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Abstract

Methanation of CO/CO. mixtures

Methanation of CO/CO- can be used to store renewable electric energy in the form of the well-
known transportable gaseous energy carrier methane, which makes it a crucial technology to
transform our existing fossil-based energy infrastructure. Methanation plants suitable for
industrial-scale capacity at low complexity are necessary to produce cheap renewable
synthetic natural gas (SNG) from fossil or biogenic carbon sources. To achieve highly
optimized methanation reactors for CO/CO; feed, such as from high temperature Co-
electrolysis (Co-SOEC), the limiting mechanisms of existing reactor systems were identified.
Several reactors with different dimensions, natural air-cooling or thermal-oil cooling and under
variation of process conditions including pressure and catalyst load were experimentally
investigated. A 1D plug-flow reactor model in MATLAB and a 2D CFD reactor model in
COMSOL Multiphysics were developed and used to verify experimental findings and deepen
the understanding of the methanation process. Based on a combined modelling and
experimental approach tuning parameters were derived to overcome process limitations and
a strategy to design high performance methanation reactors was elaborated. Thermodynamic
and kinetic limitations along the reactor axis could be identified and significantly reduced by
optimizing the axial temperature curve based on appropriate reactor dimensions and operation
parameters. The 1D model works as a reactor optimization and design tool for CO/CO;
mixtures and other feed gases, such as biogas or CO.. Reactor and process design examples
for single-stage Co-SOEC syngas methanation, high-capacity methanation at 100.000 h™
GHSV (gas hourly space velocity) and energy efficient dual-pressure stage methanation are
presented. The findings and proposals formulated in this thesis significantly improved the
process of CO/CO, methanation with the aim to contribute to a liveable future for upcoming
generations on our planet.



Kurzfassung

Methanisierung von CO/CO2-Mischungen

Durch die Methanisierung von CO/CO.-Mischungen kann erneuerbare elektrische Energie in
den leicht transportierbaren, gasférmigen Energietrager Methan umgewandelt und
gespeichert werden. Dadurch ist die Methanisierung eine Schlisseltechnologie fir die
Transformation unseres fossilen Energiesystems. Effiziente, einfach skalierbare und
kostenglinstige Methanisierungsprozesse sind erforderlich, um konkurrenzfahiges
synthetisches Erdgas (SNG) aus CO: aus fossilen oder biogenen Quellen erzeugen zu
kénnen. Um optimierte Reaktorsysteme flir CO/CO. Mischungen, beispielsweise aus einer
Hochtemperatur-Co-Elektrolyse (Co-SOEC), auslegen zu kdnnen, missen zunachst die
limitierenden Mechanismen in bestehenden Reaktoren identifiziert werden. Dazu wurden
verschiedene Reaktoren mit unterschiedlichen Dimensionen unter Variation von
Prozessbedingungen Druck und Katalysatorbelastung mit nattrlicher Luftkihlung oder mit
Thermaldlkihlung unter realen industrienahen Bedingungen in einer Versuchsanlage
experimentell untersucht. Ein 1D Pfropfenstromungsmodell in MATLAB und ein 2D CFD-
Modell in COMSOL Multiphysics wurden zur Verifizierung der experimentellen Ergebnisse
herangezogen, um ein vertieftes Verstandnis fir den Methanisierungsprozess zu erlangen.
Aus der Kombination aus verifizierter Modellierung und Experimenten konnten
prozesslimitierende Einflisse abgeleitet und eine Strategie zur Reaktorauslegung
ausgearbeitet werden. Thermodynamische und kinetische Limitierungen entlang der
Reaktorachse konnten durch die Auswahl der richtigen Reaktor- und Prozessparameter
identifiziert und signifikant reduziert werden. Das 1D Modell dient als Design- und
Optimierungstool von Reaktoren fir die Methanisierung von CO/CO,-Mischungen, aber auch
anderen Feedgasen wie Biogas oder reinem CO,. Beispiele flir Reaktorauslegung fiir Co-
SOEC-Synthesegas in einer Reaktorstufe sowie fur sehr hohe Reaktorbelastung von 100.000
h' GHSV (gas hourly space velocity) in zwei Reaktorstufen und eine effiziente
Prozessverschaltung mit zwei Druckstufen wurden in dieser Arbeit dargelegt. Mit den
Ergebnissen dieser Arbeit wurden wertvolle Vorschlage fir die effiziente Methanisierung von
CO/CO,-Mischung erarbeitet, womit auch ein positiver Beitrag zum Erhalt unserer
Lebengrundlage auch fir zukinftige Generationen geleistet werden konnte.
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1 Introduction

1.1 Motivation

The increasing consumption of fossil energy threatens all living conditions on our planet. Due
to man-made greenhouse gas emissions the global temperature already rose by 1.2 °C
between 1850 and 2021, as illustrated in Figure 1. Only 400 gigatons of CO. can be emitted
starting from 2020 to prevent global warming to rise beyond 1.5 °C at a 67 % chance. At the
current rate of emission this CO2 budget will be used before 2030. By 2100 (my kids would
turn 77 and 79 by then) the IPPC estimates a global warming of 3.2 °C including devastating
consequences. [1]
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Figure 1: Yearly global surface temperature (bars) and atmospheric carbon dioxide (grey line)
(1850-2022) [2]

The secretary-general of the United Nations Antdnio Guterres summed up the current situation
of the climate crisis. [3]

“Half of humanity is in the danger zone, from floods, droughts, extreme storms
and wildfires. No nation is immune. Yet we continue to feed our fossil fuel
addiction. [...] We have a choice. Collective action or collective suicide. It is in
our hands.”

(Secretary-general of the United Nations Anténio Guterres, 18" of July 2022)
[3]

The technical solution to this problem is to prevent CO» emissions. This requires an extremely
rapid transfer of our energy system from a linear consumption of fossil fuels to renewable
energy sources and carbon recycling or disposal strategies. While many industrial processes
can in principle be directly switched to renewable energy input, some CO- sources from hard-
to-abate industries such as biogas plants, waste incineration plants or cement plants simply
cannot be substituted. Furthermore, carbonaceous species will remain a valuable feedstock
for the chemical industry. High-temperature heat for processes such as cement, glass or steel
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production today rely to a large extent on high-temperature heat from incineration of mostly
natural gas. Methanation in combination with an electrolyzer unit can be used to convert
renewable energy into the molecule CH4, which is the main component of natural gas. For
such a renewable synthetic natural gas (SNG) a complete energy infrastructure already exits,
including long-term energy storage in natural gas reservoirs and a dense global distribution
network. As a result, power-to-gas as a combination of electrolysis and methanation will play
a key role to reduce industrial CO; emissions and contribute to prevent ecological collapse.

This work aims to contribute to a power-to-gas technology in particular a combination of high-
temperature Co-electrolysis (Co-Solid oxide electrolyser cell - Co-SOEC) and catalytic
methanation. The Co-SOEC uses renewable electric energy to produce syngas consisting of
hydrogen, carbon monoxide and carbon dioxide at high energy efficiency from water and CO..
In the second step the Co-SOEC syngas will be transformed in catalytic fixed bed reactors to
synthetic natural gas (SNG). This SNG product meets all the requirements for direct injection
into the natural gas grid. The combination of Co-SOEC and methanation enables global
distribution and long-time storage of renewable electric energy. The focus of this work lies in
the development of the catalytic methanation reactor system and its interplay with the Co-
SOEC system. This thesis aims to contribute to cost-effective, high-capacity and industrially
applicable CO/COz; methanation plants.

1.2 Problem formulation

Capital expenditure and renewable electric energy consumption are the two main cost-driving
factors of SNG production made from a combined Co-SOEC and methanation plant. [4] In
order to achieve competitive SNG prices low plant complexity, high energy efficiency at
excellent plant performance and process stability are essential.

The methanation reactor needs to be designed as simple and cost-effective as possible to
reduce the total capital expenditure. At the same time all performance requirements in terms
of product quality and process stability have to be met. The specific SNG costs of industrial
scale methanation systems are directly linked to the reactor size and therefore to the volume
specific capacity of a methanation reactor.

Furthermore, the energy efficiency of combined Co-SOEC and methanation power-to-gas
plants needs to be optimized. This can be achieved by coherent interplay of all plant
components. The excess heat of the methanation reaction can be used to preheat the Co-
SOEC feed. A suitable actively cooled methanation reactor is required to enable internal heat
recycling. This cooling system is also necessary to control the maximum catalyst bed
temperature and the process performance. If available, external thermal energy sources can
be used to reduce the primary electric energy demand in the high-temperature Co-SOEC. The
pressure loss in high-capacity reactors may also play a crucial role for the overall plant
efficiency. In addition, reactors with low or moderate operation pressure perfectly match with
electrolyzers operating at low pressures and thus significantly reduce the gas compression
effort. To find an optimum reactor design with highest overall efficiencies all influences of
operation and design parameters not only on the methanation reaction behaviour but also on
the down- and upstream process units have to be considered.
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To achieve a cost effective green SNG product, the limiting factors and essential mechanisms
of the catalytic reaction need to be fully understood and depicted. Subsequently, it is essential
to derive the optimum design and process parameters for a high-capacity CO/CO, methanation
reactor, while also incorporating an efficient cooling method.

1.3 State of the art

The catalytic methanation of syngas to form SNG has been investigated since its discovery by
Sabatier and Senderens in 1902. [5] In the 1970s efforts for methanation of syngas from coal
gasification for SNG production intensified as a consequence of the oil crisis. The first
commercial syngas methanation plant, the Great Plains Synfuels Plant, was completed in 1984
in North Dakota with a daily output of 4.8 Mio m®* SNG. [6] Since then, several industrial and
pilot scale applications were developed and realized for methanation of syngas from coal and
biomass gasification, of which only some reached the commercial stage. All industrial scale
plants are based on at least one or several adiabatic reactors using gas recycling or excess
steam addition for temperature moderation. Adiabatic reactors were used for the “Lurgi
process”, the “TREMP process” established by the company Haldor Topsge, the
“Conoco/BGC process”, the “RMP process” and the “ICl/Koppers”. The HICOM process does
not characterize its process as adiabatic but uses steam injection and gas recycling for
temperature control. The “Vesta” process from Clariant and Foster Wheeler uses three fixed
bed reactors with steam injection for temperature control. [6] A combination of isothermal and
adiabatic reactors was considered for methanation in a process by the company Linde, which
was not brought into commercial application for methanation, but for methanol synthesis. [6,7]
According to Rénsch [7] several commercial CO methanation applications based on TREMP,
HICOM and Lurgi were realized mainly in China for coal gasification. Syngas methanation
based on adiabatic reactor systems can be considered TRL 9. [6] However, several drawbacks
result from adiabatic reactors, steam injection and gas recycling. Adiabatic reactors are
generally limited in capacity and can easily suffer from temperature hotspots, especially for
CO/CO, methanation. [8] Product gas recycling requires additional recycling equipment such
as recycle compressors and prior steam removal. Excess steam can lead to catalyst
degradation for certain catalysts [9—11]. Foremost, both temperature control strategies lead to
more necessary catalyst volume and additional cost driving process equipment. [12]

Methanation of syngas from biomass or waste gasification in pilot scale was conducted in
honeycomb reactors in the DemoSNG project [13] and via fluidized bed methanation in
Glssing, Austria [14] and in the project GAYA [15]. Fluidized bed reactors profit from high heat
transfer rates, but lack high capacity due to limiting kinetics in the almost isothermal system
and require higher operational effort. [7] Honeycomb reactors allow for less pressure drop over
the reactor length. [7] Although heat transfer within the monolithic structure is higher compared
to a fixed bed of bulk catalyst, the gap between reactor wall and the honeycomb structure
significantly reduces overall radial heat transport of honeycomb reactors. [16,17] As a result,
low-complexity fixed bed reactor process concepts with direct bed temperature control, which
is essential for cost-effective operation of the highly reactive process, are neither in pilot nor in
commercial scale available.
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Methanation of CO,, biogas and syngas was intensively addressed in research papers in the
last decades to establish new process and reactor strategies especially for CO, [18—-25] and
biogas [26]. Besides fixed bed reactors [19-21,23,24,27], also trickle-bed reactors [26],
fluidized bed reactors [28-30], heat pipe reactors [31-33], heat exchanger reactors [18,22] or
micro reactors [25,34] were investigated based on experiments and models. Furthermore, the
development of new catalysts in terms of active material and support [35,36] has been
intensively studied.

The methanation of CO-containing feed gas, such as Co-SOEC syngas, is especially
challenging because of higher reaction enthalpy and extremely high reaction rates. In the field
of CO methanation, CO/CO, methanation or syngas methanation a lot of research on catalyst
development [37-39] and reaction mechanism [40,41] is available. Meyer experimentally
investigated the transient behaviour of CO/CO, methanation with a 4.5 mm diameter reactor
and <200 um catalyst particles. [42] Gomez used a 6.8 mm sorption-enhanced reactor for
CO/CO2 methanation on Ru catalyst. [43] No literature could be found addressing industrially
applicable fixed bed reactors with active cooling for CO/CO, methanation on commercially
available Ni/Al,O3 catalyst. The TRL for Co-SOEC syngas methanation could be increased to
5-6 within the research project HydroMetha. [44] The project HydroMetha funded by the
Austrian “Klima- und Energiefonds” and the AVL List GmbH (grant no. 864578) was a main
funding source for this work.

1.4 Research gap

The main technical challenges of the methanation process have been accurately summarized
by Neubert [45] as the “triemma of methanation” as shown in Figure 2. This analysis is
especially true for Co-SOEC syngas methanation, as high reaction rates are most decisive for
CO methanation design.

complexity of process
(‘syngas cleaning’)

trilemma
of

decentralized
methanation

reaction rates thermodynamics
(‘high temperatures for high (‘low temperatures for
reaction rates and high GHSV’) high CH-yield’)

Figure 2: Trilemma of decentralized methanation by Neubert [45]

The methanation process is characterized by contrary dependencies in terms of temperature.
Lower temperature at the reactor outlet is necessary to achieve high product concentrations
due to the thermodynamic nature of the reactions. In contrast, higher temperatures within the
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catalyst bed favour high reaction rates according to Arrhenius law, which leads to less
necessary reaction volume and therefore higher reactor capacities. Those two important
factors lead to a third, the complexity of the methanation system. The methanation system
should be designed in a way to achieve all performance goals at lowest possible complexity.
Sophisticated cooling methods such as product gas recycling or costly gas cleaning steps lead
to more plant complexity, less energy efficiency and are contradictory to a cost-effective
system.

