similar 

result was recently reported for another 3 wt.% Mn-promoted Ni/-Al2O3 catalyst [193]. 

The enhanced catalytic performed was also observed on Ca doped ordered 

mesoporous Ni-Al composite oxide catalysts. Xu et al. [194] revealed that the addition 

of the Ca greatly enhanced the surface basicity, which could favour the chemisorption 

and activation of CO2. In a recently study by Isah et al. [195], Zeolite was found to 

enhance the activity and coking resistant of Ni/-Al2O3 catalyst. The addition of 2 wt.% 

of zeolite to Ni/-Al2O3 increased the specific surface area of the catalyst while 

sustaining similar Ni metal surface area to the non-promoted one.  

 

1.2.4. Preparation method 

 

Highly active and stable catalytic systems with effective physical and chemical 

properties can be prepared by using an appropriate method. Various innovative 

preparation methods, beyond the traditional impregnation method, have been 

developed for the synthesis of nanoparticles with controllable nanoscale sizes and 

shapes. These methods allow to reach performance optimization by controlling 

synthetic procedures and conditions. Figure 1.16 shows an overview of the 

preparation methods used to synthetize CO2 methanation catalysts. 

 
Figure 1.16. An overview of the preparation methods used to synthetize CO2 methanation 
catalysts. 
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Among the methods listed in Figure 1.16, the impregnation method is the simplest 

and used more frequently  to synthetize Ni-based catalysts. This term denotes a 

procedure whereby a certain volume of solution containing the precursor of the active 

element of the catalyst is contacted with the solid support. According to the relation 

between volume of the solution and the pore volume of the support, the impregnation 

method can be classified as follows: i) incipient wetness impregnation (IWI) and ii) wet 

impregnation (WI). In the first case, the volume of the solution either equal or is less 

than the pore volume of the support, while in the second one an excess of the solution 

is always used.  In addition to these impregnation methods, co- and sequential are 

particularly used for the impregnation of multiple metals.  As it can be seen in Table 

A1.5, high catalytic performance, stability, metal-support interface and basicity in the 

Ni-based catalysts were achieved when the impregnation methods wet, co- and 

sequential were used [162,196,197][198]. The IWI method is recommended to apply 

high loading of precursors. However, special attention should be paid in the 

concentration of the metal salts.  For Ni-based catalyst, an increase in solution 

concentration can result in a lower solution pH which influences the dissolution of the 

support.   

 

Ni-based catalysts with small metal nanoparticles (dp≤10 nm) and high metal 

dispersion (Ni dispersion≤39.5%) have been obtained using methods, such as 

deposition-precipitation [199], solution combustion synthesis [143], dielectric barrier 

discharge (DBD) plasma [138], evaporation-induced self-assembly process (EISA) 

[200], colloidal and Sol-gel [201]. This latter methods together with hydrothermal [178] 

also are the most promising to synthetize heterogeneous catalysts with an accurate 

particle size control and complete mesopore structure. Regarding template methods, 

a high resistance to carbon deposition was found in the catalysts prepared by self‐

sacrificial [202], while a high metal-support interaction was identified in the catalysts 

prepared by hard-template [203]. On the other hand,  electrochemical  [204] and 

ammonia evaporation [205] are two methods able to enhance the textural properties, 

specially BET surface area. Despite the great efforts have been made to synthetize 

heterogeneous catalysts with accurate nanoparticle size control and complete 

mesoporous structure, their final shape limits their industrial application.  

 

1.2.5. Shape and size 

 

Most of the promising CO2 methanation catalysts developed through the 

aforementioned methods lead to powder catalysts, with particle size lower than 200 

μm, as it can be seen in Table A1.5. At industrial levels, powder catalysts are not 

technical feasible to be used in the conventional fixed-bed reactors because their 

small particle sizes promote the pressure drop across the catalyst bed. To avoid high 

pressure drop, the use of relatively large particles (1-3 mm) can be required. The 

extrusion moulding of the powder catalysts in a pellet shape is an alternative to 
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advance their use in this type of reactor. Indeed, commercial methanation catalysts 

are currently manufactured in spherical (3-6 mm) [206], cylindrical (5.4x3.6 mm) [207] 

and ring (5x2.5 mm) [208] shapes, as it can be observed in Figure 1.17. 

 

 

Figure 1.17. Commercial catalysts with different shapes for CO2 methanation. 

Microreactors for CO2 methanation process have recently received a great deal of 

attention because of increased heat removal at moderate pressure drop. Micro- and 

milli-fixed bed reactors are the design in which small catalyst particles (e.g. 300-1000 

μm [209]) can be loaded into the packed bed. The proposed commercial catalysts 

evidently should be first crushed and then sieved to be implemented. Therefore, the 

design of active micro-sized catalysts with appropriate shape is required to intensify 

CO2 methanation process in these advanced reactors.  

 

Solutions based on the use of monolith [210–214] as catalyst support have also been 

considered in the literature, together with other shapes such as foam [215,216], 

sponge [217], spiral plate [218], ceramic fiber [219] and tubular [213]. These are also 

known as structured catalysts in where a layer of catalytic material (≤1mm) is 

deposited on the 3D-shape support through a washcoating method. Most recently, 3D 

printing process using 3D-Fiber Deposition (3DFD) method was reported for the 

manufacture of 3D-shape supports [220]. This technique is based on continuous 

extrusion (layer-by-layer construction) of a ceramic or metallic support structure.  

1.3. P2G experiences: Process strategies at lab, pilot and demo plant. 

 

There are many research and demonstration projects devote to spread the P2G 

technology around Europe [221]. In Power-to-Methane applications, lab, pilot, and 

demo plant in different sites have been designed to evaluate their technical feasibility. 

A detailed review of the description about 40 relevant projects in where SNG is 

produced by thermocatalytic methanation and biological methanation was reported by 

Bailera et al. [222]. Between 2009 and 2017, fixed-bed reactors operated under 

adiabatic, isothermal and polytropic conditions were the designs widely used to carry 

https://www.sciencedirect.com/topics/chemical-engineering/monoliths
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out the CO2 methanation process. Nevertheless, novel reactor design and process 

strategies have been recently proposed as part of the SNG process intensification. 

The most relevant projects are presented as follows: 

• STORE&GO  

The Horizon 2020 project STORE&GO [223] evaluated the technological, economic, 

social and legal integration of P2G as a storage modality for flexible sustainable 

energy systems in three different European countries. A first demo plant (700 kW) 

was located in Falkenhagen (Germany). The methanation process is based on a 

honeycomb reactor concept developed at the Engler-Bunte-Institut of the Karlsruhe 

Institute of Technology (KIT). The plant currently produces up to 1,400 m3 of SNG per 

day. A second demo plant was located in Solothurn (Switzerland). It employs a special 

methanation method. Microorganisms, the so-called Archaea, convert the hydrogen 

obtained in the electrolyser with carbon dioxide into methane. The third demo plant 

(200 kW) was built in Troia (Italy), and shown that direct air capture of CO2 can also 

represent a technical option. The plant combines a microreactor for methanation with 

an innovative liquefaction plant.  

• JUPITER 1000 

The Jupiter 1000 project [224] was the first industrial demonstrator of Power-to-Gas 

in France to recover surplus electricity from renewable sources and recycle CO2. The 

demo plant with a power rating of 1MWe was equipped with two electrolizers and a 

methantion process with carbon capture for hydrogen (200 m3·h-1) and SNG (25 m3·h-

1) production, respectively. Alkaline and PEM electrolyzers were developed by McPhy, 

while the METHAMOD methanation reactor developed in the LACRE laboratory 

(ATMOSTAT and CEA joint laboratory) was the key element of the methanation 

system. A total of 10 reactors were needed for SNG production. More than 15 TWh of 

gas per year could well be produced using the Power-to-Gas system by 2050. 

• HELMETH  

The HELMETH project [225] evidenced the technical feasibility of combining a 

pressurized high-temperature steam electrolysis with a CO2 methanation module in 

stand-alone and thermally integrated operation. The SOEC system is made of 3 

sunfire stacks, each containing 30 electrolyte supported cells (ESC) with an active 

area of 127.8 cm2 per cell. The methanation module was composed by two fixed-bed 

reactors connected in series with a water condensation and separation stage in 

between and an overall of five additional heat exchangers (HEX) to pre-heating inlet 

gases and for control cooling system of the reactors. The pressurized SOEC system 

showed steam conversions up to 90% and operating pressures of max. 15.  The SNG 

production (over 97 vol% CH4) was achieved using relatively low inlet temperature 
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(Tinlet≤523 K) and high pressures (P=30 atm). Overall efficiency based on stand-alone 

tests was 76% with a potential increase to 80% in industrial scale. 

• Small-scale demonstrator (SSDS) pilot plant   

The Laboratory for Materials in Renewable Energy (LMER) designed, built and 

evaluated at lab scale a fixed-bed reactor to be used a part of the small-scale 

demonstrator of renewable energy to synthetic hydrocarbon conversion of EPFL 

Valais/Wallis [226]. The one-stage methanation process was designed to convert 50 

g·h-1 of hydrogen, which corresponds to a production of 100 g·h-1 of methane. The 

reactor was designed to operate at temperatures up to 673 K and pressures up to 10 

atm with a structural safety factor of 4. The total power of the reactor amounts to 

around 2 kW, split into 1.54 kW contained in the produced methane and 0.44 kW 

supplied in the form of heat. At target flow rate of 50 g·h-1 H2, CO2 conversion of 97% 

was reached using a temperature set point of 553 K. 

• P2G movable modular plant 

The ENEA Casaccia Research Center built and put in operation a pilot scale 

experimental facility dedicated to study and test the methanation process (0.2–1 

Nm3·h-1 of produced SNG) [227]. The small-size pilot plant was equipped with a 

methanation unit constituted by a multi-tubular fixed bed reactor able to work in cooled 

or adiabatic conditions. The catalyst bed diameter was about 15 mm while the 

maximum length can reach 400 mm. The methanation facility can operate in the range 

of 1–5 atm. The optimal reactor operating parameters to achieve high conversions 

(94%) were found at Tinlet= 563 K and pressure of 5 atm.  

• COSYMA (COntainer-based SYstem for MethAnation) 

The Swiss Competence Center for Energy Research SCCER BIOSWEET, with 

financial support Swiss Innovation Agency lnnosuisse, built a COSYMA set-up at pilot-

scale to demonstrate the feasibility of the catalytic direct methanation of biogas in a 

fluidised bed reactor [228]. The pilot-scale COSYMA set-up was evaluated using real 

biogas from the plant of energie360° in Zurich at Werdhölzli. During the long-duration 

experiment (1100 h), it was achieved an average yield of 96% and average bulk 

concentrations of 88 vol% CH4, 11 vol% H2 and 1 vol% CO2 in the product gas, which 

was close to equilibrium. A slow deactivation process was monitored and found to be 

only moderate. Organic sulphur compounds were identified as the main source of 

deactivation.  

• InnoEnergy - CO2-SNG  

The CO2-SNG project [229] proved the feasibility of Synthetic natural gas (SNG) by 

using CO2 from amine scrubbing with H2 obtained from water electrolysis . TAURON 

Wytwarzanie S.A was responsible for building and testing the CO2-SNG pilot plant at 
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the Łaziska power plant in Poland. A two-stage process was designed for the 

production of 4.5 Nm3·h-1 of SNG. The methanation unit was equipped with two 

microchannel reactors and their cooling circuits, a gas pressure and flow controllers 

of gases. The microstructured reactors were developed by CEA and delivered by 

ATMOSTAT. The maximum CO2 conversion achieved during the experimental 

campaign was of 98% (at process parameters: inlet gas mass flow rate =10 kg·h-1, 

pressure 3.0 atm, I inlet reactor temperature: 573 K, II inlet reactor temperature: 623 

K). The produced SNG consisted of about 82% of methane, 13% of hydrogen and 

5%. 

• Naturgy - CoSin  

The CoSin project [230] demonstrated the technical economic viability of SNG 

production at a sewage treatment plant in Barcelona, Spain. Cetaqua and Labaqua 

were the responsible for the membrane biogas unit, IREC and Naturgy for the 

methanation unit and catalyst development. As it can be seen in Figure 1.18, three 

renewable carbon dioxide sources, such as biogas, partially upgraded biogas and 

carbon dioxide released by a membrane upgrading unit were combined with 

renewable hydrogen produced from an alkaline electrolysis (37 kWhe) of tap water to 

produce SNG using an innovative microstructured heat-exchange reactor. The 

methanation process consisted of a 2-step synthesis unit, including gas pre-heating, 

catalytic reaction and water condensation. The microstructured reactor technology 

was designed at KIT and delivered by the KIT spin-off INERATEC. The plant start-up 

was first performed using an industrial nickel-based catalyst, while new formulations 

were planned for next experimentation steps. The quality of the produced synthetic 

natural gas met the injection requirements of the gas grid (CH4≥95%, H2≤5% and 

CO2≤2.5%). The first reactor acts as the kinetic reactor, where most CO2 conversion 

occurs (T≈673 K). The second reactor acts as the equilibrium reactor (T≈573 K) in 

which injectable gas quality was ensured. The use of biogas or partially upgraded 

biogas reduced the reaction hot-spots and increased the methane content at the outlet 

of the first reactor. An optimum balance of gas grid injection requirements and costs 

was found at 5 atm of methanation process pressure.  
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Figure 1.18. Scheme of CoSin pilot plant. Reproduced from Guilera et al. [230]. 

1.4. Challenges 
 

Power-to-Gas (P2G) seems an attractive chemical energy storage technology for the 

transition to a sustainable low-carbon future energy system. The concept involves 

renewable power conversion to hydrogen through electrolysis with the possibility of 

further combining it with CO2 to produce methane (synthetic natural gas, SNG). The 

production of methane via the thermochemical CO2 methanation process is 

particularly interesting because offers an easily transportable fuel with a wide proven 

market for power, heat and mobility final use applications. Although Power-to-Gas is 

a pre-commercial technology, the high cost and low efficiency of the CO2 methanation 

technology available in the market limit its large application at an industrial scale. In 

the last decade, novel heterogeneous catalytic systems, advanced reactor designs 

and several industrial process strategies have been explored in order to propose a 

scalable and cost-efficient CO2 methanation technology.  

  
According to the state-of-art hereby presented, Ni-based catalysts are preferred to be 

developed at industrial levels because of their excellent catalytic performance, easy 

availability, and low price. Nevertheless, conventional Ni/-Al2O3 catalysts often suffer 

the problem of poor stability from carbon deposition, sintering, and chemical 

poisoning. Therefore, the biggest challenge for CO2 methanation over Ni-based 

catalysts is their poor stability. In this regard, strategy such as the addition of a second 
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active metal, the implementation of other metal oxides or mesoporous materials with 

controllable pore sizes, the addition of a promoter material to modify conventional -

Al2O3 support, and different preparation methods have been investigated.  

 

Ni-based catalyst combined with a second active metal material (Ru, Ph, Pt, Fe, Co)  

or simply supported on other metal oxides (specially from lanthanides group) present 

enhanced CO2 methanation performances and stabilities compared to conventional 

Ni/-Al2O3 catalysts. However, the interest in these materials from an industrial point 

of view is limited due to their high costs. Lanthanides are rare earth elements (REEs) 

less abundant, and thus more expensive. The addition of these lanthanide metal 

oxides as a promoter provides a most promising alternative to design stable and cost-

effective Ni-based catalysts for CO2 methanation from the perspective of improving 

the basicity, dispersion, and reducibility. The current catalyst design strategy consists 

in using of low amounts of promoter phase (<5 wt.%) and constant amount of the 

active phase content, which may lead to an ineffective catalyst formulation and, 

therefore, reduced performance with time. Therefore, efforts should be put in the 

exploration of new catalyst design strategies in where optimum formulations can be 

found to achieve competitive SNG production. The use of high promoter content as 

well as the simultaneous optimization of the main component of the catalytic system 

can be two novel design strategies to enhance performance and overcome 

deactivation problems of Ni-based catalysts. 