As a result, the research gap on the way to effective fixed bed CO/CO, methanation systems
lies in the design of a simple reactor, the understanding of its current system limitations, and
strategies to overcome these. The dependencies of all operational and design parameters
need to be derived in detail, which is necessary to achieve high capacity, avoid problematic
hot-spots and reach sufficient educt conversion. Furthermore, an adequate cooling method is
not only essential for the reactor operation but can also contribute to the overall plant efficiency
by heat recycling, e.g. to the Co-SOEC system. Balanced thermo-management of the catalytic
fixed bed is necessary to steer the reactor temperature between all given boundary conditions,
including kinetics, thermodynamics and catalyst degradation. The methanation of CO/CO-
should facilitate sufficient conversion rates for the SNG product to be directly injected into the
natural gas grid. Austrian natural gas grid requires full conversion of CO and <2.5 vol.-% of
CO; left in the product gas [46]. A reactor design capable of producing injection quality would
save additional gas upgrading steps, and has not been resolved prior to this work for the
methanation of Co-SOEC syngas.

1.5 Research questions

Based on the presented status quo and research gap the research questions were formulated.
These questions refer to methanation in catalytic fixed beds in general, but with a main focus
of Co-SOEC syngas as a feed gas. The answers to these questions are aimed to be derived
from the research results compiled in chapter 3.

1. What are the limiting factors of fixed bed methanation of CO/CO; feed gas and what
are the relevant design and operation parameters to reduce these limiting effects?

2. 1s CO/CO2 methanation limited by thermodynamics or kinetics and what is the influence
of reactor cooling?

3. What is the dependency of heat and mass transfer from operational and design
parameters and what is the sensitivity to enhance methanation performance?

4. What reactor and process design strategies can be derived to overcome limiting effects
and achieve maximum methanation performance?

5. What are potential efficiency enhancements of a combined Co-SOEC and methanation
plant?

1.6 Methodology

The investigation of Co-SOEC syngas methanation was conducted by experiments with a
laboratory test plant combined with 1D and 2D reactor models. Each of these two methodical
approaches have drawbacks and advantages, but combined they complement one another.
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Experiments in a real test setup allow to measure hard and reliable data and understand the
systems behaviour under realistic conditions. The drawbacks of experimental investigation
encompass not only measurement errors and the potential influence of the measurement
procedure on the process, but also the limitation in the quantity of punctual measurements.
Temperature data collection within the reactor is limited to the number of inserted
thermocouples. The more thermocouples, the more space is occupied by thermocouple wire
affecting the fixed bed. Gas concentration and pressure measurement is restricted to one value
at the input and output of the reactor.

These drawbacks can be balanced with proper reactor modelling. In a digital twin created to
represent the real reactor, any corner of the fixed bed is covered and almost any necessary
physical property can be derived from mathematical relations. However, a model is based on
simplifications, since no mathematical equation is able to fully represent the complexity of
reality, nor would there be enough computation power available if it was. Therefore, the
simplified model must be verified by hard data from experiments to ensure its accuracy. In
conclusion, by combination of the two methodical approaches, experiment and model, a
complete and realistic picture of the investigated methanation process could be drawn.

The existing lab-scale methanation test plant was modified several times along the research
progress, to improve its performance and process condition measurement quality. The 2D CFD
and the 1D plug-flow reactor models were established in the course of this work. The lab-scale
test plant was numerous times adapted and improved in cooperation with my PhD-colleges.
Test plant and models are described in detail in the research papers presented in chapter 3
and referenced work.

1.7 Framework of the thesis

The cumulative dissertation includes three accepted peer-reviewed scientific articles as first
author and one published book chapter. The book chapter is included in the fundamentals
section. The three extensive papers form the research section of this thesis. In Table 1 an
overview of the structure of the thesis is presented.
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Table 1: Structure of the thesis including all publications

Motivation

Problem formulation
State of the art
Research gap Written chapter
Research questions
Methodology
Framework

Introduction

Fundamentals of Co-SOEC

syngas methanation Book chapter

Fundamentals
Fundamentals of fixed bed

reactor modelling Written chapter

Methanation reactor Paper |
Research activity development Paper Il

PtG process development Paper llI

Summary and discussion Written chapter
Conclusive part

Conclusion and outlook Written chapter

1.7.1 Book chapter — Co-SOEC and methanation

A book chapter containing the fundamentals of methanation of Co-SOEC syngas was
published in the book “High Temperature Electrolysis — From fundamentals to applications”
edited by Sitte and Merkle [47]. This book chapter outlines the basic theory of the investigated
methanation reactions including thermodynamics, kinetics, catalysts, reactor types, carbon
deposition, energy efficiency and socio economic impact.

1.7.2 Paper | — 2D heterogeneous model of a polytropic methanation reactor

In the first presented paper the results of the combined experimental and modelling
investigation of a 80 mm fixed bed methanation reactor are presented. Thorough experiments
were the basis to understand the reactors behaviour under different operation conditions
regarding pressure and volume flow. In addition, a 2D CFD model was established in COMSOL
Multiphysics and validated with the experimental results. The model allowed deriving process
limitations and proposing improvements in terms of reactor dimensioning and cooling. These
results were the basis for paper Il.

1.7.3 Paper Il — High-capacity CO/CO2 methanation reactor design strategy
based on 1D PFR modelling and experimental investigation

The second paper builds on the results and proposals of the first paper. A new reactor design

with and without active cooling with thermal oil was assessed. Again, extensive experiments

were conducted accompanied by appropriate modelling effort. A 1D PFR approach was
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developed, working accurately, a lot faster and more flexible than the 2D COMSOL model.
With the new reactor many of the identified limitations could be overcome or reduced leading
to much better reactor performance. The model revealed very good accuracy. Based on these
results a reactor design strategy for high-capacity methanation of Co-SOEC syngas was
proposed.

1.7.4 Paper lll - Dual Pressure Level Methanation of Co-SOEC Syngas

The third paper addresses the overall Co-SOEC and methanation process and suggests an
operation strategy to improve the total plant efficiency. Based on experiments and mass- and
energy balance calculations a dual-step methanation was proposed, leading to a significant
reduction in necessary compression power compared to the base case process variant.
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2 Fundamentals

2.1 Book chapter - Co-SOEC and methanation

The book chapter in "High-Temperature Electrolysis — From Fundamentals to Applications"
[47] provides a comprehensive summary of the current knowledge on Co-SOEC syngas
methanation, similar in depth and scope to an extensive review paper. The combination of Co-
SOEC and methanation enables to transform CO. in SNG at high efficiencies by reuse
exothermic waste heat from the methanation process to reduce the primary energy demand of
the electrolysis. The book chapter highlights the core principles of syngas methanation
including reactor concepts, methanation catalysts and fundamentals of kinetics. In addition,
the thermodynamic limitations regarding carbon deposition and equilibrium composition as a
function of pressure and temperature for typical Co-SOEC syngas feed gas are addressed.
Based on the discussed fundamentals, the necessary requirements for the successful
application of Co-SOEC syngas methanation are examined. Finally, the possible energy
efficiency and the socioeconomic impact of this valuable PtG approach are presented.

Contribution statement:
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Methodology, Software, Validation, Visualization, Writing — original draft, Writing — review &
editing.
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Chapter 15

Co-solid oxide electrolysis and methanation

Andreas Krammer and Markus Lehner

A reduction in industrial CO, emissions can be achieved by recycling it back into the
energy system using renewable energy sources. Using a combined co-solid oxide
electrolysis cell (SOEC) and methanation power-to-gas (PtG) plant, it is possible to
transform CO, into a valuable substitute natural gas for long-term energy storage.
This chapter presents the requirements for the successful methanation of co-SOEC
syngas at the catalyst, reactor, and plant levels. Reaction kinetics and thermody-
namics define the baseline for well-balanced reaction conditions. The catalytically
active materials, carrier materials, and catalyst forms used for chemical methanation
need to be considered to maximize performance. Several reactor designs for co-
SOEC syngas methanation are available, which differ in their combinations of
phases, cooling characteristics, and complexity. Heat integration strategies and
reactor arrangements substantially influence the methanation performance and the
overall system efficiency. The economic viability of this combined co-SOEC and
methanation system depends on an optimally tuned design at all system levels.

15.1 Power-to-Gas as an option for chemical storage of
renewable energy

The decarbonization of our existing energy systems will be based on an enormous
increase in sustainable but also fluctuating power sources, such as wind and solar
energy. PtG is an efficient strategy for transforming surplus electric energy into
valuable gaseous energy carriers suitable for long-term storage [1-3]. The key
element of a PtG plant is the electrolysis unit. The electrolyzer uses electric energy to
reduce water to hydrogen. As an option, when co-electrolysis is used, carbon dioxide
can also be fed together with water to produce a syngas product. Either way, a
subsequent methanation reactor can transform both hydrogen and carbon oxides
(CO, COy) into methane. Figure 15.1 shows a schematic process diagram of a PtG
system consisting of co-electrolysis and methanation.

doi:10.1088/978-0-7503-3951-3ch15 15-1 © IOP Publishing Ltd 2023
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Figure 15.1. Schematic illustration of a PtG system that includes co-electrolysis and methanation.

A PtG unit allows electric energy to be stored in the form of highly calorific gases
(at the terawatt-hour scale) for an almost unlimited time period in former natural
gas reservoirs, for example. Hydrogen, as well as methane, can be transformed back
to electric energy when needed, used directly in industrial processes, or used for
heating or transport. While the production of methane requires an additional
production step that leads to higher transformation losses, it benefits from important
technical advantages. Existing infrastructure for the storage, distribution, and
utilization of methane is already available in the form of the existing natural gas
grid. Furthermore, CO, from industrial sources can be reused by methanation, thus
recycling carbon back to the energy system. While some industrial CO, sources will
certainly be replaced, e.g. by direct electrification, certain processes cannot be fully
decarbonized. The carbonates in mineral raw materials, such as the limestone used
for cement production, some sorts of iron ore used for steel production, or those
used in the course of refractory material production, release CO,-based materials
due to calcination. Furthermore, waste incineration and biogas production are, if
not indispensable, very valuable technologies which cause CO, emissions. Therefore,
it is necessary to establish solutions that can handle unavoidable CO, emissions
efficiently. CO, can be captured post-combustion (e.g. by amine scrubbing), trans-
formed into CHy, e.g. by a combined electrolysis and methanation system, and then
injected into the natural gas grid as a substitute for primary natural gas. As a result,
methanation will play a substantial role in the energy transformation from fossil
fuels to renewables. Several different methanation process designs are possible in
terms of reactor type, catalyst form, and thermal management. However, the focus
of this chapter is the field of catalytic methanation, whereas biological methanation
in stirred tank reactors plays a minor role in direct combination with high-temper-
ature co-electrolysis.
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15.2 The fundamentals of catalytic methanation

The methanation process is based on the Sabatier reactions first discovered by
Sabatier and Senderens in 1902 [4]. These two Sabatier reactions, the CO,
methanation reaction (equation (15.1)) and the CO methanation reaction (equation
(15.2)), are always accompanied by a third, the reverse water gas shift reaction
(equation (15.3)). The reverse water gas shift reaction links the two methanation
reactions by linear combination.

CO, methanation: CO, + 4H, = CH,4 + 2H,0 AHR?3K = —176.4k—J1 (15.1)
mo
o 553K kJ
CO methanation: CO + 3H, = CH4 + H,O AH, = —215.9—1 (15.2)
mo
. 553K kJ
Reverse water gas shift: CO, + H, = CO + H,O AH = 39.5—1 (15.3)
mo

The Boudouard reaction is an adverse side reaction that, among other side
reactions, leads to carbon deposition [5]. It is favored at low pressures and low
H»/CO or H,/CO, ratios in the methanation feed, which are addressed in greater
detail in section 15.3.

Boudouard reaction: CO, + C = 2CO  AHR>3 K = 173.81{—J1 (15.4)
mo

The methanation process can be performed in several reactor types that differ in
their operational methods and reactor cooling. Reactor performances can be
compared using the resulting gas product quality, the conversion rate of carbon
oxides, and temperature conditions. For comparability between reactor systems, the
gas hourly space velocity (GHSV) must be considered, which represents the catalytic
load and is always expressed under standard conditions as shown in equation (15.5).

Vio  Tin Pstp
Veatatyst Istp Py

GHSVirp = (15.5)

15.2.1 Methanation reactors

In the most prevalent and mature packed-bed reactors, the catalyst is mostly applied
in the form of a spherical or cylindrical bulk material that fills a tubular system. For
adiabatic packed-bed reactors without direct cooling, intermediate cooling of the
process gas can be used between several serial reactors. Further temperature control
strategies for adiabatic reactor systems are product gas recycling, staged feed injection,
or steam injection, which have the disadvantages of higher operational costs and lower
CO,/CO conversion. However, adiabatic systems are easily exposed to hot spots,
lower space-time yields, and generally lower CO/CO, conversions. Due to highly
active catalysts, the limiting factor of packed-bed methanation is heat removal from
the catalyst bed (and to a lesser extent reaction kinetics), especially for high GHSV
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and CO-containing feed gases, such as co-SOEC syngas. Therefore, direct temper-
ature control of packed-bed reactors is essential [2, 6]. Packed-bed systems with direct
cooling can be realized in the form of tube-bundle reactors. Low-diameter reactor
pipes are important in order to reduce the high radial heat gradients within the catalyst
bed [7] and enhance radial heat transfer [6]. As an alternative to bulk catalysts,
catalytically active materials can also be applied on ceramic or metallic honeycombs.
These structured monolithic catalysts promise even higher radial heat transfer (by two
or three orders of magnitude) and less pressure loss [2]. Microstructured reactor
systems aim to achieve highly intensified heat transfer for improved temperature
control. Although the maturity level of this reactor design is lower, plate reactors for
intensified heat transfer are already commercially available for small-scale applica-
tions [8]. Furthermore, fluidized catalytic beds have been developed for enhanced heat
and mass transfer. However, those reactors place a high demand on the attrition
resistance of the catalyst. An additional reactor type is the three-phase bubble column
reactor, which benefits from enhanced heat transfer but also results in additional mass
transfer resistance between the reactants and the catalyst due to the required transfer
from the gas to the liquid phase [9].

Trickle-bed or continuously stirred tank reactors are used for biological metha-
nation, which makes use of microorganisms to catalyze the methanation reaction
within the liquid phase. Biological methanation is conducted at moderate temper-
atures (30 °C-70 °C) and benefits from high resistance to catalyst poisons (such as
sulfur components) compared to catalytic methanation. Figure 15.2 gives an
overview of reactor and plant types, including technical readiness levels.

adiabatic reactor tube-bundle reactor structured reactor
TRL: 9 TRL: 7 TRL: 7

P i Y ) micro-structured reactor
TRL:6-7
Rl
v G2 S
fluidized-bed reactor
! . : TRL: 7
biological methanation three-phase reactor
TRL:6-7 TRL:4-5

Figure 15.2. Overview of methanation reactor types including technology readiness levels (TRLs) based on
[2, 10, 11].
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15.2.2 Methanation catalysts

Active materials for catalytic methanation can be found in the VIII to X groups of
metals. Although several metals have been investigated in terms of activity (Ru >Fe
>Ni >Co >Rh >Pd >Pt >Ir), nickel remains the most important active material for
methanation due to its high activity and high selectivity at low material cost [2, 12].
Mills and Steffgen [13] published a list of most relevant methanation catalysts:

Activity: Ru >Fe> Ni >Co >Mo

Selectivity: Ni >Co >Fe >Ru.

The most active catalyst material is ruthenium, but as a result of its immense
costs, its use is infeasible for commercial applications. Although iron is also very
active, its tendency to form higher hydrocarbons is highly adverse. Since cobalt is
more expensive, less active, and less selective towards methane, it also fails to
compete with nickel. Molybdenum has the highest reported sulfur stability in
comparison to all the substances mentioned above. On the other hand, molybdenum
is less active and less selective than nickel. As a result, nickel remains by far the most
important catalyst for industrial methanation applications, providing great perform-
ance at low cost. Most commonly, the active substance is applied to metal oxide
supports that usually consist of Al,O3, SiO,, or TiO,. As the main goal of the
catalyst support material is to provide a high surface area for the application of
active sites, the support material significantly influences the catalytic activity.
Certain catalyst properties can be tuned by substances that provide enhancements.
Ni/Al,O3 catalysts can be enhanced by MgO, which improves their carbon
resistance [14] and thermal stability [15], whereas La,O3 enhances catalytic activity
[16], and CeO, leads to higher reducibility and long-term stability [17]. The thermal
stability, activity, and coke resistance of nickel catalysts can be improved by V,0;
[2, 18].

Industrial off-gases that serve as CO, sources for PtG plants often contain
catalyst poisons such as sulfur compounds, heavy metals, tars, dust, chlorine
compounds, ammonia, or alkalis. While dust or tar can deactivate the catalyst by
mechanically blocking its active sites, other compounds such as sulfur can react with
nickel to form irreversible inactivating bonds. In addition, high temperatures
(especially in adiabatic reactors) can lead to thermal degradation by causing
sintering effects. Furthermore, the carbon deposition caused by undesired side
reactions that depend on the C-H-O ratio, temperature, and pressure can result in
the loss of active sites. Countermeasures against the formation of carbon can be
taken at the reactor and process design levels, as discussed in sections 15.3 and 15.4.

The exact methanation reaction mechanism on catalytic nickel or noble metal
sites is still object of research. There appears to be a consensus among authors that a
Langmuir—Hinshelwood—Hougen—Watson (LHHW) approach is the basis of the
methanation mechanism. The LHHW mechanism assumes that both reaction
partners first need to be adsorbed at the active sites to reach an activated state
before they can form covalent bonds with each other. Nevertheless, the exact
reaction mechanism and whether or not differences between CO, and CO metha-
nation occur are not yet clear. However, two main reaction mechanisms are
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Table 15.1. Two methanation mechanisms on nickel or noble metal catalysts discussed
in the literature; “*’ indicates adsorption sites [7, 19-23].

Intermediate surface carbon mechanism Hydrogen-assisted mechanism
I: CO; + 2% & CO* + O* 1: CO; + 2* & CO* + OF

2: Hy + 2*¥* & 2 H* + 2: Hy + 2* & 2 H* +

3: CO* + * & C* + O* 3: CO* + H* & CHO* + *
4: C* + H* & CH* + * 4: CHO* 4+ * & CH* + O*
5: O* + H* & OH* + * 5: CH* + 3H* & CH4* + 3*
6: OH* + H* & H,O* + * 6: CHy* & CHy + *

7: H,O* & H,O + * 7: O* + H* & OH* + *

8: CH* + 3H* « CH,* + 3* 8: OH* + H* & H,O* + *

9: CHy* & CHy + * 9: H,O* & H,0 + *

currently discussed among researchers: the ‘intermediate surface carbon mechanism’
and the ‘hydrogen-assisted mechanism.” The rate-determining step (RDS) of the
reaction mechanism, namely the formation of COH* or CO dissociation, is under
ongoing discussion as well. The derivation of a formal kinetic expression is based on
the RDS of the reaction mechanism [7] (table 15.1).

15.2.3 Methanation Kkinetics

The kinetic expressions represent the reaction rates of the underlying reactions. In
general, in accordance with Arrhenius’ law, the reaction rates increase at higher
temperatures. However, the methanation reactions are characterized by an ignition
temperature (225 °C-285 °C according to [24-26]) that depends on gas concentration
and pressure. Below the ignition temperature, the reaction rate tends to zero.
Therefore, the reactor temperature needs to be kept above this temperature level to
keep the chemical reaction going. At the upper boundary of the temperature window,
the reaction kinetics decelerates when thermodynamic equilibrium is approached at
the particular pressure and temperature. The reaction rate is expressed by the formal
kinetic equations as a function of temperature, pressure, and gas concentration. As the
exact elementary reactions of the methanation mechanism are not yet fully under-
stood, formal kinetic expressions can only be experimentally measured and derived.
Formal kinetic formulations represent the reactions kinetics using a mathematical
correlation to the observed experimental results. Although the mathematical structure
of the kinetic law (LHHW or power law) is maintained, its physical parameters, such
as the activation energy or the reaction order, serve only as adjustable values to limit
the deviation between the experimental findings and the mathematical representation.
Nevertheless, the form of the formal kinetic expression is influenced by the RDS of the
reaction mechanism. Since the RDS is still part of the scientific discussion, as
mentioned above, different forms of expression have been proposed. A number of
power-law and LHHW kinetic approaches have been suggested for methanation in
the literature, which differed in their measuring procedures (integral reactor or

15-6



High-Temperature Electrolysis

differential reactor), catalyst forms (powder, pellets), catalyst materials (nickel,
ruthenium) as well as pressure and temperature ranges. Furthermore, the kinetics
can be formulated as single-step kinetics representing only one reaction (generally CO,
methanation) (equation (15.1)), or as multistep kinetics that includes two or three of
the methanation reactions (equations (15.1)—(15.3)).

In principle, in a power-law approach, the reaction rate depends on the rate
coefficient, the partial pressures of the contributing species, and the ‘driving force’ of
a reaction. The ‘driving force’ represents the deviation from thermodynamic
equilibrium and takes on a value between zero and one. The driving force and
therefore the reaction kinetics tend to zero if the species concentrations reach the
thermodynamic equilibrium. The principal power-law expression for the CO,
methanation reaction rate is shown in equation (15.6) [26].

2
Pew, P
o, TH0 molkg™ s~  (15.6)

cat

r=kiopto opb |1 =
i =K Pco, " Pu, Peo, .péz - K, CO,-Meth

For the LHHW kinetic expression, the power-law expression is complemented by
the ‘adsorption term,” which reflects the suppressing effects of the molecular
adsorption of reactants or the desorption of products such as methane or water.
The exponent of the adsorption expression corresponds to the number of active sites
taking part in the reaction [26, 27]. Equation (15.7) represents the principal LHHW
reaction rate of the CO, methanation reaction.

b Pcu P 0
a 4 2
ki-peo, Py, |1 - 7
2 2 pCOZ “PH, Kp, COz—Meth -1 1
rp= 5 [mol kg, s7']

¢ d e
(1 - K'(j()2 'pCOZ + K'H2 -sz + KCH4 'pCH4 + ...

(15.7)

The kinetic factors are calculated based on the Arrhenius-type relation (equation
(15.8)) and the adsorption factors by the van ‘t Hoff-type (equation (15.9)) relation.
As already mentioned, the parameters of these equations (E, ;, k ](-), AH,y i, K) lose
their physical purposes and serve as fitting parameters to achieve best correlation
between the formal kinetic function and the experimental results.

Ej ;
ki=k?- ) 15.8
=k exp( RT) (15.8)
AH, .
K =K. _2Mads, i 15.9
GXP( RT) (15.9)

As early as 1950, the first LHHW kinetics for methanation was published by Binder
and White [28]. Numerous kinetic formulations have been published since then, most
often using the LHHW approach in recent publications [7, 20]. Gruber [26] presented
a list of detailed kinetic approaches for nickel catalysts with varying nickel loads
(5 W% to >55 w%), temperature ranges, and pressure ranges, which can be regarded as
the most important recent kinetic formulations in the literature (table 15.2).
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Table 15.2. Overview of detailed methanation kinetic expressions taken from Gruber [26].

No. Author Nicontent 7in°C pinbar Type

1 Martinez Molina [29] 54 w% 150-260  atmos. Single-step power law
2 Schollenberger [30] unknown 200-300 2-17 Single-step power law
3 Weatherbee [31] 3 w% 227-327 1.4-1.75 Single-step LHHW

4 Koschany [20] 58 w% 180-340 1-15 Single-step LHHW

5 Yang Lim [32] 12 w% 180-210 up to 20  Single-step LHHW

6 HELMETH kinetic [26, 33] >55w% 250-350 15-25 Single-step LHHW

7 Xu & Froment [34] 15.2 w% 300400 3-10 Multistep LHHW

8 Kopyscinski [21] 50 w% 280-360 upto2 Multistep LHHW

9 Ducamp [35] 14-17 w%  280-400 1-10 Multistep LHHW

10 Roénsch [19] 18/50 w%  275-360 1-5 Multistep LHHW

For packed-bed methanation reactor modeling, the kinetic approach described by
Xu and Froment [34] was often used directly or in an adapted version [2]. The three-
step kinetics used by Xu and Froment was later adapted by Parlikkad et a/ [36], Kang
and Lee [37], Klose and Baerns [38], and Zhang er al [39] [2]. Ronsch et al [19] again
recommended and adapted the latter two Xu and Froment adaptions. Kopyscinski
[21] modified findings by Weatherbee and Bartholomew [31] for CO methanation. The
authors’ kinetic expression was established for highly isothermal conditions and is
therefore especially suitable for fluidized-bed methanation. Furthermore, in the recent
work by Koschany et al [20], a single-step LHHW kinetics for CO, methanation was
elaborated. Based on 200 data points within a temperature range between 180 °C and
340 °C and pressures of up to 15 bar, the authors found the best experiment-model fit
for a hydrogen-assisted reaction mechanism assumption. Comprehensive overviews
and comparisons of methanation reaction kinetic expressions are given by
Kopyscinski et al [21], Rénsch [19], Younas et al [12], Gruber [26], and Neubert [7].

The kinetic expressions discussed above represent intrinsic kinetics without any form
of mass transfer limitation. For packed-bed reactors filled with industrially applicable
catalyst particles, mass transfer limitations must often be taken into account [6, 24, 25,
35, 40-42]. Therefore, not only can the intrinsic kinetics be applied, but also external
factors limiting the chemical reaction rate. It is necessary to consider mass transfer
limitation due to diffusion from the gas bulk to the catalyst surface, as well as the
intraparticle diffusion limitation. Gruber [40], Sun and Simakov [41], Kiewidt [6], and
Kreitz [42] used catalytic effectiveness factors calculated based on a Thiele-modulus
approach within their packed-bed methanation models to consider mass transfer
limitations. Ducamp et al [35], Try et al [25], and Schlereth and Hinrichsen [24]
included a particle model to take mass transfer limitations into account.

15.3 Thermodynamics of catalytic methanation

Figure 15.3 gives the thermodynamic equilibrium compositions at varying temper-
atures and pressures, based on assumed co-SOEC product concentrations of
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Figure 15.3. Dependence of the equilibrium composition of co-SOEC syngas on temperature and pressure
based on a co-SOEC syngas composition with a 3% hydrogen excess (76.8 vol% H,, 18.3 vol% CO, and 4.9
vol% CO5) [43].

76.8 vol% H,, 18.3 vol% CO, and 4.9 vol% CO,. This composition contains
hydrogen at more than 3% above the stoichiometric concentration according to
equations (15.1) and (15.2) and is highly suitable for methanation purposes.
According to figure 15.3, moderate temperatures below 320 °C are necessary to
achieve full conversion at maximum CHy concentration. In any event, temperatures
below 400 °C are necessary to achieve sufficiently high methane concentrations, even at
increased pressures above 4 bar. The beneficial effect of increased pressures between 1
and up to 10 bar is illustrated in figure 15.3 through different line styles. Increased
pressures of 4 bar and higher not only lead to higher equilibrium methane concentrations
but also reduce the tendency toward carbon formation between 500 °C and 700 °C.
In terms of the practical implications of the reactor temperature for reactor
performance, contrary effects must be expected based on thermodynamics and
kinetics. Starting from the ignition temperature (225 °C-285 °C [24-26]), the
reaction rate increases with rising temperature until the temperature approaches
the thermodynamic equilibrium value. On the other hand, based on thermodynamic
equilibrium, the highest methane concentration can be expected at moderate
temperatures, as already discussed according to figure 15.3. This antagonistic
interplay between thermodynamics and kinetics makes temperature control in
methanation systems highly important. A trade-off between high reaction rates at
higher temperatures and high equilibrium product concentrations at lower temper-
atures is necessary to achieve optimum heat management and therefore reactor
performance. Neubert [7] aptly called this crucial interaction between plant com-
plexity, thermodynamics, and kinetics the ‘trilemma of methanation.” The issue of
optimum reactor temperature profiles is further addressed in section 15.4.
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The Boudouard reaction (equation (15.4)) or the decomposition reactions of
methane or higher hydrocarbons lead to the formation of solid carbon, which is
deposited on the active catalyst sites. Different forms of carbon can be formed, such
as graphitic carbon, amorphous carbon, vermicular carbon, bulk NizC, or adsorbed
carbon species. The tendency toward carbon formation is influenced by the C-H-O
ratio and the temperature and the pressure of the process gas. High proportions of H
and O reduce the risk of carbon formation. In consequence, the higher the over-
stoichiometric excess of hydrogen, the lower the carbon formation risk. In addition,
the injection of water into the methanation feed is an option that reduces the carbon
formation tendency at the cost of hindering kinetic effects [26] and reducing
equilibrium concentrations. [5]

In figure 15.4, the ternary C-H-O diagram is shown, which describes the risk of
graphitic carbon formation. For each temperature-pressure pair, this diagram can be
divided by an equilibrium curve into an upper section, in which carbon formation is
thermodynamically possible, and a lower one, where it is not. Depending on the
process gas’s C-O-H ratio, the alignment within this diagram gives a good
indication of whether or not carbon formation is likely to happen. With an
increasing excess of hydrogen based on the same CO/CO, ratio, the tendency

C —Carbon equil. line (350°C,1.1bar)
0 —-=- Carbon equil. line (600°C,1.1bar)
-------- Carbon equil. line (600°C,5bar)
= = Carbon equil. line (600°C,10bar)
0.1 X Process gases/pure gases

0.9

CARBON FORMATION

0.1 NO CARBON FORMATION 0.9

10% / 3% / 0% H2 excess
Co-SOEC syngas

09 08 07 M0 g6 05 0.4 03 0.2 0.1 0
H (0]
Figure 15.4. Ternary C-O-H diagram with pure gases and process gases (red ‘x’-markings) including co-
SOEC syngas with 0%, 3%, and 10% of excess H, and an intermediate methanation product after water
removal. Graphitic carbon formation equilibrium lines for four temperature-pressure pairs (350 °C/1.1 bar;
600 °C/1.1 bar; 600 °C/5 bar; 600 °C/10 bar) divide the areas of thermodynamically possible carbon deposition.
Figure adapted from Krammer ez al [43].
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toward carbon formation can be reduced, although even high proportions of
hydrogen do not completely eliminate the risk. In fact, the pressure has to be kept
elevated for typical co-SOEC compositions to prevent carbon deposition at any
temperature. The increased potential for the formation of carbon at around 600 °C
and 1.1 bar pressure in figure 15.4 is in alignment with stable equilibrium shares at
low pressures and similar temperatures in figure 15.3.