 

Furthermore, it was demonstrated that the preservation and improvement of the metal 

activity can be achieved by selecting appropriate preparation methods as they 

influence the nature of the catalysts (such as particle size, metal dispersion, BET 

surface area, etc.). However, despite of the fact that some innovative preparation 

methods have been proposed, the synthesis scalability is still a challenge. The 

incipient wetness impregnation method (IWI), is usually implemented to synthesize 

catalysts on a large scale, but the prepared catalysts often exhibit weak metal support 

interactions with a low metal dispersion, especially when a high metal content is used. 

Wet impregnation (WI) is an alternative method for dealing with this problem. 

However, challenges arise when excessive amount of solution is used. Therefore, an 

appropriate catalyst preparation procedure is required to guarantee a homogeneous 

impregnation by the WI method. 

 

Another key factor for the large scale of CO2 methanation catalysts is their final size 

and shape. Internal mass transfer imitations are directly influenced by the size particle. 

Catalyst with an optimum size particle should be designed to minimize pore diffusion 

effects (small size particles) and pressure drop across the reactor (large size 

particles). At present, most of the reported catalysts are powder material that can be 

only used in the microreactor technology available in the market. These active small 

particles (<200 μm) can be deposited on the microstructure surface by a washcoating 
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method. However, challenges arise when maintenance catalyst exchange tasks are 

required. The feasibility of structuring powder catalyst by coating powder catalyst over 

structured 3D-shape supports (such as monoliths, foam, sponge, ceramic-fiber paper, 

spiral plate, etc.), and using extrusion molding and 3D-printing process have been 

recently evaluated. The major problem in these structured catalysts is also related 

with the coating of the catalyst layer on the structured support. Depending on the 3D-

support materials, pre- and post-treatments are mandatory to guarantee a good 

catalyst deposition. Therefore, active micro-sized catalysts with an appropriate shape 

and easy replacement procedure should be explored to intensify the process in these 

advanced compact reactor type.  

 

Besides of stable CO2 methanation catalysts with high catalytic performances at 

moderate temperature reaction conditions (T=523-623 K), CO2 methanation reactor 

should be able to control the formation of the unpredictable high temperatures. An 

inefficient heat-management may result in damaging of the catalyst and the reactor 

itself, or in the initiation of undesired parallel or consecutive reactions. Several reactor 

configurations have been proposed to carry out the CO2 methanation process, 

including Fixed-bed reactor under adiabatic (AFIXBR) or polytropic operation 

(multitubular fixed-bed reactor (MFIXBR)), fluidized bed reactor (FBR), three-phase 

reactor operation (TPR) and microreactor (MR). Among them, MFIXBR is the 

commonly used design at industrial level due to its simple and lost cost. However, this 

reactor concept presents limitations associated to its low heat and mass transfer, 

leading a poor efficient process. The reactor design optimization, especially reactor 

dimensions can be key parameters to be considered to eliminate or reduce transport 

phenomena in the reaction system. Since microreactors are designs with low heat 

and mass transfer limitations due to their high surface-to-volume ratio and a short 

distance to the wall, conventional fixed-bed reactors can be adapted as micro- and 

milli-fixed bed reactors. These simple reactor designs lead to an alternative low-cost 

reactor type with potential utilization in decentralized P2G applications. 

 

In P2G application, the industrial process strategies proposal to achieve the 

equilibrium conversion can be classified as follows: i) a multi(≥two)-stage process 

using adiabatic fixed-bed reactors with temperatures up to 973 K, ii) a two-stage 

process using multitubular fixed-bed and microstructured reactors with temperatures 

up to 823 K, and iii) a one-stage process using isothermal fluidised, multitubular fixed-

bed and microstructured reactors. The first and second option are typically applied for 

large-size CO2 methanation applications, while the third is used for small-size. 

Furthermore, during the last decade, several mathematical models have been 

developed in order to understand the role of the design parameters and operational 

conditions. New reactor designs with novel heat-management approaches and simple 

processes shall advance to push the CO2 methanation technology, together with the 

catalyst design. 
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1.5. Scope of this research 
 

This thesis is focused on the catalyst and reactor design for SNG production through 

the CO2 methanation process. The main objectives of this thesis are:  

 

i. Design a high-performance catalyst based on metal oxide promoted Ni/-

Al2O3 and determine its reaction mechanism.  

ii. Evaluate the catalyst stability and sulfur tolerance for their implementation in 

a relevant industrial environment.  

iii. Develop a CFD model based on experimental kinetic data to understand the 

role of the operation conditions and propose a novel reactor configuration.  

 

In line with these objectives, this thesis is organized as compilation of research articles 

as follows. 

 

➢ Chapter 2 shows the catalyst design strategy applied to develop an active-

stable ternary catalytic system for CO2 methanation process. The evaluation 

of a series of metal-oxide as the promoter phase (X) of the designed ternary 

catalytic system (Ni-X/Al2O3 catalyst) is presented. Moreover, an optimum 

global formulation (micro-sized catalyst composed by 25 wt.% Ni-20 wt.% 

CeO2-55 wt.% -Al2O3) is proposed. 

 

➢ Chapter 3 presents catalytic performance evaluation and long-term stability 

of the optimized micro-sized catalyst under the industrial adverse condition. 

The presence of impurities derived from carbon sources as biogas is 

evaluated. In addition, the scale-up of the active micro-sized catalyst and its 

industrial implementation in combination with an advanced microreactor for 

the SNG process intensification is also presented. 

 

➢ Chapter 4 describes a CFD mathematical model coupled with kinetic 

experiments to simulate CO2 methanation process and optimize over Ni-

CeO2-Al2O3 catalyst a multitubular reactor design for the SNG production at 

industrial scale. Furthermore, modelling, simulation and experimental 

validation of a novel reactor design with a heat management approach based 

on free convention for the small-scale SNG production is proposed. 

The most relevant conclusions, outlook and recommendations of this work are 

summarized in Chapter 5. Besides, two Appendixes are added at the end of the 

thesis to disclose experimental data, procedures and results, not included in the main 

text, and to deepen on the state-of-the-art of the technology.  Appendix 1 presents 

five tables, in which the state-of-the-art of the proposed kinetics models, and catalysts 

for CO2 methanation is presented. Appendix 2 includes the supporting information of 

the published articles.  
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This chapter is devoted to the design of a high-performance heterogeneous catalyst 

for SNG production through CO2 methanation reaction. The proposed catalyst 

formulation is based on a nickel (Ni) and alumina (-Al2O3) as cost-effective metal-

active phase and support, respectively. 

Commercial -Al2O3 microspheres with particle diameters between 450 and 500 μm 

were selected as the mesoporous support material (dpore=10 nm). The support 

presented a high surface area and relatively low cost. As part of catalyst development, 

their spherical shape and microscopic dimensions were considered in order to obtain 

a catalyst design able to work in the novel microreactor technologies that currently 

are available in the market. 

Nickel (Ni) was selected as the metal-active phase of the catalytic system due to its 

excellent activity/cost ratio. Ni supported on -Al2O3 catalysts are feasible in order to 

achieve high catalytic activity. Nevertheless, the presence of impurities in the feed 

gases and the formation of high temperatures originated by the exothermic nature of 

the Sabatier reaction can lead to its deactivation by poisoning, fouling (carbon 

deposition) or thermal degradation of the metal particles. The modification of -Al2O3 

support by adding promoters is a common strategy design applied to enhance both 

the catalytic and stability.  