15.4 Requirements for the successful methanation of co-SOEC
syngas

The coordinated interplay between co-SOECs and methanation determines the
success of a combined PtG plant. The syngas concentration influences not only the
preferred reactor design, including the catalyst and the cooling method, but also the
necessary pressure and resulting temperature profile that avoid carbon deposition
and produce high-quality synthetic natural gas (SNG). This section discusses the
requirements for co-SOEC syngas, based on the fundamentals of thermodynamics
and kinetics elaborated in sections 15.2 and 15.3. Furthermore, a feasible reactor
concept and promising operating conditions are derived.

The syngas generated by a co-SOEC without further process gas treatment other
than water removal mainly consists of hydrogen and carbon monoxide, depending
on the electrolyzer’s feed concentration and recycling ratio. Small amounts of
carbon dioxide downstream from the electrolyzer are the unproblematic result of
incomplete CO, reduction [44]. A feed gas mixture for methanation purposes needs
to follow certain criteria regarding minimum hydrogen content according to the
methanation reactions. The H,—CO ratio needs to be greater than three and the
remaining hydrogen should result in a H,—CO, ratio of more than four to guarantee
an over-stoichiometric hydrogen concentration. As discussed in section 15.3 and
illustrated in figure 15.4, the tendency for the reaction to form solid carbon can be
reduced by increasing the hydrogen in the methanation feed to a level greater than
the stoichiometric level. In addition, higher hydrogen contents lead to higher
conversions of CO/CO,. On the other hand, the higher the excess of hydrogen in
the syngas, the more unconverted hydrogen remains in the SNG product down-
stream from the methanation, even at full CO/CO, conversion. Due to a reduction
in the total process gas volume flow within the methanation reactor (a consequence
of the mole-decreasing reactions and the subsequent removal of formed water), the
relative volumetric proportion of hydrogen in the product is even higher than in the
syngas. For example, a share of 10 vol% excess hydrogen in the co-SOEC syngas
serving as the methanation feed would result in about 23 vol% of H; in the dry SNG,
assuming complete methanation and full water removal. The option of hydrogen
recycling from the SNG product back to the feed is suboptimal, since it requires gas
separation equipment such as polymer membranes [45], which increase plant
complexity and decrease efficiency. Therefore, it is most feasible to omit recycle
lines and employ direct injection into the natural gas grid in one run, while allowing
the excess hydrogen to remain in the SNG. According to a joint report by the
European Network of Transmission System Operators for Gas (ENTSOG),
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Hydrogen Europe, and Gas Infrastructure Europe, moderate proportions of 10 vol
% of hydrogen are technically already feasible for natural gas grids in most areas of
Europe with no or little adaption [46, 47]. In Austria, 10 vol% of hydrogen is
tolerated since 2021, according to recent legislation [48]. In Germany, up to 10 vol%
of hydrogen, and, based on a recently released technical code starting in fall 2021,
even higher concentrations are tolerated, depending on local grid requirements [49].
In this regard, the aim should be a trade-off between reducing the carbon deposition
tendency and high conversion versus acceptable hydrogen proportions in the SNG
product. To give a concrete example, a typical co-SOEC concentration of 76.8 vol%
H,, 18.3 vol% CO, and 4.9 vol% CO, was tested in experiments and by modeling
[43]. Based on this input concentration at full methanation, almost 90 vol% of
methane and 10 vol% of hydrogen could be generated after a final drying step, which
represents an attractive SNG product for direct grid injection. As a consequence, for
this suggested co-SOEC composition, a hydrogen excess of 3% in the methanation
feed results in a moderate hydrogen content of 10 vol% in the SNG product.
However, an elevated pressure of at least 4 bar should be considered to prevent
carbon deposition (figure 15.3).

The temperature profile within a catalytic two-phase reactor is an essential
performance parameter that determines the reaction kinetics, catalyst degradation,
and thermodynamic outlet concentration. The CO methanation reaction is accom-
panied by a higher exothermal reaction enthalpy compared to that of CO,
methanation (compare equations (15.1) and (15.2)), which makes heat removal in
co-SOEC syngas methanation even more relevant. As already discussed in section
15.2, the proven temperature-control concepts of adiabatic fixed beds are based on
intermediate heat removal, staged heat injection, product recycling, or steam
injection [2, 7]. However, the overall plant efficiency is higher and the required
catalyst mass and reactor volume are lower if the reaction heat is directly removed
from the catalyst in actively cooled polytropic reactors. Therefore, direct reactor
cooling in fixed-bed, structured, or microstructured systems is a promising approach
for cost-effective and high-capacity methanation. Recent research progress into
temperature control strategies for catalytic methanation is addressed in the follow-
ing section.

Reaction temperature control is an important area of recent research into
catalytic methanation. For two-phase catalytic methanation, two main tasks can
be accomplished by reactor cooling, as shown in figure 15.5. The first is to prevent
the maximum temperature of the catalyst from being exceeded, thereby preventing
sintering. The second is to guarantee a high thermodynamic equilibrium concen-
tration of methane at the reactor outlet [7].

Kiewidt and Thoming [6] determined an optimal temperature profile based on a
Semenov number-optimization method for single-stage methanation systems. The
space—time yield could be increased twofold by temperature profile optimization
based on the Semenov number, which can be tuned via the reactor diameter and gas
load. The authors emphasized the importance of heat transfer to a cooling medium.
Enhanced heat removal can also be realized with structured and microstructured
reactors at the expense of higher investment costs. Using 1D modeling, El-Sibai et al [50]
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Figure 15.5. Schematic illustration of the two main purposes of active reactor cooling for methanation
systems. Reproduced based on a figure by Neubert [7].

found that the most cost efficient number of cooled fixed-bed reactors in a cascade
with intermediate water removal is two, whereas three reactors leads to a maximum
space—time yield. In addition, the authors found that a minimization of reactor
diameter is beneficial, since it enhances heat transfer to the cooling medium and
increases the area-to-volume ratio. Although research activity for microstructured
reactors is still high, plate reactors for small-scale applications are already
commercially available with a GHSV of 31 500 h™' for CO, methanation. The
catalyst is placed in microbeds stacked sequentially between cooling foils, ensuring
that the surfaces have very high heat transfer capabilities [8]. In contrast to two-
phase reactors, three-phase methanation allows for almost isothermal conditions at
the expense of lower gas/liquid mass transfer rates. As a result, three-phase systems
are not limited by heat transfer, but by mass transfer—to an extent that makes them
inferior in terms of space-time yield. A comparison of fixed-bed tube bundle reactor
and slurry bubble column reactor methanation revealed that a much higher GHSV
is possible for fixed-bed reactors. However, for transient conditions, the slurry
bubble column reactor is far more temperature stable, as the fixed-bed temperature
fluctuations are immense [9, 51]. In summary, tube-bundle reactors are an attractive
technology for large-scale PtG plants, as they allow for efficient heat removal at
moderate costs. Nevertheless, promising research progress in the field of heat-
transfer-optimized structured and microstructured systems might outweigh their
complexity drawbacks in future.

In terms of operational pressure, higher pressure is beneficial for both
thermodynamics (figure 15.3) and kinetics. The more the operational pressure
is increased, the more the methane concentration and the CO/CO, conversion
downstream from a catalytic methanation reactor converting co-SOEC syngas
become higher [43]. However, higher pressures require more compression power,
which influences the overall PtG efficiency. As a result, the pressure level should
be held as low as possible to provide sufficient methanation performance. In
addition, carbon deposition should be taken into account, which can be reduced
by increased pressures. In addition, the downstream process, e.g. the gas grid
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pressure level, should be considered in this regard. The compression of process
gas can be conducted at different stages within the process configuration. In
section 15.5, the influence of compressor alignment on process efficiency is
elaborated.

15.5 Energetic efficiency and the socioeconomic impact of co-SOEC
syngas methanation

The successful implementation of a PtG technology depends on its economic
feasibility in an existing energy market. The balance of the costs and revenues of
a PtG system needs to compete with conventional energy provision technologies,
such as fossil fuels, which have profited from decades of technical development. The
current economic situation and the future outlook for a combined co-SOEC and
methanation PtG plant was described by Bohm et a/ [52]. The authors considered
learning and scaling effects on capital expenditure (CAPEX) to evaluate the systems
competitiveness of renewable SNG in comparison to conventional natural gas. For a
10 MW plant in 2030, Bohm et al predict SNG costs of 8.5 c€/kWh, compared to an
average natural gas price of ~3.03 c€/kWh for non-household consumers in the first
half of 2021 for the EU-27 [53]. The most relevant ordering of the SNG production
costs is (in chronological order of contribution): electrical energy price>CAPEX>
OPEX>CO, supply costs. The revenue generated by the electrolysis-side product,
oxygen, which can be directly used in the combined industrial processes, has a
beneficial cost effect. The savings in terms of CO, certificates reduce the SNG
production costs further, but to a lesser extent than the oxygen. Higher CO,
certificate prices of at least 330 €/tco, would be necessary to achieve cost parity, even
in the long run. Based on a sensitivity analysis, the authors investigated the influence
of cost parameters on the SNG production costs. As electrical energy costs are
dominant, enhancing the energetic system efficiency results in the highest positive
impact on the SNG costs. A 10% improvement in efficiency results in about a 10%
reduction in SNG production costs. The second most sensitive influence parameter is
the system lifetime, which only leads to a single-digit percentage cost reduction for a
25% lifetime increase [52].

Therefore, the overall energetic efficiency of SNG production in a combined co-
SOEC and methanation plant that uses electric energy is critical to its economic
success. As the chemical equations show, the methanation process releases
significant quantities of reaction heat (equation (15.1) and equation (15.2)). This
thermal energy can be used to preheat and evaporate water before it is fed to the
co-SOEC system. Since the temperature range of the co-SOEC (600 °C-850 °C
[54]) exceeds the maximum methanation cooling temperature (300 °C [9]), only
preheating and evaporation of the co-SOEC feed water is possible. However, the
excess methanation heat can be used to cover part of the co-SOEC energy demand.
Posdziech et al found efficiencies for a SOEC system based on a lower heating
value (LHV) of 60.5% with a steam generator and compression, 72% if no steam
generator was necessary due to waste steam integration, and 84.5% without a
steam generator or a compressor. Based on the higher heating value (HHV) the
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authors found 84.4% system efficiency with heat integration [55]. In agreement
with these results, Ancona et al reported efficiencies of between 80% and 85% for a
combined co-SOEC and methanation system based on the HHV [54]. Wang et al
targeted realistic HHV efficiencies for SOEC-based power-to-methane plants of
between 70% and 75% [56].

The beneficial synergy effect of a combined co-SOEC and methanation system
can be concretely demonstrated using efficiency calculations. Equation (15.10) gives
the principal system efficiency of a combined co-SOEC and methanation PtG plant.

et = Neo—sOEC ncompression * Mmethanation

P/, syngas P/, syngas P/,SNG

Pel,co—SOEC Pl, syngas + R:l,compr. Pl, syngas

_ I{l, syngas msyngas I—Il, syngas msyngas FII, SNG mSNG

(15.10)

R:l, co—SOEC }Il, syngas msyngas + };l,compr. I{I, syngas msyngas

For an example case of a 10 MW PtG unit, we now calculate the resulting LHV
system efficiency and SNG output with and without heat integration of a combined
co-SOEC and methanation plant in detail. The unit capacity is based on the co-
SOEC input power, which can be a combination of electric and thermal energy.
Losses from electricity conversion or CO, removal from off-gases are not consid-
ered. Table 15.3 gives the nomenclature of all the calculation variables. Following
the published efficiency values mentioned above for SOEC systems, a co-SOEC
efficiency of 73% (which does not include waste heat integration or compression)
was considered in the calculations. As a result, 975.8 kg/h syngas can be produced
from 10 MW of power input, as demonstrated by equation (15.11), providing a
syngas concentration of 76.8 vol% of H», 18.3 vol% of CO, and 4.9 vol% of CO, on
a dry basis.

Nco—SOEC Pin,co—SOEC _ Nco—SOEC Pin,co—SOEC

Hi b, yy, My, + Hi.co Vo Mco)

msyngas =

111 ,syngas
Mmix, syngas

0.73 - 10 - 105[W]
1 (119972[i] 0768 - 202 £ ] + 10103[i] L 0.183 - 28.01[i])
g mol g mol

5 o]

= 0.271[k—g] = 975,8[%] (15.11)
S

Before it arrives at the methanation unit, the syngas needs to be compressed. For a
given pressure increase and gas mass flow, the electrical power consumption of the
compressor can be determined. The resulting temperature of isentropic compression
due to the pressure increase from 1.1 bar to 10 bar is demonstrated in equation (15.12).

15-15



Table 15.3. Nomenclature.

High-Temperature Electrolysis

E,;

Cp,mix
GHS VSTP
H co
Hyy,
Hisng
Hl,syngas

kio
quco Z-Meth
Mco

My

Mmix,syngas

2

MSNG
msyngas
nco

fico,

P, el,compr
Ry,co-soEC
Pi

by

Pisenlr.

P 1,syngas
PisnG
Pout

P,

reaction heat

Pstp

out,isentr.
Tstp
UCO
UCOZ
ch\tz\lyst
Vin

Yeo

M,
AH ads,i
AH r0 COM

J mol™

J K~ mol™!
h-!

kJ kg™

kJ kg™!

kJ kg™!

kJ kg™!
bar—a,b,c
bar
varying unit
varying unit
bar™2

—a,b,c

g mol™!
g mol™!
g mol™!
kg s~

kg s~

mol s~
mol s~

J mol™

J mol™!