Various promoter materials have been recently evaluated in the literature, as it was 

described in Chapter 1 section 1.2.3. In the present case, the design strategy was to 

use a high amount of promoter material (≥15 wt.%) in comparison with the reported 

amounts (≤5 wt.%). The high promoter content into the Ni/-Al2O3 microspheres can 

provide a highly active-stable catalyst design for the CO2 methanation process. 

The target of this chapter is to obtain the optimal catalyst formulation. In this direction, 

two articles are included, which are focused on: 

• The evaluation of different metal-oxides in order to identify the most active 

promoter material. 

• The optimization of the composition for the selected ternary catalytic system. 

 

2.1. Metal-oxide promoted Ni/Al2O3 as micro-size catalysts 

 

In the first article included in this chapter, the final goal was to identify the most active 

promoter material. With this aim, the influence of using various metal oxides at high 

loading level as promoters on Ni/-Al2O3 micro-spheres catalysts were evaluated. A 

total of five metal oxides were selected as promoters, including four lanthanides 

(CeO2, La2O3, Sm2O3, Y2O3) and one transition metal (ZrO2). These materials were 

selected according to their positive catalytic properties reported in the literature when 

they were used as bulk support catalysts. The series of metal oxide promoted Ni/-



Chapter 2                                                                                           Andreina Alarcón                                                                                                   

 

50 

Al2O3 micro-spheres catalysts were synthetized through the wet impregnation (WI). 

They were named Ni-X in where X is the promoter component (X=CeO2, La2O3, 

Sm2O3, Y2O3 and ZrO3). The content for Ni-active phase was set at 25 wt.% and that 

of promoter at 15 wt.%.  

Catalytic screening tests were conducted at different temperatures to explore the 

promoting effect of the selected materials. Then, the catalytic stability of the most 

promising catalysts was evaluated, without, and under the presence of H2S traces 

(0.04 ppm) for 170 h. The selected reaction conditions were representative of an 

industrial technically clean biogas case. Relatively low H2S traces were considered 

according to the minimum detention limit of the commercial gas analyzers. As it can 

be observed in Figure 2.1, the strategy of the promoter addition led to evident catalytic 

benefits. The catalytic performance for the evaluated catalysts follows the order of Ni-

La2O3 > Ni-CeO2 > Ni-Sm2O3 > Ni-Y2O3 > Ni-ZrO2 > Ni > commercial reference. Ni-

La2O3 and Ni-CeO2 were selected as the two most promising promoted catalysts and 

their catalytic stabilities were further evaluated.  

 

Figure 2.1. Effect of the promoter on CO2 conversion at 5 bar·g and using different 
temperatures. 

The long-term experiments shown in Figure 2.2 were carried out in order to evaluate 

during 24 h the stability of the catalysts without the presence of impurities, and then, 

a gas feed with 0.4 ppm of H2S was introduced to the reactant mixture during 146 h. 

Ni-La2O3 (XCO2=95%) and Ni-CeO2 (XCO2=89%) again achieved the highest initial 

catalytic activity and both catalysts were stable during the whole experiment. In 

contrast, a slight reduction of activity was detected over the non-promoted Ni catalyst 

(XCO2=74%).  
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Figure 2.2. Catalytic performance along time. Closed symbols: H2S concentration of 50 ppb. 
Open symbol: H2S-free. Reaction conditions: T=300 °C, H2:CO2 molar ratio=4, P=5 bar·g, and 
GHSV=40,000 mL·g-1·h−1. 

According to the catalyst characterization results, the deactivation of the non-

promoted catalysts was due to the Ni particles sintering. On the other hand, the high 

catalytic performance and stability achieved in the two promoted catalysts was 

attributed to physicochemical properties. The addition of La2O3 and CeO2 on Ni/-

Al2O3 lead to a high nickel reducibility (84-91% at 500 °C), high dispersion (2.3%), 

high surface area (15 m2٠gNi
-1) and intermediate heat of CO2 adsorption (-168-128 

kJ٠mol-1). Therefore, the strategy of adding a promoter was clearly beneficial in terms 

of both initial activity and stability.  

 

2.2. Optimization of nickel and ceria catalyst content  

 

In the previous section, it was evidenced that La2O3 and CeO2 are two promising 

metal-oxide promoters. Both metal-oxides were able to improve catalytic activity and 

prevent the deactivation of the non-promoted Ni/-Al2O3 micro-spheres catalyst. 

These two lanthanide metal oxides are light rare-earth elements (LRREs) and their 

implementation as a promoter material, instead of a bulk support material, is from an 

economical point of view an attractive way to manufacture CO2 methanation catalysts 

at industrial levels. Form the two LRREs, CeO2 was selected as most cost-effective 

promoter material than La2O3. This is the 26th most abundant element in the Earth's 

crust, and thus more economically affordable.  
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In the second work, the aim was to find an optimum Ni-CeO2/-Al2O3 formulation by 

the simultaneous optimization of the main components of ternary catalytic system. 

Generally, the influence of CeO2 addition as promoter has been studied using a fixed 

amount of Ni (≤20 wt.%). However, the simultaneous optimization of Ni, CeO2 and -

Al2O3 content is proposed to design a catalyst with optimum catalytic, 

physicochemical and mechanical properties.  

In this context, a series of Ni-CeO2-Al2O3 catalysts were synthetized through the wet 

impregnation method. The content of Ni and CeO2 was varied simultaneously in a 

range from 0 to 30 wt.%, while the content of -Al2O3 was in the range of 40-100 wt.%. 

The innovative systematic experimental design led to the preparation of eight samples 

with different composition and their catalytic performance evaluation was conducted 

by a screening test. The catalytic trend at 300 °C displayed in Figure 2.3, revealed 

that the maximum region of catalytic activity can be found around of 22-28 wt.% for 

Ni and 12-25 wt.% for CeO2. In addition, material characterization suggested that a 

compromise between Ni, CeO2, and -Al2O3 content was favourable to obtain a 

suitable catalyst for the CO2 methanation.  

 

Figure 2.3. CO2 Conversion (%) trend of the tested Ni-CeO2 catalysts at 300 °C. 

According to CO chemisorption analysis, Ni as active phase was detected to provide 

metallic surface. On the other hand, CeO2 as promoter improves both the reducibility 

of Ni and the amount of CO2 adsorbed on the catalyst, as it was confirmed by H2-TPR 

and microcalorimetric analysis. Finally, -Al2O3 as support was favourable in terms of 

surface area and pore volume, and thus availability of proper Ni dispersion. Taking 

into consideration these findings, an optimum catalyst composed by 25 wt.% Ni, 20 
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wt.% CeO2 and 55 wt.% -Al2O3 was synthetized and its catalytic performance was 

evaluated.    

The catalytic test confirmed the highest catalytic performance predicted from the 

mathematical surface area response. In this direction, the 25Ni-20CeO2 catalyst 

exhibited the highest catalytic activity (XCO2=67.94% with SCH4=100%) compared to 

rest of studied catalysts, thus the simultaneous optimization procedure was found to 

be useful. Their competitive catalytic performance was attributed to the synergistic 

effects achieved when the content of all species was optimized. Further experiments 

over the optimized Ni-CeO2 were then performed in order to evaluate its catalytic 

stability.  

The lifetime testing conducted for 120 h over the optimized Ni-CeO2 catalyst claimed 

its high stability Figure 2.4. Compared to a commercial reference, METH®134 

(XCO2=64%), the 25Ni-20CeO2 catalyst achieved higher conversion rates (XCO2=91%) 

and was stable during the whole test.  

 

Figure 2.4. Lifetime testing comparison of 25Ni-20CeO2 and METH®134 catalysts. Reaction 
conditions: T=300 °C, P=5 bar·g; GHSV=36,000 h−1, mcat.=0.3 g, ρcat.=0.9 g·mL−1, and 
H2:CO2 molar ratio=4. 
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In the previous chapter, an optimized ternary catalytic system composed by 25 wt.% 

of Ni as active phase, 20 wt.% of CeO2 as promoter and 55 wt.% of micro-sized -

Al2O3 spheres as support was proposed for the production of synthetic natural gas. 

As it was revealed, the synergic effects produced between the optimum Ni, CeO2 and 

-Al2O3 contents allowed that the CeO2 promoted Ni/-Al2O3 catalyst achieved a high 

catalytic performance (XCO2>90% and SCH4=100%) with high stability during the 120 

h of the experimental test. Despite promising results at the tested moderate reaction 

conditions (T=300 °C, P=5 bar·g, GHSV=36,000 h-1, and H2/CO2 molar ratio=4), 

special attention in the deactivation of the optimized catalyst in a more real 

environment is required for its technical implementation.  

As it was discussed in Chapter 1 section 1.1.5 and 1.3, reactor technologies available 

to carry out CO2 methanation process in industrial power-to-gas applications are 

operated under adiabatic, isothermal, and polytropic (non-isothermal) conditions with 

temperature profiles up to 500 °C. These high temperatures not only limit the 

equilibrium conversion during the process but also lead to thermal degradation of the 

metallic particles, causing a decrease of the catalyst activity. This physical 

deactivation process is also known as sintering and represents the loss of the active 

surface area of Ni-based catalysts as a result of the agglomeration of smaller particles 

to form larger crystals. 

In addition to thermal degradation caused by high temperatures, Ni-based catalysts 

can be easily deactivated by poisoning if the industrial CO2 methanation processes 

are fed by CO2-impurities derived from carbon sources, such as cement industry, 

biogas from waste or simply captured from air. Most CO2 feedstocks contain traces of 

impurities of O2, N2, siloxanes, VOCs and H2S. The latter is considered as the most 

severe nickel poison for because sulfur compounds are strongly chemisorbed on the 

metal surface.  

The lifetime of active CO2 methanation catalysts may be reduced to only a few months 

or weeks because of high temperatures and small ppm quantities of sulfur 

contaminants. Therefore, further research on the deactivation by sulfur poisoning of 

CeO2 promoted Ni/-Al2O3 catalysts at relevant industrial environments is necessary.  

In this chapter, two papers are presented, which are focused on: 

• The catalytic stability evaluation of the catalyst using high temperature and 

H2S impurities in order to identify the role and effects of CeO2 on governing 

the poisoning mechanism. 

• The scale-up of the micro-sized Ni-CeO2/-Al2O3 catalyst and its catalytic 

performance evaluation at pilot plant scale to demonstrate its technical 

implementation on advanced microstructured reactors. 
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3.1. Higher tolerance to sulfur poisoning in CO2 methanation by the 

presence of CeO2 

  

The aim of this work was to identify the role of CeO2 into the poisoning mechanism of 

the optimized Ni-CeO2/-Al2O3 catalyst. High temperatures (T=500 °C) and the 

presence of H2S impurities (<1-5 ppm) were selected to evaluate its catalytic 

performance at harsh conditions, representative of the initial position of the catalyst 

inside the reactor.  

The catalyst preparation of the optimum proposed formulation (25 wt.% Ni, 20 wt.% 

CeO2 and 55 wt.% -Al2O3) was scaled-up to a batch of 50 g. As in previous work, the 

simple and cost-effective wet impregnation method was used for the catalyst 

synthesis. In this case, a weight ratio H2O:Al2O3=3 was used to guarantee the 

reproductivity of the optimized Ce promoted Ni/-Al2O3 catalyst. With the aim of 

assessing the specific effect of the promoter, a non-promoted Ni catalyst with similar 

active phase content (25 wt.% Ni) was also synthetized.  

The catalytic activity of both catalysts was tested for 142 h under a systematic 

procedure to verify their catalyst deactivation (see Figure 3.1). At the high temperature 

of 500 °C, the promoted catalyst, named as Ni-CeO2, showed excellent stability (close 

to 100%) with respect to non-promoted Ni catalyst (close to 40%). On the contrary, 

the addition of 1 ppm of H2S caused the deactivation of both catalysts. However, the 

activity of the Ni-CeO2 catalyst (close to 25%) was higher than the Ni catalyst (close 

to 10%).  

 

 Figure 3.1. CO2 conversion (%) vs. 142 h time on stream at 250 and 500 °C, 5 bar·g, 
F=200 mL·min−1, H2/CO2 molar ratio=4 and 1 ppm of H2S.  
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To analyse the structure-activity relationships, the characterization of the catalysts in 

their three states: fresh, used and used after H2S poisoning was performed. EDX 

analysis revealed the presence of sulfur impurities in the catalysts. XRD, TEM and 

CO-chemisorption analysis evidenced that the unaltered stability of the Ni-CeO2 

catalyst was due to the strong metal-promoter interaction. The favourable formation 

of nanocomposite between Ni and CeO2 particles was detected. In contrast, the rapid 

deactivation of Ni catalyst was associated with the thermal degradation of Ni particles 

(sintering), since nickel leaching and carbon deposition were negligible, as confirmed 

by SEM and TPO. The modification of textural properties detected by N2-physisorption 

for both used catalysts was associated with thermal degradation of either CeO2 for Ni-

CeO2 catalyst or Ni particles in Ni catalyst.  

The formation of sulfide species in both U-H2S catalysts were identified through the 

crystallographic planes from HRTEM images. For Ni catalyst, its deactivation in 

presence of H2S impurities was associated with the formation of nickel sulfide (NiS). 

In contrast, the higher catalytic activity achieved for the CeO2 promoted catalyst can 

be explained by the favourable formation of cerium oxy-sulfide (Ce2O2S), as it can be 

observed in Figure 3.2. This sulfide specie restricted the formation of nickel sulfide, 

helping thereby to maintain the catalyst stability. These results allowed to confirm the 

role of CeO2 for increasing the sulfur tolerance by the formation of species that 

counteract the poisoning of Ni actives sites.  

 

Figure 3.2. HRTEM: Lattice-fringe analysis and Fourier Transform (FT) imaging of the Ni-
CeO2 (U-H2S) catalyst.  

The previous findings were further confirmed by DRIFTS measurements. On the basis 

of these results, a reaction mechanism scheme under H2S poisoning for the Ni-

CeO2/-Al2O3 was also proposed. It was detected that the methane production at the 

high temperature of 500 °C proceeds preferentially via formate dissociation followed 

by hydrogenation of the adsorbed CO on the available Ni sites, which were prevented 

by the favourable formation of Ce2O2S.  
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3.2. Pushing the limits of SNG process intensification: High GHSV 

operation at pilot scale 

 

In the second work, the aim was to evaluate the technical implementation of the micro-

sized catalyst on an advanced microstructured reactor technology at pilot plant scale, 

in which H2S impurities could be present as industrial biogas was used.  

The scale-up of micro-sized catalyst was performed using the same catalyst 

preparation procedure of the previous work, i.e. 50 g of catalyst was manufactured by 

batch for its implementation. The SNG production over the optimized catalyst 

formulation was carried out using renewable H2 produced from an alkaline electrolysis 

(37 kWhe) of tap water and two different carbon sources, such as biogas (46% CO2 

and 54% CH4) from an anaerobic digestor and CO2 (99% CO2 and 1% CH4) released 

by the upgrading unit. Sulfur impurities were removed and undetectable, but not 

negligible (H2S<0.1 mg·Nm-3), during the whole experimental campaign.   

The methanation pilot plant shown in Figure 3.3 was designed for a net SNG 

production of 1.5 Nm3·h-1 at mild pressure conditions (≤10 atm). The thermocatalytic 

process consisted of a 2-step synthesis unit, including gas pre-heating, catalytic 

reaction and water condensation. A total catalyst amount of 105 g was implemented 

on the microstructured reactors developed by KIT and delivered by INERATEC. The 

first reactor was filled with 60 g of the optimized catalyst, while the second with 45 g. 

In both reactors, silicon carbide with similar size particles was used to dilute the 

catalyst. The used catalyst amount was adjusted in accordance with the obtained 

results of the experimental study previously performed at KIT, using a lab-scale 

microstructured reactor. 