Activation energy of reaction j

Heat capacity of the syngas mixture

Gas hourly space velocity

Lower heating value of CO at stp

Lower heating value of H, at stp

Lower heating value of SNG at stp

Lower heating value of syngas at stp

Adsorption constant for gas species i
Pre-exponential factor of adsorption

Reaction rate coefficient of reaction j
Pre-exponential factor of reaction rate coefficient
Equilibrium constant

Molar mass of CO

Molar mass of H,

Molar mass of syngas mixture

Mass flow of SNG

Mass flow of syngas

Mole flow of CO

Mole flow of CO,

Electric power consumed by compressor

Electric power consumed by Co-SOEC

Partial pressure of gas species i

Low pressure level at compressor input

Power consumption for isentropic compress.
Calorific power of syngas based on lower heating value
Calorific power of SNG based on lower heating value
High pressure level at compressor output
Thermal power by methanation reaction heat
Standard pressure

Ideal gas constant

Reaction rate of reaction j

Temperature

Temperature at compressor input

Temperature at compressor output for isentropic compression
Standard temperature

CO conversion

CO, conversion

Catalyst bed volume
Input operating volume flow
Mole fraction of CO in syngas

Mole fraction of H, in syngas

Enthalpy of adsorption for gas species i
Reaction enthalpy of CO methanation (STP)
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1
J mol Reaction enthalpy of CO, methanation (STP)

Efficiency of compression

Efficiency of co-SOEC

Efficiency of heat transfer from methanation to co-SOEC
Efficiency of isentropic compression of gas

Efficiency of methanation system

Efficiency of power to gas system

For a mass flow of 975.8 kg h™' of process gas, the isentropic compression power is
calculated using equation (15.13). The electrical power consumed by the compressor,
assuming an isentropic compression efficiency of 65% (not to be confused with the
compression efficiency of the PtG system), can be expressed as shown in equation
(15.14). Equation (15.15) can be used to determine the contribution of the compres-
sion efficiency to the overall PtG efficiency (as used in equation (15.10)).

=298.15[K] - exp

P isentr.

R )
nut,isemn = En - €Xp . ln(i't)
Cp, mix Pin

(15.12)
8.314] -2
[KJmol] ) ln( 11()1[113321r] ) _ 556.3(K]
29.3[Kmol] 1[bar]
msyngas
s mix (Zout, isentr. = Tin
Mmix, syngas Cp, ( b t )
k
0.271[{] ] s
- —729:4| ———|(556.3[K] — 298.15[K])
8.83 - 103 [m_gl] K mol
233.1 [kW]
Py compr = — e = PLINT _ 35 giw) (15.14)
n isentr. compr. 0.65
n L= H, syngas Mlsyngas
compression H; syngas Mlsyngas + R compr.
26932[11;_1] 0271 %]
. =0.953 (15.15)

- kJ k
26932[k—g] -0271[ %] + 358.6 (kW]
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The loss of exergy in the methanation process is based on the exothermic heat
released by the chemical reaction, which needs to be removed from the reactor
system. At full conversion, the maximum possible amount of exothermic heat is
produced. For full stoichiometric CO methanation, the thermodynamically deter-
mined efficiency based on the lower heating value is 80%; for stoichiometric CO,
methanation, it is 83% [7]. The efficiency of co-SOEC syngas methanation is
calculated as shown in equation (15.16).

;7 . Hj, sNG 711SNG H, syngas Msyngas— Freaction heat
methanation = =

I"I/, syngas msyngas H;, syngas msyngas

. . 0 . 0
}Il, syngas Msyngas — HCO AI—Ir, COM UCO - nCOz AI—Ir, CO,M UCOZ

}Il, syngas msyngas

. Hisyngas 0 0
I—Il, syngas msyngas - Mo (yCO AI_Ir, COM UCO + yCO2 AI{r, Cco,M UCOZ)
_ mix,syngas

1_117 syngas msyngas
26932[3] : 0.271[E] - L[kf](o.183-206[k—J] 14 0.049~164[k—J] : 1)
kg s 8.83.10~3 [%] mol mol

26932[%] - 0.271[1‘?%]

=0.8078 (15.16)

The efficiency values of co-SOEC, compression, and methanation without heat
integration add up to an overall PtG efficiency of 56.2% according to equation (15.17).

et = Meo - SOEC ncompression * Miethanation

=0.73-0.953 - 0.808 = 0.562 (15.17)

For heat-integrated PtG systems, the excess heat generated by the methanation
system can be used to reduce the electrical energy input and produce the same amount
of SNG. With heat integration, the system efficiency changes to equation (15.18).

nPtG,integr = nco—SOEC,integr : ncompression * Mmethanation

I_Il, syngas msyngas

P P : ncompression * Nimethanation
in, co-SOEC — {reaction heat

. 106
= 7.3 - 107W] -0.952 - 0.808 = 0.849 - 0.952 - 0.808
10 - 10W] — 1.4033 - 105[W]

= 0.654 (15.18)

An efficiency of 65.4% would therefore be possible for a co-SOEC and
methanation PtG plant with heat integration, according to the assumptions used
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above; this efficiency is 9.2 percentage points higher than without heat integration.
1.4 MW of heat would be recycled back to the co-SOEC system, reducing the total
electric energy demand for the electrolysis from 10 MW to 8.6 MW. The system
efficiency could be increased even further if more waste heat from secondary
industrial processes were integrated into the co-SOEC. According to Sapountzi
et al [57]), HHYV efficiencies close to 100% are possible for SOECs with thermal
integration.

As Bohm et al [52] found, system efficiency plays an essential role in reducing
SNG costs. Accordingly, a sensitivity analysis was carried out to investigate the
most important parameters that enhance the efficiency of PtG systems.

As shown in figure 15.6, heat integration plays a fundamental role in enhancing
the efficiency of combined co-SOEC and methanation. The integration of 50% more
heat, starting from a base value of the methanation reaction heat, leads to an
increase of about six percentage points of system efficiency. Based on process
flowcharts, the recycling of methanation reaction heat to the co-SOEC input is
further explained in section 15.6. A reduction in CO/CO, methanation conversion or
an increase in H, excess also improves the system efficiency, since more H; is simply
passed through the methanation. However, the gas quality regulations for SNG grid
injection require high methane and low hydrogen concentrations and therefore high
conversion rates and moderate H, excesses. Furthermore, a reduction in compressor
power leads to higher efficiencies, which is a promising approach for PtG enhance-
ment. The compression energy can be reduced by the ‘dual-pressure-level
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Figure 15.6. Sensitivity analysis of the overall co-SOEC and methanation PtG system.
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methanation’ concept further discussed in section 15.6. A reduction in methanation
pressure by 40% from 10 bar to 6 bar led to an increase in overall efficiency of only
one percentage point. Various other impacts such as methanation conversion and
carbon deposition have to be considered with pressure changes.

15.6 Promising plant designs for efficient SNG production

The main technical benefit of combining endothermic co-SOEC with exothermic
methanation lies in the possibility of transferring excess heat between these two
process steps and therefore increasing the overall energy efficiency of the combined
system. Using thermal integration, a combined co-SOEC and methanation system
can convert ‘green’ electrical energy into methane at high LHV efficiencies of around
74%, based on the assumptions presented in section 15.5.

Figure 15.7 shows a possible plant design for a heat-integrated PtG system that
includes co-SOEC and methanation. In addition to water, CO, from industrial
sources is fed to the co-SOEC, producing a syngas mixture suitable for subsequent
methanation. The water of the wet syngas needs to be condensed before it reaches
the compressor. In order to reach a reactor pressure suitable for effective methana-
tion at a low carbon deposition potential, the syngas is compressed to at least 4 bar,
but usually up to 20 bar or higher. The methanation pressure level can be
coordinated with the subsequent drying step and in particular with the necessary
natural gas grid injection pressure. This PtG process design includes thermal
integration, which is achieved by transferring methanation reaction heat to the co-
SOEC water input. Thermal oil, pressurized boiling water, or molten salt can be
used as cooling media in combination with a tube-bundle methanation reactor.

The compression of hydrogen and carbon monoxide requires gastight equipment
that complies with increased safety standards. Furthermore, the position of the
compressor significantly influences its compression capacity and, as a result,
the overall plant efficiency. The compression of a higher volume flow of syngas at
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wo| |mo " Compressor Hz‘
co Syngas H, H, H,0
H,0 co, cooler co co CH.
H,0 €0, co, SNG
«, | CoSOEC — 2 M NG grid
0, 2 Drying

Cooling
watei

Condensate ¢———————

Condensate
Cooling
watel

Figure 15.7. Possible plant design for a combined co-SOEC methanation PtG plant.
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the co-SOEC outlet consumes a higher amount of electrical energy compared to
other positions within the plant. Two alternative plant designs that result in reduced
compression energy consumption are introduced below.

The ‘dual-pressure-level methanation’ concept is based on two sequential
methanation reactors with intermediate water removal, as shown in figure 15.8.
The compressor is placed between the first and the second reactor. As a result of a
partial reaction in Reactor 1, less process gas needs to be compressed due to the
volume-consuming reaction in the first reactor and intermediate water removal prior
to compression. The use of intermediate compression can reduce the required
compression capacity by up to 42% [43].

However, the carbon deposition risk within the second reactor is highly increased
due to the removal of water. The tendency of the intermediate process gas to form
solid carbon is shown in the ternary diagram of figure 15.4. Even at 10 bar of
pressure, carbon deposition must be expected at certain temperatures. Higher
pressures, higher hydrogen excesses, or excellent temperature control strategies
would be necessary to reduce the carbon formation risk [43].

As an alternative to intermediate compression, CO, and H,O can be fed at
already increased pressures to the methanation system, as shown in figure 15.9. The
benefit of this design for the overall process is reduced energy consumption and
the technically simple and safe compression of liquid water and CO, compared to
H,- and CO-containing syngas. On the other hand, the co-SOEC needs to be
operated under pressure. Brabandt and Poszdiech [58] overcame the mechanical
problems of pressurized SOEC operation and successfully operated at 15 bar of
pressure. The authors emphasized the efficiency benefits of the direct injection of
pressurized steam from industrial processes and the combination with high-pressure
downstream processes. Five percent to seven percent of the electrical energy demand
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o | Co-SOEC

e

Gas
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Figure 15.8. PtG plant design with dual-pressure-level methanation, including intermediate compression [43].
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Figure 15.9. PtG process design including a pressurized co-SOEC.

can be saved by the direct provision of high-pressure steam instead of downstream
hydrogen compression [58]. On the other hand, high-pressure (co-)SOEC is more
complex due to the higher sealing effort required and suffers from increased cross
permeation, higher temperatures, and a higher necessary operational voltage [58, 59].

In a fully integrated PtG plant, the direct integration of cooling water with the co-
SOEC feed leads to the minimization of heat losses. Gruber et al/ [60] tried to directly
couple a SOEC with a methanation system using steam from cooling water cycle as
an SOEC feed. Unfortunately, it was not possible to control the steam mass flow to
the extent necessary for full-load operation. However, the authors emphasized the
positive effect on the overall efficiency. The use of water as a cooling medium would
require pressures of more than 75 bar to guarantee a liquid cooling medium.
Otherwise, the cooling water would evaporate, leading to a significant loss of heat
transfer.

Although the main application scenarios of catalytic methanation will certainly
be found in the area of industrial-scale energy provision, with the aim of preserving
the living conditions on our globe, some potential purposes of this technology may
go beyond the boundaries of planet Earth. An additional interesting aspect of the
methanation process is its potential for long-term manned space missions.
Hydrogen, a by-product of O, production by the electrolysis of water in order to
provide air for breathing, can be used with exhaled CO, or CO, from Mars’
atmosphere to produce methane and water by methanation. Water can then again be
used for O, production and liquid methane can be used as propellant. As a result,
closed-loop oxygen and water recycling is possible in space using methanation [61].
In 2011, a methanation system was installed at the International Space Station [62].
In 2012, a methanation system was demonstrated which was designed to produce
methane on Mars from eighteen times lighter (and therefore cheaper)
transportable hydrogen together with CO, harvested from Mars’ atmosphere,
leading to a significant reduction in transport expenses [63].

15-22



High-Temperature Electrolysis

15.7 Concluding remarks

The combination of co-SOEC and methanation enables carbon dioxide to be
recycled into a valuable natural gas substitute powered by renewable electrical
energy. Co-SOEC syngas methanation benefits from reactor designs with intensified
heat removal, such as tube-bundle reactors or microstructured reactors. Nickel
catalysts offer high activity and high selectivity at a low price, whereas promoting
agents, carrier materials, and form play substantial roles in the overall process. Both
kinetic and thermodynamic considerations must be kept in mind not only to achieve
the highest conversion rates, but also to prevent carbon deposition or catalyst
sintering. Therefore, reactor temperature control is important for achieving low
outlet temperatures which reduce the thermodynamic limitation and keep the
maximum temperature just below the catalyst’s limits, thus allowing high reaction
rates. Furthermore, for the feed gas composition used for methanation, a moderate
hydrogen excess should be considered to prevent carbon deposition and ensure high
conversions. Additionally, SNG is produced at a sufficient output quality for direct
grid injection in line with legal requirements and requires only a modest gas
conditioning effort. Since the electric energy price has a dominant effect on the
resulting SNG price, the overall system energy efficiency needs to be maximized.
Heat integration from exothermal methanation or external industrial sources into
the co-SOEC feed needs to be substantial to achieve high efficiencies. The reduction
of compression power by dual-pressure-level methanation can contribute to eco-
nomic competition against conventional energy carriers. In conclusion, for the
successful realization of a combined co-SOEC and methanation facility, all system
levels (catalyst, reactor, and plant design) should be optimized.
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2.2 Modelling of catalytic fixed bed reactors

Mathematical modelling and simulation of chemical processes is a crucial tool to develop,
optimize and scale technical apparatuses. The coupled balance equations enable to derive the
process condition, which for chemical reactors is characterized by spatial and temporal
distribution of temperature, concentration, velocity and pressure. [48]

Simplification of a real process aims to enable its description with much lower complexity at
sufficient accuracy. Tubular reactors can be accurately represented if the axial and radial
dimensions are taken into account due to rotational symmetry. In some cases, even a one-
dimensional approach is sufficient if the radial component can be neglected, for example in
thin pipes. The energy balance in most technical applications can often be reduced to a heat
balance since only thermal forms of energy need to be considered. Furthermore, for stationary
applications the time-dependency can be eliminated. [48]

Ideal reactor concepts are simplified model approaches for certain applications. For tubular
systems the two-dimensional diffusion model and plug-flow reactor (PFR) model are common.
In the two-dimensional diffusion model convection only takes place in axial direction.
Backmixing and fixed bed heat conduction is considered via effective diffusion and conduction
in radial and axial direction. The angular dimension is eliminated. [48]

The PFR is even more simplified, as this approach assumes the reactor can be divided in small
fully mixed “plugs” flowing through the pipe without any gas mixing influence between one plug
and another. Therefore, no temperature, concentration or velocity gradients occur in radial
direction. Convection takes place solely in direction of the reactor axis, whereas in contrast to
the two-dimensional diffusion model also axial conduction and diffusion is considered
negligible. For pipes with high length-diameter ratios the PFR concept is more accurate.
Laminar flow is characterized by a parabolic velocity profile and less axial backmixing. For
turbulent flow radial velocity gradients are low, but also lead to higher axial mixing phenomena.
Gas flow through fixed beds is typically approximated with plug-flow. However, deviations from
the ideal state should not be disregarded and can be approximately assessed by common rule
of thumbs (e.g. di/L>10) [49] or more thorough criteria [49-51] e.g. proposed by Mears [52],
Gierman [53] and Sie [49]. Safe model robustness can be achieved by experimental
verification.