 

Figure 3.3. Process flow diagram of the methanation pilot plant. 
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The experimental campaigns were focused on the evaluation of the pressure (P=1-10 

bar·g), gas hour space velocity (GHSV=19,442-37,500 h-1) and carbon feedstock 

(upgraded CO2 or biogas) effect on the product gas composition. The results revealed 

that pressure, GHSV and carbon feedstock have a relevant impact on product gas 

composition. The desired gas quality (CH4≥92.5%, H2≤5% and CO2≤2.5%) in the 2-

step process using the upgraded CO2 stream can be obtained at the maximum plant 

capacity (37,500 h-1), with moderate pressure (P=7 bar·g) and decreasing 

temperature profiles (T=450-275 °C), as it can be observed in Figure 3.4. In contrast, 

very low pressures (≤3 bar·g) were not positive for SNG production (CH4≤92.5%). CH4 

selectivity of 100% was achieved in all the experiments.  

 

Figure 3.4. Temperature profile along the reactors during CO2 methanation at GHSV=37,500 
h−1 and P = 5 bar·g. 

On the other hand, GHSV and carbon feedstock effects (see Figure 3.5)  suggested 

that the proposed process can operated at GHSV values as high as 31,500 h-1 using 

almost pure CO2 and 37,500 h-1 using biogas as carbon source. In both cases, 5 bar·g 

was selected since it is the minimum pressure for direct gas grid injection purposes. 

Methanation of biogas is beneficial in terms of process intensification as lower reactor 

volume is required. Compared to commercial process of refence (Audi e-gas plant), 

this represents a reduction of 4 times the volume. 
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Figure 3.5. Maximum GHSV values to meet gas grid requirements as a function of the pressure 
and the carbon dioxide stream. 

Catalyst deactivation by a displacement of the position of the maximum temperature 

toward the reactor outlet or by a decrease of the CH4 content at the reactor outlet 

were not evidenced during the 2000 h of experimentation. According to the post-

mortem catalyst analysis, negligible changes in the elemental composition between 

the fresh and spent catalyst were detected by EDX. Therefore, the implementation of 

the micro-sized catalyst on the industrial-scale two-stage microstructured reactor 

system was demonstrated. 
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This chapter is devoted to the design of fixed-bed reactors for a cost-effective 

application in real environments. Currently, fixed-bed reactors represent the useful 

and available design for commercial large-size SNG production in P2G applications. 

In particular, multitubular fixed-bed heat-exchanger reactors operated under 

polytropic conditions are attractive to carry out CO2 methanation process due to its 

cost-effective design. 

The use of multitubular fixed-bed heat-exchanger reactor is particularly of interest for 

decentralized applications in which a low-cost reactor design is required for mid-size 

SNG production. In this reactor approach, the heat of the reaction is transferred from 

the reactive tube to a coolant. Besides, its configuration is simple, flexible and easy to 

scale-up. However, reaching its optimum temperature profile remains as a 

technological challenge since the formed high temperatures influence on both 

thermodynamics and kinetics of the reaction. Understanding the design aspects and 

reaction conditions can be essential to achieve an optimum temperature profile, and 

thus propose this reactor approach for mid-size SNG production (50-250 Nm3·h-1). 

On the other hand, biogenic carbon dioxide can be released in a very dispersed way, 

in contrast to large refineries.  An illustrative example is biogas from small anaerobic 

digesters. In these, small-size SNG plants require a reduced engineering complexity 

of the overall process to keep the investment costs at a reasonable level. For those 

cases, a novel reactor design should be proposed. A free convection heat transfer to 

the surroundings for the reactor cooling can be a technological alternative for lowering 

the investment costs of the reactor and the corresponding cooling auxiliaries. This 

concept is based on the fact that the produced heat of the Sabatier process can be 

controlled by some reaction parameters and naturally released to the environment 

without the implementation of intensive cooling systems. 

The two reactor approaches can be designed by three-dimensional (3D) mathematical 

models based on experimental kinetic data through computational fluid dynamics 

(CFD). This is a computer-based tool for simulating the behaviour of systems involving 

fluid flow, heat and mass transfer, chemical reactions and other phenomena. It works 

by solving the equations of fluid flow (in a special form) over a region of interest, with 

specified (known) conditions on the boundary of that region. An advantage of using 

3D CFD mathematical models to design industrial-size reactors is that these can 

eliminate subjective experience and empiricism, and lead to better-designed, more-

efficient units.  

In this context, the following two works shown in this section are focused on: 
 

• The development of a 3D CFD model based on kinetic data to simulate and 

optimize temperature profile of an multitubular fixed-bed reactor design for mid-

scale SNG production. 
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• The evaluation of a novel heat-management concept based on free convention 

by means of 3D mathematical model to propose a new small-scale CO2 

methanation reactor design. 

 

4.1. CO2 conversion to synthetic natural gas: Reactor design over Ni-

Ce/Al2O3 catalyst 

 

In this first approach, the implementation of a nickel-ceria-alumina catalyst on a 

multitubular fixed-bed exchanger reactor was evaluated. The goal was to propose an 

optimum reactor design for industrial mid-scale synthetic natural gas production. The 

biogas (100 Nm3·h-1, 65% CH4) derived from two anaerobic digestors of a wastewater 

treatment plant was considered as the industrial representative case. With this aim, a 

3D CFD model was developed using Ansys® Fluent software.  

As part of reactor modelling, an experimental kinetic study was carried out over nickel-

ceria-alumina catalyst to determinate the intrinsic reaction kinetics of methane 

formation. Experimental kinetic data was obtained at differential conditions 

(XCO2≤15%) using different temperatures (473-673 K), CO2/H2/Ar concentrations (25-

100%) and catalyst mass (0.008-0.120 g). Simple power rate expressions for forward 

and backward Sabatier reaction were proposed, which were able to predict 

successfully the reaction rates. The main kinetic parameters for forward reaction were 

determined by adjusting the experimental data, while for the backward reaction were 

calculated as from NIST equilibrium database mathematical fit. 

CFD simulations carried out at a proposed base case (Tinlet=573 K, Twall=573 K, P=1 

atm, GHSV=3600 h-1) evidenced that the gas mixture interacted from the very 

beginning of the reactor, and as a result, reactants (H2+CO2) were converted to the 

products (CH4+H2O). Furthermore, it was detected a non-isothermal temperature 

profile with temperatures up to 733 K. The higher temperature was formed on the first 

5 mm of total tube length. With this temperature behaviour, the CO2 conversion 

achieved was restricted to 71%.  

In order to further increase CO2 conversions, a sensitive analysis was additionally 

performed for reactor optimization. Among all evaluated variables, the inlet 

temperature, the wall temperature, the pressure, the inlet velocity and the tube inner 

diameter were identified as the key parameters to obtain the optimum temperature 

profile with highest CO2 conversion.  In particular, the formation of the maximum 

temperatures was identified to be significantly decreased when the internal diameter 

is reduced, as it can be observed in Figure 4.1. 
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Figure 4.1. Tmax (K) and CO2 conversion (%) at different tube inner diameter (mm). Tinlet=573 K, 
Twall=573 K, P=1 atm and L=250 mm. Black square indicates the base case. 

The reactor design proposal is shown in Figure 4.2 (a-b). This was found using a 

reactor tube of 9.25 mm internal diameter and 250 mm length, which operate with an 

inlet temperature of 473 K, a lower wall temperature of 373 K, pressure of 5 atm and 

GHSV of 14,400 h-1. At these conditions, the temperatures formed inside of the tube 

reactor were lower than 673 K, and as a result, it was achieved highest CO2 

conversion (XCO2=99%). According to the proposed tube reactor dimensions, a total 

of 1000 tubes are required for the CO2 methanation of 100 Nm3·h-1 biogas.  

 

Figure 4.2.  a) Temperature profile and b) CH4 molar fraction profile as from design proposal. 
Tinlet=473 K, Twall=373 K, GHSV=14400 h−1, P=5 atm, di=9.25 mm and L=250 mm. 



Chapter 4                                                                                           Andreina Alarcón                                                                                                   

 

106 

4.2. An insight into the heat management for the CO2 methanation 

based on free convection 
 

In the second approach, the final goal was to propose a low-cost reactor design with 

a novel heat-management approach based on the free convection for small-scale CO2 

methanation applications. With this aim, a combined study based on experimentation 

and CFD simulation was performed. Furthermore, the small-scale SNG production of 

1 Nm3·h-1 was selected as the representative case to evaluate the scale-up of 

proposal reactor.  

In the first part of this study, a single reactor channel (inner diameter of 4.6 mm and 

length of 250 mm) was built and experimentally evaluated using a methanation set-

up at lab-scale. The dimensions were selected to facilitate the heat transfer to the 

environment, as it is highly promoted when the inner diameter is reduced from 10 mm. 

CO2 methanation tests to evaluate reactor channel were conducted by varying the 

gas flow rate in a rage from of GHSV=3,039-18,235 h-1 at atmospheric pressure and 

Tinlet=573 K. The optimized Ni-CeO2-Al2O3 catalyst formulation was implemented as 

the catalytic material to carry out Sabatier reaction.  

A first set of experiments revelated that higher temperatures (Tmax=673-806 K) along 

the reactor were obtained at higher GHSV values (3,039-18,235 h-1). As it can be 

observed in Figure 4.3, non-isothermal temperature profiles with CO2 conversions 

between 82 and 79% were achieved by increasing GHSV. These results allowed to 

confirm that a simple way to control the temperature profile in a free convection heat-

management reactor configuration is by adjusting the inlet gas flowrate. In such a way 

that the reactor can be heated up by increasing the gas flowrate and cooled down by 

lowering it.  
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Figure 4.3. Experimental temperature profiles by varying GHSV at P=1 atm and Tinlet=573 K. 

However, the achieved level of conversions was still too low for industrial applications, 

and out of the scope of our work (≥90%). Thus, a second set of experiments, using 

the same reaction conditions and adjusting the temperatures by addition of external 

heat to the last zone of the reactor, was performed to achieve conversions close to 

the equilibrium (91-84%). With this experimental alternative, the most favourable 

conditions were obtained when the lowest temperature was higher than 573 K. 

Therefore, optimal conditions to achieve a CO2 methanation based on free convection 

cannot be only obtained by simply adjusting the inlet flowrate.  

On the basis of the experience gained during the experimentation and considering 

that the computational fluid dynamics (CFD) simulation is a potential tool, CFD was 

used to obtain the optimum reaction conditions able to achieve a higher conversion 

level. In the second part of this study, a 3D mathematical model to simulate Sabatier 

reaction on the lab-scale fixed-bed reactor design was built by means of Ansys® Fluent 

software. The CFD model was first validated using an experimental case and then 

was used to optimize through sensitive analysis the main reaction parameters 

(Pressure, inlet temperature, GHSV, air temperature) of the proposed reactor design. 

The sensitive analysis proved that the operation of the free convection heat-

management reactor configuration is feasible through a compromise between three 

operation parameters. A GHSV of 11,520 h-1, an inlet temperature of 503 K, a 

pressure of 5 atm, and an air temperature of 298 K were found as the optimal 
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conditions to guarantee high CO2 conversion without the need of external heating or 

cooling units. The simulation and experimental validation shown in Figure 4.4. proved 

the feasibility of this reactor approach. An interesting level of CO2 conversion (93%) 

and a decreasing temperature profile along the reactor (T=830 to 495 K) were 

successfully achieved. According to the proposed reactor dimensions, 23 channels 

will be required to achieve the industrial small-scale production of 1 Nm3·h-1 of 

synthetic natural gas. 

 

Figure 4.4. Experimental and simulation comparison of the proposed reactor conditions. 
GHSV=11,520 h-1, Tinlet=503 K, Tair= 298 K, P=5 atm and H2/CO2 molar ratio=4. 
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390 reactor tube was in the range of 817-505 K. 
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Conclusions 

 
In this thesis, it was designed a high-performance ternary catalyst composed by Ni as 

active phase, CeO2 as promoter and -Al2O3 microspheres as support. A 

straightforward and scalable wet impregnation method was implemented to 

manufacture the proposed Ni-CeO2/-Al2O3 catalyst. Special focus was done on 

evaluating its catalytic performance, stability, sulfur tolerance, and implementation in 

a relevant industrial environment (CoSin project) in order to prove its technical 

feasibility. Moreover, CFD models based on experimental kinetic data were developed 

to understand the role of the operation conditions, to optimize conventional fixed-bed 

reactor prototype, and to propose a novel fixed-bed reactor configuration.  

 

The main conclusions of this thesis are: 

 

• Metal-oxides (CeO2, La2O3, Y2O3, Sm2O3 and ZrO2) were implemented as the 

promoter phase (X) on micro-sized Ni-X/-Al2O3 catalysts. The strategy of adding 

promoters was found to be positive in terms of both initial activity and stability. 

La2O3 and CeO2 were the most promising promoters and they provided similar 

physicochemical properties, as it was identified by characterization analysis. The 

beneficial effects of the promoters on CO2 conversion were mainly explained by 

the enhanced interaction between CO2 and catalyst. In particular, it was found 

that La2O3 and CeO2 promote the formation of moderate basic sites, thereby 

enhancing the ability of CO2 adsorption and catalytic stability. Between both, CeO2 

was selected as more cost-effective promoter. 

 

• The selected ternary catalyst based on Ni as active, CeO2 as promoter and -

Al2O3 micro-spheres as support was further optimized through an innovative 

systematic experimental design to find an optimum Ni-CeO2/-Al2O3 formulation. 

A proper balance between the positive effects of each component of this ternary 

catalytic system was found when 25 wt.% Ni and 20 wt.% CeO2 were impregnated 

on 55 wt.% -Al2O3. The optimized Ni-CeO2/-Al2O3 catalyst displayed a high 

activity (XCO2≈91%) and a high reaction rate (6.46 mol·h−1·gNi
−1), when compared 

with other similar catalysts in literature. Furthermore, the catalyst presented 

successful stability over 120 h run at 300 °C and 5 bar·g.  

 

• The effect of the active phase (Ni), promoter (CeO2) and support (-Al2O3 

microspheres) were identified by means of advanced characterization analysis. 

The main contribution of each component in the optimized Ni-CeO2/-Al2O3 

formulation was described as follows: Ni mainly provides a proper metallic surface 

area for reaction; CeO2 is a key component to enhances both the reducibility of 

the Ni and the activation of acidic CO2 on the catalyst support's surface; and, -
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Al2O3 contributes with enough porosity for nickel dispersion and gas transfer. The 

synergy effects between all optimized components allowed that the Ni-CeO2/-

Al2O3 catalyst achieved +25% of productivity than a commercial reference.  

 

• The catalytic stability and sulfur tolerance over the optimized Ni-CeO2/-Al2O3 

catalyst was evaluated under high temperature (T=500 °C), with and without the 

presence of H2S impurities (1-5 ppm). The high stability (XCO2=88%) detected at 

T=500 °C was explained by the formation of nanocomposite between Ni and CeO2 

particles that promotes the metal-promoter interaction. On the other hand, the 

high tolerance (XCO2=25%) achieved in presence of H2S impurities was derived 

by the presence of Ce2O2S. The formation of this phase was thermodynamically 

favourable and it restricts the formation of nickel sulfide, as it was confirmed by 

HRTEM analysis. Therefore, the promoted CeO2 particles on the Ni/-Al2O3 

catalyst act as sacrificial functional groups that make the catalyst lifespan longer 

lasting.  