In the following section the fundamental laws and equations for modelling of fixed beds in
tubular reactors are presented.

2.2.1 Conservation laws

In any technical process the sum of mass, energy and momentum within its system boundaries
must be constant. Therefore, this fundamental principle of conservation of mass, energy and
momentum is the basis of each model. A general formulation of a balance equation is
presented in Equation 1. The temporal derivative of a state variable equals the sum of input
and output flow added by a source term as shown in Equation 2.

% =—divj+ Q (Equation 1)
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pi=yej=x Oy 0 -
divj=V-j= o T %y +, (Equation 2)

2.2.2 General transport phenomena

Transport of mass and heat within fluid systems such as most chemical reactors are described
by convective or diffusive transport and radiation (Table 2).

Table 2: Overview of heat and mass transport phenomena in chemical reactors

Convection Diffusion Radiation
Mass transport Mass convection (Mass) Diffusion -
Heat transport Thermal convection Conduction (Heat) radiation

Convective mass transport is the transport of mass by bulk motion (advection) superimposed
by a mostly negligible mass diffusion influence. In chemical reactors (mass) convection is
normally related to one fluid component. It can be presented as mole flow of a species i through
a given cross-sectional area as in Equation 3.

_ Njconvy _ myconv _ piV mol

, 14 .
Jiconw ==, = Ty Ty Cig = aw [E] (Equation 3)

Heat convection is analogously caused by combination of bulk motion and random molecular
motion. It is formulated as an enthalpy flux normally referring to a temperature of 0 °C (Equation
4).

. ) _ mcpT  pVepT w .
Ji,heat conv = Cznv T4 T Tma PWCpT Zs (Equatlon 4)

Mass diffusion and heat conduction is caused by concentration and temperature gradients
within a fluid or a solid phase due to random molecular motion. The rate of diffusive transport
is characterized by the substance-specific transport property, diffusion coefficient D; and heat
conductivity A. Fick’s law describes mass diffusion in Equation 5 again for each species i.

Nidiff _ mol]

Jiairf == —D; grad c; [m (Equation 5)

Analogously, in Fourier’'s law heat conduction is defined according to Equation 6.

, )con w .

Jeond = % =—AgradT [ﬁ] (Equation 6)

Heat and mass transfer also take place through a fluid-solid or fluid-fluid phase interface.
Driving force for mass transfer from one phase to another is again the concentration difference
multiplied with the mass transfer coefficient as shown in Equation 7.

mol]

Jime = % = B(cin —ci2) [m (Equation 7)

Heat transfer is analogously defined by the heat transfer coefficient driven by the difference in
temperature between the two phases (Equation 8).
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Jat = % =a(Ty —T) [%] (Equation 8)

2.2.3 Transport phenomena in fixed beds

The mass and heat transport in multiphase reactive flow such as in catalytic fixed beds with
external cooling are manifold. Intra-pellet, inter-pellet, intra-bed and bed-wall transfer effects
need to be considered as presented in an overview in Figure 3.

Tube bed heat and mass transfer phenomena Catalyst pellet heat and mass

Intra-pellet heat transfer phenomena

conduction Catalyst pellets/ inert
Multicomponent

solid-gas mass

Convective heat

i b transfer Intra-pore
transfer in coolan diffusion
Heat transfer Intra-pore
between packed Tube wall convection

bed and wall
Catalyst
Radial heat pellet
conduction in
packed bed
) ) Diffusion
Axial convective =101 (Selalfesel | | e NS across film

heat transfer in gas

Radial diffusion/
dissipation

Heat transfer Heat conduction

between solid and

gas Catalytic reaction on

. — ore surface
Radial conduction i P

Thermowell

tube walls
Heat transfer Energy carried'by solid-
between tube and gas diffusive mass

coolant transfer

Figure 3: Heat and mass transfer phenomena in fixed beds taken from [54]

2.2.4 Mass transport in fixed beds

The general mass balance equation is necessary to calculate the concentration array within a
reactor. The balance equation includes convection, diffusion and the reaction source term for
a species i as given in Equation 9. The source term is defined by the reaction rate of each
reaction j involved and the corresponding stoichiometry factor.

% = —div(w — Dy gradc;)) + Xjvi ;7 (Equation 9)

Molecular diffusion has only subordinate influence. However, gas dispersion takes into account
velocity maldistribution as a consequence of turbulence effects in fixed beds, which can be
implemented via effective diffusion or dispersion coefficients in lateral and longitudinal
direction. Longitudinal dispersion in fixed beds was empirically investigated by Edward and
Richardson [29] (Equation 10) and lateral dispersion can be derived by the Gunn correlation
[30] (Equation 11).

949 ¢

Dulong _ ) 73¢ 4 0.5 (1 + —) Re,Sc (Equation 10)

Dim Rep Sc

VTiU

VerfahrensTecunik



Chapter 2 - Fundamentals 41

Di,lat _ Fo) RepSc
Dim 191 114 exp(—é)
p

(Equation 11)

For cylindrical fixed beds the angular coordinate can be eliminated in assumption of rotational
symmetry. The radial velocity component can be neglected, especially for high length-
diameter-ratios. These assumptions lead to the two-dimensional diffusion model (also called
dispersion model) for tubular (fixed bed) reactors according to Equation 12. [48]

dac; 6(clwz) d%¢; 1 dc;

d%c;
E_ 9z +Dl7'eff(a.rlz 3

)+Dlzeffa ,2+Zjvi,j7"j (Equation 12)

rar

Under stationary conditions the time derivative of the concentration on the left side of the
equation can be eliminated. Further simplifications can be made by assuming constant axial
velocity, neglecting the radial component in a one-dimensional approach or by neglecting the
dispersion influence. [48]

The mass balance for a PFR is presented in Equation 13 neglecting radial and axial dispersion.

ac; a(c; .
a_ct= G W)+E]vl] (Equation 13)

2.2.5 Heat transport in fixed bed reactors

The heat balance is used to calculate the temperature of the reactor system and takes all
relevant heat transport phenomena into account. The general heat balance is formulated in
Equation 14.

d(pcpT)

5 = —diw(pweyT — A gradT) + %j1j (—AHgj) (Equation 14)

Heat and mass balance are coupled via the reaction rate, which is dependent on
concentrations and temperature. Also thermodynamic properties such as c, or transport
properties such as A, D;;ong4 OF D;4; Cannot be calculated independently from the respective
other balance equation. The same simplifications discussed for the mass balance also apply
to the heat balance. The heat balance of the two-dimensional diffusion model is presented in
Equation 15.

d(pcyT) d(pwycyT) 0°T 1 90T .
b = P drerr (5 ¥ 7 ) F Arerr o 62’2 +Z]r]( AHg;)  (Equation 15)

The ideal PFR can be calculated based on a simplified heat balance as given in Equation 16.
In addition, heat loss by radiation to ambient air was included in Equation 16, as was conducted
for the 1D model in paper Il [55].

d(pcyT) d(pwc, T 4 .
atp = - ( az’p ) + Z]T] (_AHRj) - kd_r (T = Tc) = Graaiation (Equatlon 16)

2.2.6 Radial heat transport in fixed beds

For reactor modelling and design the radial heat transport is of utmost importance. Therefore,
radial heat transport phenomena in fixed beds will be addressed here in greater detail.

Radial heat transport in 1D models
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The heat transition coefficient k for the radial heat transition through a reactor pipe of an ideal
PFR can be calculated from inner and outer heat transfer coefficients and the heat conductivity
of the steel wall as shown in Equation 17 to Equation 19. [48]

1 1 1 1

— = + + Equation 17
kA a;i Aj Asteel Am ao Ao ( q )
Ap =200 _dido o) (Equation 18)

In-t In-+

Ao do

-1
1 1 1 1 .
k== —+ + Equation 19
di| @idi Asteel di_;.o @o do ( a )
1 L

"o

Numerous formulations for the inner bed-wall heat transfer coefficients for tubular fixed beds
are compared by Winterberg [56]. For the 1D model presented in paper Il [55] the formulation
by Specchia [57] was used to calculate the bed-wall heat transfer coefficient (Equation 20).

Agas —&pe .
Qpod—wall = ﬁ,, (0.0835 Reg ;" + 2 epeq + jgjj dl) (Equation 20)
Asolid

The outer heat transfer coefficient between the reactor wall and the coolant can be calculated
according to Nusselt correlations, such as by Gnielinski for cooling by thermal oil or based on
Equation 21 for natural air cooling.

Xo,wall—-air = 1-324’% (Equation 21)

In a 1D PFR model approach radial heat transport within the fixed bed is assumed to be very
fast, therefore the radial temperature gradients within the fixed bed are considered as zero.

Radial heat transport in packed beds in 2 dimensional models

For the two-dimensional approach and for better assessment of reactor design improvement
in addition to heat transfer through the reactor wall the effective fixed bed conductivity is
essential. Winterberg [56] thoroughly compared the two most common models to describe
radial heat transport within a fixed bed, the a,,-model and the A, (R)-model. The well-known
a,,-model is based on the assumption that the effective bed heat conduction is constant due
to constant velocity and porosity distribution over the bed radius (as shown in Equation 15).
[58] The effective heat conduction for spherical fixed beds can be calculated by the model of
Zehner, Bauer and Schliinder [59-61] as was done in the 2D reactor model in paper Il [55].
According to the a,,-model at the fixed bed-wall interface an immediate change in temperature
occurs. This assumed temperature change is represented by the heat transfer coefficient a,
(or @peqd—wair)» Which can be calculated based on Nusselt correlations such as from Specchia
[57] as in paper Il. The a,,-heat transfer model was applied for the 2D reactor model in paper
I, whereas it was additionally distinguished between the solid and gas phase via two heat
balance equations.

In contrast, the A,.(r)-model assumes that there is no discontinuity at the interface between
bed and wall, but rather the temperature of the fixed bed and of the wall at the interface is
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equal (boundary condition: T,,q; = Tpeq,r=r))- In the A,.(r)-model the heat transfer between
fixed bed and wall is described by the effective heat conductivity as a function of the reactor
radius considering velocity and porosity distribution in radial direction. Within the boundary
layer close to the reactor wall the effective bed conductivity significantly decreases. The A,.(r)-
model is described in Equation 22-27. [58]

A (1) = Apog (r) + K1 Peg ’% fR—1)Af (Equation 22)
0<R—r<Kyd—f(R—7)= (%)n (Equation 23)
Kyd,; <R—-r<R->f(R-1r)=1 (Equation 24)
K, =1/8 (Equation 25)
K, =0.44 + 4exp (— %) (Equation 26)
n=2 (Equation 27)

Diameter influence on radial heat transport

In Equation 28 a mean value over the radial distance for the effective fixed bed heat
conductivity A,.(r) can be integrated which was conducted numerically in MATLAB.

Arbea = #fodi/z An(r) dr (Equation 28)

This mean effective bed conductivity 4, ., Was used to study the effect of the reactor diameter
on the radial heat transfer of catalytic fixed bed for methanation. As shown in Equation 29 an
artificial heat transition coefficient k;.,_,;; based on Gruber [62] can be formulated including
the mean effective bed conductivity. This bed-to-oil heat transition coefficient includes all heat
thermal resistances including the effective fixed bed heat conduction via a mean conductivity
value, the bed-wall heat transfer via «a;, the wall conductivity via A;..; and the wall-oil heat
transfer via a,. This artificial transition coefficient was not used in the 1D PFR and also not in
the 2D model, but was used to derive the diameter dependency of the radial heat transition
coefficient.

-1

1 di 1 1 1 .
Kpea-on =g\ 57 @ T mar t oo 5 to o (Equation 29)
lnd—;

To give a precise picture on how the reactor diameter affects overall radial heat transfer the
radial heat flux under exclusion of the reactor-coolant temperature difference q’,. must be
determined. Otherwise, the temperature difference profile along the reactor axis would
interfere with the diameter effect on the heat transition coefficient (Equation 30 and 31). In
Equation 30 and 31 this heat flux is presented based on the heat transition coefficient between
wall and cooling oil k (Equation 19) neglecting fixed bed conductivity consistent with a 1D PFR
assumption.

4= -k (T-T) [Wm™] (Equation 30)
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I T 4 - - 1
q, = # = _kd_r [(Wm=3K™1] (Equation 31)

With the artificial heat transition coefficient k;.;_, an artificial heat flux g’ taking the

r,bed—oil

fixed bed heat conductivity into account can be calculated according to Equations 32 and 33.

4 _ .
Arped-oit = ~kpea-ouzg- (T =Tc)  [Wm 3] (Equation 32)
! r.bed—oi 4 — — .
9 rbed—oil = —q(;_dTC) "= ~Kped—o @ (W m™ K] (Equation 33)

Equation 31 and Equation 33 were used to derive Figure 19.

2.2.7 Mass transport limitation

In heterogeneous gas catalysis the reaction takes place on the active sites exposed on the
catalyst surface. Mass transfer from bulk gas to the catalyst surface and back are fundamental
process steps of heterogeneous gas catalysis. The 7 steps of heterogeneous gas catalysis are
illustrated in Figure 4 and include:

Diffusion of reactant from the bulk gas through the gas boundary layer
Diffusion of reactant through pores into the porous catalyst

Adsorption of the reactants on the active site

Reaction in an adsorbed state to form product species

Desorption of the product

Diffusion of the product out of the porous catalyst

Diffusion of the product through the gas boundary layer to the bulk gas

NS ok o=
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Figure 4: 7 steps of heterogeneous gas catalysis (reproduced based on [63])

For thorough research based on modelling of catalytic methanation it is important to take the
rate determining step of the described steps of heterogeneous gas catalysis into account. The
overall process may be determined by the intrinsic rate of reaction (step 4) in many cases.
Empirically determined intrinsic kinetic models allow deriving the reaction rate without any
other rate limiting influences. However, the mass transfer steps between bulk gas and active
sites, which mainly are based on diffusion phenomena, can also be limiting under certain
reactor conditions. The mass transfer between gas and catalyst depends on the gas flow and
catalyst characteristics. The reaction rate is a function of partial pressures, temperature and
catalyst activity. Therefore, the combination of these variables defines if mass transfer
limitation occurs and in what intensity. As illustrated in Figure 5, any of the 7 steps of
heterogeneous gas-catalysis can be rate determining, which influences the concentration
profile between gas bulk and porous catalyst. The adsorption and desorption steps are
included in Langmuir-Hinshelwood-Houghen-Watson kinetic models in adsorption terms as
explained in detail in chapter 2.1.
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Gas bulk Boundary Porous catalyst
layer

1. Kinetically controlled
Pore diffusion controlled

3. Pore and film diffusion
controlled

4. Film diffusion controlled

Concentration of reactant

>

Radial coordinate
Figure 5: Reactant concentration profile as a consequence of rate determining phenomenon
(reproduced based on [62])

Two approaches have been used in scientific publications to include mass transfer limitation
in catalytic fixed bed reactors. The catalytic efficiency via the Thiele-modulus approach
[19,22,24,25,62] was also used in this thesis. Another method is to integrate a separate particle
model [20,21,23] into the main reactor model, which represents the mentioned diffusion
phenomena.

2.2.71 Catalyst efficiency via Thiele-modulus

The catalytic efficiency takes the rate limiting transport effects to the catalyst surface and into
the catalyst pores into account. It is based on the dimensionless Thiele-modulus. [19,51,62]
The effective reaction rate of reaction j due to mass transfer limitation is calculated by
multiplication of the intrinsic reaction rate with a catalytic efficiency factor as presented in
Equation 34.

Tierf = Vintr Neff,j (Equation 34)

The catalyst efficiency is calculated in consideration of external and pore diffusion, which are

a function of the Thiele-modulus (Equation 35-Equation 37).

Nerf.j = MNext,j Mpore, j (Equation 35)

1 1 1 .
Mvore = o, Gamntzoy) ~ 307 (Equation 36)

! (Equation 37)

+5r @ tanh(®;)

Next,j = 1

The Thiele-modulus for spherical particles is calculated according to Equation 38.

1

ni—
a ni+1kjyppc J .
b = Zp (T2 TV PP fco (Equahon 38)
J 6 2 Deff.co
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The volumetric reaction constant can be derived from the intrinsic kinetic model, although it is
important to keep the correct unit in mind, which depends on the reaction stoichiometry of the
reaction (Equation 39 and Equation 40).

3

RT .

kcomy = kCOM,mp_z [kgrjats (Equation 39)
3

kwesy = kwesmRT [kgrzlat S] (Equation 40)

Effective diffusion coefficient depends on catalyst tortuosity, porosity, molecular and Knudson
diffusion (Equation 41 and Equation 42).
Deffco = Zeat . 1 (Equation 41)

Tcat D;:no + Dknu,co

da ore 8RT .
Dienuco = 55— /m (Equation 42)

For high mass transfer limitation and therefore low catalyst efficiencies (<<10 %) the basic
Thiele modulus approach as presented above is not the most accurate. The calculation
approach by Roberts and Satterfield [64] is more suitable for small values of the effective
reaction rate, because it takes adsorption directly into account (Equation 43). If the
concentration of educts tends to zero due to significant mass transfer limitation, as shown in
Figure 5, adsorption effects are significant.

V2 (1+K Pco

Merf tnhwj = & Tk peo ) (K pco —In(1 + K pgp))/? (Equation 43)

2.2.8 Fixed bed characteristics

The porosity of catalytic fixed beds is an important factor influencing the gas flow including gas
dispersion, the distribution of catalytically active substance and the mass transfer limitation.
Hence, it is very important for the design of well performing methanation reactors.

A fixed bed in a tubular system is characterized by porosity distribution caused by the reactor
walls. The reactor wall disturbs the even distribution of a fixed bed and leads to higher porosity
close to the wall. Higher porosities close to the reactor wall can result in near-wall gas
channelling. [65-67]

In the appendix of paper Il [55] the fixed bed characteristics of tubular reactors are thoroughly
discussed. Conservative and more realistic rules of thumbs in terms of the d;/d, ratio for evenly
distributed fixed beds according to Andrigo [68] and Sie [49] are assessed. Furthermore, radial
distribution profiles of bed porosity for a 14 mm reactor were calculated and compared based
on formulations by Giese [66] and De Klerk [67]. Finally, recent findings from Eppinger [65]
based on a DEM method for the gas flow characteristics in low d:i/d, ratio pipes were taken
into account to evaluate the inhomogeneity of fixed bed porosity and its consequences for
methanation performance.
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3 Research

3.1 Experimental and modelling investigation of Co-SOEC syngas
methanation in a high diameter ratio polytropic reactor

Scientific article I: “2D heterogeneous model of a polytropic methanation reactor”

A. Krammer, M. Peham, M. Lehner, 2D heterogeneous model of a polytropic methanation
reactor, Journal of Cc02 Utilization 62 (2022) 102059.
https://doi.org/10.1016/j.jcou.2022.102059.
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ARTICLE INFO ABSTRACT

Keywords: The paper presents a heterogeneous 2D model of a polytropic fixed bed methanation reactor for Co-SOEC syngas.
CO methanation ) The reactor with 80 mm inner diameter is operated without active cooling. Lab-scale experiments were used for
Co-SOEC syngas methanation model validation under variation of gas hourly space velocity (GHSV) (2000 h'!, 4000 h™, 6000 h'* and 8000 h'!)

Uncooled methanation
Effective reaction kinetics
Mass transfer limitation

and pressure (1 bar, 2 bar, 4 bar, 6 bar, 8 bar, 10 bar). The conversion of Co-SOEC syngas containing a mixture of
Hj, CO and CO, was calculated based on a two-step methanation kinetic model. Effective methanation kinetics
was implemented based on a novel approximation of two different reaction efficiency approaches. The catalytic
efficiency approximation combines conventional power law related and a Langmuir-Hinshelwood type reaction
efficiency correlation by Roberts and Satterfield. It was found that mass transfer limitation is substantial for
highly temperature sensitive polytropic methanation reactor modelling. Despite high exothermic behaviour
without active cooling, a stable model set-up was managed entirely without parameter fitting to experimental
data for a naturally cooled methanation reactor with highly reactive and undiluted syngas feed. The modelled
results of Co-SOEC syngas methanation agree well with the experiments over a wide variety of pressure and
GHSV. The interaction and limiting factors of mass diffusion, reaction heat removal, kinetics and thermody-
namics can be thoroughly analysed based on the established model, which is a key step for developing highly
efficient methanation reactor systems in industrial scale.

1. Introduction Reverse water gas shift : CO, + Hy & CO+H,0  AHR™ = 39.5% 3)

The methanation technology not only provides high potential for
long term seasonal storage and future electric grid stabilization, it also
benefits from the long-lasting experience, existing infrastructure and the
continuing requirement for methane in the chemical industry. In the
project “HydroMetha” a consortium of industrial and academic partners
aim to develop and realize a coupled Co-SOEC and methanation plant to
achieve the demonstration of an highly efficient PtG system. This work
on reactor modelling intends to contribute to these methanation
development tasks. [4].

Several recent publications addressing methanation reactor model-
ling can be found. In a substantial work by Gruber et al. [2,5] a 2D CO,
methanation model including boiling water cooling of a 3 cm diameter
packed bed reactor was realized. Based on a comprehensive numeric
analysis of available intrinsic kinetic approaches the authors chose the
CO2methanation : CO, +4H, <> CH, +2H,0 AHy™> = — 176.4 A ) single-step LHHW (Langmuir-Hinshelwood-Hougen-Watson) kinetic by

Successful decarbonisation of our energy sector is substantial to
ensure stable development for all coming generations on this planet. To
cover the continuously increasing demand for energy of this world and
end the emission of greenhouse gases at the same time, renewable en-
ergy generation needs to be multiplied in a short period of time. As a
result, efficient strategies to store volatile electric energy from renew-
able sources will be needed. [1] Under the term power to gas (PtG) all
technologies aiming to transfer electric energy to gaseous energy car-
riers are summarized. The methanation of CO, with renewable hydrogen
to methane is likely to play an important role in storing surplus electric
energy. This catalytic process can be described by the Sabatier reactions
(Eq. 1 and Eq. 2) and the reverse water gas shift reaction (Eq. 3), for
which Nickel is the most common catalytic material. [2,3].

mol Koschany [6] in an adapted version for the model implementation. In

W line with our experience, the author argues that an intrinsic kinetic alone

CO methanation : CO +3H, & CH, + H,0 AHp>? = 7215‘9—1 @ is not sufficient to obtain functioning methanation models. Gruber
mo.

therefore considered mass transport limitations through the
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Nomenclature

Abbreviations

0D, 1D, 2D, 3D zero dimensional, one dimensional, two
dimensional, three dimensional

CFD Computational fluid dynamics

COx Carbon oxides (carbon monoxide, carbon dioxide)

Co-SOEC High-temperature co-electrolysis

GHSV  Gas hourly space velocity

LHHW  Langmuir-Hinshelwood-Hougen-Watson

N1 Standard litre

PtG Power to Gas

wt Weight

Symbols

a Reactor inlet cross-sectional aream?

Ainter Reactor inlet cross-sectional aream?

Aparicie  Molar heat capacity- %

G Molar heat capacity_ %

¢ Specific heat capacitykg—"ﬁ'K

Dy Particle diameter of catalyst/inert pellet m

Dr Particle diameter of catalyst/inert pellet m

Dreaeior  Particle diameter of catalyst/inert pellet m

dparicte  Particle diameter of catalyst/inert pellet m

dreactor Inside diameter of the reactorm

Rreactor ~ Molar mass"ﬁl

M Molar mass",z—gl

I Identity vectorm?

Ji Diffusive flux of species i%

Kycom  Equilibrium constant (pressure based) CO
methanationPa—2

Kprwes  Equilibrium constant (pressure based) for reverse WGS-

ky Boltzmann constant_¥%

Nu Nusselt-number-

p Prandtl-number-

pPr Prandtl-number-

q Heat flux (conduction) %

Q Heat source%

Ray Rayleigh-number-

Reas TemperatureK

R; TemperatureK

rj TemperatureK

Sy TemperatureK

T TemperatureK

u Collision integral-

Vin Collision integral-

Vpariicle  Collision integral-

w; Collision integral-

X; Collision integral-

o Collision integral-

Q Collision integral-

e/ky Potential energy minimum of the Lennard-Jones/
Stockmeyer potential divided by the Ludwig-Boltzmann
constantK

Ebed Bed porosity-

Erad Emissivity-

n Heat conductivity 2z

K Heat conductivity; %,

) Heat conductivity, ",

u Dipole momentC e m

Up Dipole momentC e m

v Stoichiometric factor-

i Stoichiometric factor-

P Characteristic length of the Lennard-Jones/Stockmayer
potentialm

c Characteristic length of the Lennard-Jones/Stockmayer
potentialm

Subscripts and superscripts

cond Conduction

conv Convection

diff Diffusion

ext External

eff, Thiele Effective conventional Thiele-based approach

gas Gaseous phase

gas — wall From gas to wall

i Species i

j Reaction j

k Species k

lam Laminar

rad Radiation

reactor Reactor

reaction Reaction derived

RobSat  Method by Roberts and Satterfield

solid Solid phase

solid — gas From solid pellet bed material to gas

solid — wall From solid to wall

sup Superficial

turb Turbulent

vis Viscosity

implementation of an adapted Thiele modulus approach. After some
numeric adjustments the model results were compared by Gruber to
experimental findings and reveal good agreement.

In Table 1 recent methanation modelling publications are listed and
compared by their reactor and model characteristics. It can be seen that
all models are based on cooled reactor systems leading to a more stable
modelling setting with lower risk of thermal runaway. In contrast, the
underlying work aimed at modelling an uncooled, far more adiabatic
reactor system with cooling only by natural convection. Uncooled
methanation reactors are used in pilot and industrial scale in the
TREMP® process by Haldor Topsoe A/S, which come to use for the
methanation of gasified biomass within the project GoBiGas. [16,17]
Furthermore, exclusively CO, methanation was investigated in the listed
studies, most often in stoichiometric mixtures with Hy in the feed.

Based on a comparison of recent publications on two-phase catalytic

methanation reactor modelling a research gap can be derived including
following important aspects:

Methanation of gas mixtures containing carbon monoxide
Methanation of over-stoichiometric hydrogen shares

Reactor systems with natural cooling at ambient air

Reactor systems with diameters > 30 mm resulting in high radial gas
velocity gradients

This works aim is to contribute in closing the above mentioned
research gap in methanation modelling.

Most methanation modelling studies include effective methanation
reaction kinetics by power law related Thiele modulus approach or
through implementation of a particle model. Mass transfer limitation in
methanation reaction models was considered via a catalytic efficiency
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Table 1
Overview of established methanation reactor models including model characteristics.
Author Exp. verif./ Model Reactor (active dreactor GHSV [h'!] Feed gas Pressure Kinetic
Catalyst eff. catalyst mat.) dparticle (abs.) approach
[mm)] [bar]
This work Yes/Yes 2D Uncooled packed bed 80 2000-8000 H5/CO/COy; 1-10 Ronsch[18] (LHHW)
stationary (Ni) 2.8-6.3 3%
overstoich.
Gruber[2,5] (2020) Yes/Yes 0D/2D/3D Cooled packed bed 30 7692-38462 H,/CO5: 1-30 Koschany|[6] (modified,
stationary (Ni) 5 4/1 LHHW)
Lefebvre[7] (2020) No/Yes 1D Cooled packed bed 20 59683 H,/CO»/ 20 Lefebvre[8] (power law)
stationary/ tube bundle (Ni) 3 CHy:
transient 4/1/1
Vazquez[9] (2018) Yes/No 1D/2D Heat exch. reactor (Ni) 2 4400 H5/CO5: atm.; 5 Xu and Froment[10]
stationary wall 4/1; 6/1 (adapted, LHHW)
coated
Try[11] (2018) Yes/Yes 2D Cooled packed bed 6 15000 H5/CO5: 2.5 Xu and Froment (LHHW)
stationary/ (Ni) 0.34 4/1
transient
Schlereth and No/Yes 2D Cooled packed bed 20 5000 H,/CO4: 10 Xu and Froment (LHHW)
Hinrichsen[12] stationary (Ni) 3 4/1
(2014)
Sun and Simakov[13] No/No 1D transient Heat exch. reactor (Ni) 200 100-50000 H,/CO4: 5 Xu and Froment (LHHW)
(2017) 3 4/1
Ducamp[14] (2017) Yes/Yes 2D Cooled packed bed 20 15157 (excl. H,/CO,/Ar: 4,8 Xu and Froment (LHHW)
stationary (Ni) 1.5-6 Ar) 4/1/10
Kiewidt and Thoming Yes/Yes 1D Cooled packed bed 25 6000, 15500 Hy/CO5: 1-20 Lunde and Kester[19]
[15] (2015) stationary (Ru) 3 4/1 (Ruthenium)
Kreitz[20] (2019) No/No 1D Cooled packed bed 2 2000-5000 H,/CO5: 8 Koschany (LHHW)[6]
stationary/ (Ni) 0.4 0.25-8

transient

factor in Schlereth and Hinrichsen [12], Kiewidt and Thoming [15] and
Kreitz et al. [20]. Schlereth and Hinrichsen used a particle model based
on an adapted dusty-gas approach by Skrzypek et al. [21] to calculate
the catalytic efficiency factor. Schlereth and Hinrichsen [12] found
values lower than 0.05 and up to 0.8 for a 20 mm reactor and 5 mm
particles. Kiewidt and Thoming [15] calculated the effectiveness factor
from the Thiele modulus for first-order reactions with CO, as the
limiting species. The calculated effectiveness factor varies between 0.05
and 0.4 for a 25 mm reactor and 3 mm pellets. [15] Kreitz et al.
modelled a 2 mm reactor with a particle size of 0.4 mm and found cat-
alytic efficiencies between approximately 0.45 and above 0.95. The
authors Kreitz et al. referenced the approach shown by Schlereth and
Hinrichsen [12] and Ducamp et al. [14] for the calculation of the cata-
lytic efficiency. Gruber et al. [2,5] found lowest values for catalyst ef-
ficiencies at temperature peaks of external catalyst efficiency to be
around 0.35 and intra-particle catalyst efficiency of roughly 0.03. [2,5]
Ducamp [14] reported catalyst efficiencies based on a pellet model
below 0.2 over a wide range of reactor length and around 0.08 at the
lowest point for both methanation reactions. The modelling and
experimental trials were conducted at 4 bar and 25 Nl/min of stoi-
chiometric CO2/Hy mixture together with 50 N1/min of argon to limit
reactor temperature.