 

• The implementation of the micro-sized Ni-CeO2/-Al2O3 catalyst was evaluated at 

relevant industrial environment (CoSin project). The catalyst was implemented on 

a two-stage microstructured reactor system to evaluate its technical feasibility 

using biogas or upgraded CO2 as carbon source from a wastewater treatment 

plant. The scale-up of the catalyst manufacture was performed using a 

straightforward wet impregnation method. Using this technique, it was delivered 

a catalyst production of 105 g to the plant. The desired gas composition for grid 

injection (≥92.5% CH4, ≤5% H2, and ≤2.5% CO2) over the micro-size catalyst was 

achieved after the second methanation step using a non-isothermal temperature 

profile (T= 275-475 °C) and pressure of 5 bar·g. Catalyst deactivation during the 

2000 h of experimentation was not evidenced. Therefore, the successful 

performance and stability achieved on the industrial-scale two-stage 

microstructured reactor system demonstrated the technical feasibility of this 

micro-sized Ni-CeO2/-Al2O3 for CO2 methanation. 

 

• The implementation of a nickel-cerium-alumina catalyst on a designed 

multitubular fixed-bed exchanger reactor for CO2 methanation was studied. A 3D 

CFD mathematical model based on kinetic data was developed to optimize its 

temperature profile and propose this reactor approach for a mid-size SNG 

capacity plant. An balance to obtain an optimum temperature profile aiming a high 

conversion (XCO2=99%) was found using a reactor tube with an inner diameter of 

9.25 mm and a length of 250 mm, which operates at Tinlet=473 K, Twall=373 K, 

GHSV=14,400 h-1, P=5 atm.  Simulations proved that design reactor parameters, 

specially the reactor inner diameter is a key parameter to reduce the formation of 

hot spot (∆T=100 K) on the reactor tube. According to the proposed reactor tube 
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dimensions, almost of 1000 tubes will be required for CO2 methanation of 100 

Nm3·h−1 biogas.  

 

• For small-scale SNG production, a different fixed-bed reactor design was studied. 

In this case, a novel heat-management approach based on free convention was 

proposed for reducing the investment costs. To explore this novel reactor design 

approach, a reactor tube (di= 4.6 mm and L=250mm) was built at lab-scale, 

experimentally evaluated, and then simulated through a 3D CFD mathematical 

model to optimize the reaction parameters. According to simulation, the optimal 

conditions to guarantee high CO2 conversion without the need of external heating 

or cooling units were found at GHSV=11,520 h-1, Tinlet=503 K, P= 5 atm and 

Tair=298 K. The feasibility of the simulated reactor approach was further 

experimental validated over the micro-sized nickel-cerium-alumina catalyst. A 

non-isothermal temperature profile (T=830 to 495 K) with high level of CO2 

conversion (XCO2=93%) was successful achieved. For the small-scale production 

of 1 Nm3·h-1 of SNG, 23 channels will be required to achieve the targeted 

production rate. The main advantage of the proposed approach is the simple 

design and low auxiliary requirements of this reactor, especially in decentralized 

locations where the integration of the exothermic heat to another industrial unit is 

not technically feasible or, more probably, not economically profitable. 

 

To summarize, Ni-CeO2/-Al2O3 micro-size catalyst for SNG production was 

synthesized and optimized in laboratory conditions. Further, it was validated 

successfully in an industrial reactor under real operation conditions. The catalyst has 

proven to be active, stable, and scalable. Moreover, the optimized catalyst was used 

as a benchmark to design a novel reactor approach for CO2 methanation based on 

free convection. The developed reactor design combined with the micro-sized catalyst 

can provide a promising alternative for CO2 methanation process intensification and, 

therefore, make this technology more commercially attractive. 

 

Outlook and recommendations 
 
As an outlook, and based on the present results, it is projected the scale-up, 

construction and experimentation of the small-scale methanation reactor in a pilot 

plant. These steps are important to value its technical feasibility at industrial 

conditions. Currently, the catalyst commercialization is being valued through the 

framework of the LLAVOR (LLAV-2018-00066) and PRODUCTE (PROD-2019-

00091) projects. In the short-term future, the author’s motivation is that the technology 

proposal (catalyst + reactor) could penetrate to the market competing at the sacrifice 

of other costly CO2 methanation technologies that show lower efficiencies. We believe 

that the implementation of a cost-efficient CO2 methanation technology can contribute 

to the future of environmentally friendly energy systems. 
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In this line, the author recommends the evaluation of the following aspects by future 
research:  
 

• For the implementation of the fixed-bed reactor design approach in industry, 

further research should be focused on the scale-up of the reactor approach. 

As it was reported, 23 tubes will be required for small-size SNG production. 

A simulation-base study should be performed to find an optimum 

arrangement of the tubes. Different arrangements, such as square, circular, 

triangular or rhombus could be evaluated. At this point, the influence of the 

spacing between each reactor tube should be taken into account in order to 

select the optimum solution of the arrangement and to propose the simplest 

tube bundle reactor configuration. Once the best tube bundle reactor has 

been selected, this must be built and tested its feasibility at different scales 

(from lab to pilot plant). 

• It is recommended to use a more complex rate law to represent the reaction 

kinetics. Under the non-isothermal conditions, it is plausible that reaction is 

governed by the equilibrium restriction. On the bases of reaction mechanism 

proposed for the Ni-CeO2/-Al2O3 catalyst, a LHHW kinetic model could be 

developed including the product adsorption on the catalyst. In addition to 

Sabatier reaction, kinetic experiments should be designed in order to evaluate 

the formation of the RWG reaction and the influence of the products (CH4 and 

H2O). Preliminary experiments proved that the addition of water in the stream 

limits the rate of the reaction. Therefore, the implementation of this more 

complex kinetic model on the developed CFD model approaches might assist 

future studies on the design and operation of catalytic fixed-bed reactors, 

getting closer to reality. 

 

• Taking into consideration that the Ni-CeO2/Al2O3 catalyst work under a 

decreasing temperature profile along the catalytic bed reactor, a catalyst 

characterization study using advanced post-mortem technics should be 

performed in order to propose improvements. A comparative examination of 

the surface characteristics of the fresh and spent catalyst can be quite 

revealing and instructive to identify the physical properties limiting catalyst 

performance and to make predictions of the catalyst lifetime.  

 

• Further research on the catalyst in-situ regeneration of S-poisoned Ni-CeO2/-

Al2O3 catalyst should be considered. As it was demonstrated in this thesis, a 

non-expected compound was formed between by the interaction of the poison 

and the catalyst. The Ni-CeO2/-Al2O3 catalyst achieved a higher sulfur 

tolerance thanks to the favourable formation of Ce2O2S species that restricts 

the formation of NiS. Form this fact, several scientific questions may arise. 

This finding is key since steps can be taken to remove the poison or replenish 
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the active catalyst components (CeO2 and Ni) that reacted with the poison 

(Ce2O2S and NiS). To understand the adsorption type (reversible or 

irreversible) of the poison precursor on or with the surface can be crucial for 

extending the catalyst lifetime. With these insights, catalyst regeneration 

procedures will be also developed for those industrial cases where the sulfur 

cleaning devices present cannot remove completely the sulfur. 
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Appendix 1 includes five tables, in which the state-of-art of the proposed kinetic 

models, and catalysts for CO2 methanation are presented. In Table A1.1, an overview 

of the kinetic models developed over Ni-based catalysts is displayed. For each case, 

the kinetic rate expressions and the estimated activation energy values are shown. In 

addition, catalysts reported in literature are listed in Tables A1.2-A1.4. According to 

the catalyst strategy design, they are classified as bimetallic catalysts (Table A1.2), 

supported metal-based catalysts (Table A1.3) and metal-oxide promoted Ni-based 

catalysts (Table A1.4). In these tables, the reaction conditions at which the catalysts 

showed their most promising catalytic performance are detailed. Finally, the main 

preparation methods implemented for Ni-based catalyst synthesis are specified in 

Table A1.5. In particular, the table shows the main findings found over the 

physicochemical properties of the catalysts.  
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