Furthermore, the modelled reactor in this work has a significantly
wider diameter of 80 mm resulting in high gas velocity gradients in
radial direction, compared to those 2D models in literature (2-30 mm).
While some studies deal with wall coated catalysts [9,22]) or very fine
catalyst pellets [11], Gruber [2] (~5 mm), Schlereth and Hinrichsen
[12] (3 mm), Lefebvre [7] (3 mm), Sun and Simakov [13] (3 mm) along
with our working group (2.8-6.3 mm) focused on using larger catalyst
pellets in a commercially available and industrial scale.

In the underlying work a large focus was placed on reaction effi-
ciency investigation. As can be drawn from Eqs. 47-50 the catalytic
efficiency is a function of the catalyst particle diameter and the Sher-
wood number, which again is a function of the Reynolds number and
therefore the gas velocity. The lower the gas velocity and the larger the
catalyst pellet the lower the catalytic efficiency. For the used setup with
a relatively large reactor diameter of 80 mm and therefore low gas

velocities and large catalyst particles even lower catalytic efficiency
than found in literature must be expected. The effective catalyst effi-
ciency is calculated via a common n-reaction order Thiele modulus
approach for power law kinetics and a method proposed by Roberts and
Satterfield [23] for LHHW kinetics. This expression was a key step to
enable stable and accurate modelling of the uncooled methanation
system.

2. Model design

For the simulation of a laboratory scale methanation reactor a 2D
axisymmetric model was created with the simulation software Comsol
Multiphysics®, which will be thoroughly described in the following
chapter.

2.1. Model geometry and packed bed characteristics

The geometry of the model corresponds to the laboratory reactor
design. The main dimensions, such as inner and outer diameter, catalyst
bed height, inert bed heights and reactor wall thickness represent the
original size. Furthermore, it is of particular importance to include gas
inlet and gas outlet pipes in the original dimensions, because the high
incoming gas velocity as a consequence of the small inlet diameter of
4 mm has a significant influence on the gas distribution within the
catalyst bed and therefore the modelling results. Nevertheless, the exact
flange design was not considered to be important, therefore, the reactor
flanges were neglected in the model geometry. The simplified reactor
geometry includes smoother transitions via relatively large transition
radii between the small inlet and outlet diameter of 4 mm and the
reactor diameter of 80 mm to enhance the stability of the model. In
Fig. 1 and Fig. 2a schematic representation of the reactor model and the
corresponding model geometry is shown.

As can be derived from Fig. 2 four domains are distinguished, rep-
resenting the lower inert bed domain including the inlet pipe, the upper
inert bed domain including the outlet pipe, the catalyst bed domain in
the centre and the reactor wall domain. The spherical catalyst pellets
have significant polydisperse character, leading to a decrease in bed
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Fig. 1. Schematic drawing of the methanation reactor of the laboratory test
plant including a multi-thermocouple with seven measurement points.

porosity. According to formulations by Tsotsas [24] for polydisperse
spherical pellet beds a catalyst bed porosity of 0.389 was calculated
including a manual measurement of the pellet size distribution of the
catalyst spheres. Starting from this minimum value in the centre of the
bed the radial increase of catalyst bed porosity towards the reactor wall
was included by an approach presented by Winterberg et al. [25]. The
intra-particle porosity of the catalyst particles is necessary to enable
calculation of volume specific reaction rates and was experimentally
determined to be 0.67 by weighing and dimension measurement. The
size of the inert stoneware balls is with a diameter of about 9.5 mm
larger compared to the catalyst spheres (2.8-6.3 mm) and its particle
size distribution is less wide. A bed porosity of 0.37 was defined for the
inert bed centre and its polydisperse character was neglected. The radial
bed porosity distribution was considered analogously to the catalyst
bed. Additionally, mixing of smaller catalyst pellets into the inert bed
and vice versa likely occurred during reactor assembly at the bed in-
terfaces. As a consequence, the boundary between inert and catalyst bed
should not be expected to be as perfectly sharp in the experimental setup
as in the model. The most important reactor and bed parameters are
listed in Table 2.
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Fig. 2. Graphical representation of the methanation reactor system as the basis
for a model in Comsol Multiphysics including 4 domains: Catalyst bed (1);
Upper inert bed (2); Lower inert bed (3); Reactor wall (4).

2.2. Determination of pressure and velocity fields from mass and
momentum equations

The transport of mass and momentum in porous media was calcu-
lated for each of the three bulk domains described above. The bulk
domains were defined as porous, thus the Brinkman equations were
chosen to compute the gas velocity and pressure fields in porous media.
[26] The Brinkman equations are always solved as a combination of
continuity equation and momentum equation and are given in the ap-
pendix for stationary flow of compressible Newtonian fluids excluding
gravity and the Forchheimer drag.

The permeability x of the packed bed is calculated by the Kozeny-
Carman equation in Equaiton 4, whereby all particles are considered
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Table 2
Methanation reactor dimensions and packed bed parameters.
Inner reactor diameter 80 mm
Reactor wall thickness 4.45 mm
Catalyst bed height 50 mm
Catalyst pellet diameter 90% of catalyst mass between 2.8 mm and 6.3 mm
Catalyst bed porosity 0.389
(centre)
Catalyst intra-particle 0.67
porosity

Catalyst composition Alumina (72.2 wt%), Calcium Oxide (5.6 wt%), Nickel
(22.2 wt%)

Inert stoneware ball ~9.5 mm
diameter

Inert bed porosity (centre)  0.37

Lower inert bed height 100 mm
Upper inert bed height 150 mm
as spheres.
DoariicicEbed”
=t (€3]

k= 2
180(1 — Sbgd)

The value dyrie corresponds to the mean particle diameter of the
catalyst spheres respectively the inert stoneware balls of the upper and
lower inert beds. The particle diameters were determined based on a
representative manual size measurement [26-28].

The feed gas volume flow is defined in the model via the input gas
velocity. For comparability of different reactor systems the volume flow
can be transferred into the gas hourly space velocity (GHSV) according
to Eq. 5 and Eq. 6 serving as plant capacity, respectively catalyst load.
The GHSV is calculated as the quotient of input gas flow at standard
pressure and temperature and total catalyst bed volume. Nevertheless,
for the comparison of different reactor systems based on the GHSV (Eq. 5
and Eq. 6) further important performance influences, such as reactor
pressure, active material load or catalyst density need to be taken into
account.

Vie= Uin®A i %)
Vm ﬂ PN
Vrca(‘tar TN Preactor

GHSV = (6)

2.3. Determination of species concentrations from mass transport
phenomena

The mass balance was implemented according to Eq. 7 including
convective mass transport and mass dispersion in the catalyst bed.
Vej+pueViw =R; @

Longitudinal dispersion was implemented based on the Edward and
Richardson correlation [29] (Eq. 8) and lateral dispersion by the Gunn
correlation [30] (Eq. 9).

Di  tong 949 ¢
L ons . > 3 1 —  |R . y
D ., 0.73 €+40.5 ( + Ry Sc Cpariicle SC ®
Di u £ Reparicie Sc

: = .y~ pamde T 9
D;, ., 1.91 + 11-4 exp (77& 7/ ” ©)

The molecular diffusion was determined by a mixture-averaged
approach. The binary diffusion coefficients Dy for each species i in
any other species k are calculated within the “Chemistry” interface of the
program based on the kinetic gas theory (see also section “Determination
of thermodynamic and transport properties”). [31,32] For this reactor
model the thermal diffusion, the transport of mass driven by tempera-
ture gradients described as the Soret effect, is of irrelevant magnitude
and therefore was neglected by setting all thermal diffusion constants D]
to zero. [33].
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An important value for the methanation performance is the com-
bined CO and CO; conversion, which will be called COx conversion
within this work. It is defined as the amount of transformed CO and CO,
related to the amount of CO and CO- fed to the reactor system as shown
in Eq. 10.

(jcon — Jcoou) + (icorm — jcor.on)

- ; (10)
Jco,in + Jjcozn

COx — conversion =

2.4. Determination of the temperature from heat balance equations

For the heat balance of each of the three bulk domains it has been
distinguished between a fluid phase (Eq. 11) and a solid porous phase
(Eq. 12). While for the mass balances a homogenous porous phase was
considered, a heterogeneous bulk phase was used concerning heat
transfer. Thus, two predefined software heat transfer interfaces, a “Heat
Transfer in Fluids” interface for the gaseous phase and a “Heat Transfer
in Solids” interface for the solid porous phase, were set up. This parallel
heat balances approach for both continua enables to determine the
temperature for the solid as well as for the gaseous phase.

UO N Ty +V @ (Agss VTous) = OQuotid—gas an

Pgas  Cp.gas

V L4 (A.ml[d vT&oI[d) = - leid—gas + QReucu’zm (12)

Two temperature values, one for the gas and one for the solid phase,
enables to estimate if heat transfer limitation between solid pellets and
gaseous phase exists.

The reaction heat source Qgeqcion 1S introduced to the solid phase
within the catalyst bed domain because the exothermal reaction takes
place at the active sites of the solid catalyst. The reaction heat term does
not exist for the inert bulk domains.

Also the heat transfer between gaseous and solid phase is imple-
mented in the form of a heat source Qg4 @and is based on Nusselt-
relations for the particle-fluid heat transfer by fluid flow in bulk mate-

rial as described in Eqs. 13 to 22. [24].
leid—gas = Asolid—gas S, (Tgm‘ - Txolid) (13)

Nuxnlid—gax j'gas

Xsolid—gas = 7 (14)
fid=s dpm'licle

Nuwlidfgav = fa (2 + \/ Nu?g,lam + Nu?g.rurb) (15)

NLL\-g‘ tam = 0.664 |/ Repurri('[e V3 Pr (16)

0.037 Rei"x Pr

Nus‘ urb = (17)
COMT 0443 ReOT (PR 1)
sup d, article
Repaice = 0Pl as)
V. €ped
pr="Y 19
a
fo=1+15% (1 —€p) (20)
A}ar icle
8, = (1 €pea) 7 @D
particle
2 as
a=— (22)
P

The heat transport within the solid phase of the catalyst bed was
implemented by an effective heat conduction value for packed spherical
beds A4 calculated based on the well-known model by Zehner, Bauer
and Schliinder [34-371].

Furthermore, heat fluxes from the gaseous phase to the wall g5 wan
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(Eq. 23) as well as from the solid phase to the wall ;g war (Eq. 24) are
implemented.

(Tuia — Twanr) (23)

Yeas—wall = RXgas—wall

(Twlid - Twa[[) (24)

The required heat transfer coefficient between gas and wall gqs—wan
was defined by the Nusselt-relation for heat transfer in cylindrical pipes
with laminar flow as shown in Eq. 25 and Eq. 26. [24].

Gsolid—wall = Xsolid—wall

Nutgy, tam Agas
QAgas—wall = % (25)
reactor
Nugas—ait,  1am = 3.66 (26)

For the description of the heat transfer between the packed pellet bed
and reactor wall the solid-wall heat transfer coefficient agg_war iS
determined as given in Specchia et al. [38] (Eq. 27). For spherical par-
ticles the equation can be reduced to a less complex form. The imple-
mentation of the heat transfer approach by Specchia was crucial, since it
is based on low gas turbulences, and therefore fits well to the flow
characteristics in the modelled reactor.

A 1—¢

_ gas bed

Csolid—watl = = 2 epat Tom 1) @7
particle Tuolid

Finally, the heat balance for the reactor wall solves as shown in Eq.
28.

Ve (Avar VTya) =0 (28)

The heat fluxes at the inner boundaries of the wall, gsiig—wan and
Ggas—wati, Were already described above and are implemented analogously
to the heat balance of the wall domain only with an opposite sign up
front. At the outside boundaries the heat flux from the reactor wall to the
surrounding atmosphere by natural convection gex cony (Eq. 29 to Eq. 31)
and external radiation gy rqq (Eq. 32) read as

Gext  conv = Qext  conv (Text - Twall ) (29)
« _ Agas {4 7 RayPr %+ 4(272 + 315Pr) Myeacror
N T weor 3 \5(204+ 21 Pr) 35(64 + 63P1)Deacior
(30)
Ray — 8 Paasext Cp-gas-exr|pga.\.m - pwu[[{hrfﬂ”(’73 31)
Agas, ext Hgagext
Gext  rad = emdkh Twall4 (32)

The emission coefficient ¢, for the reactor material made of stain-
less steel was estimated at 0.55 [39].

2.5. Determination of reaction rates based on LHHW kinetic approach
and catalyst efficiency

Some methanation models [5] rely on a one-step kinetic approach
based on the CO; methanation reaction (Eq. 1), most use the three-step
approach by Xu and Froment [10]. The intrinsic reaction kinetics for this
work are based on a two-step kinetic approach by Ronsch et al. [18]
presented in the form given by Gruber [2] as given in Eq. 33 and Eq. 34.
In this transparent form the  ‘Arrhenius term’ ( —

2 0.5 CArivi > ____ PcH4PH20 ¢ 3
ki K¢ Ku®peo’°pug), ‘driving force’ (1 PCOPquKpCOM) and ‘adsorption
1

term (W) can be easily distinguished. The two-step

methanation kinetics formally represents the CO methanation reaction
(Eq. 2) and the reverse water gas shift reaction (Eq. 3). In combination,
these two reactions represent the CO; methanation reaction path as
well.
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2 . CHaPH)
B ki Kc  Ku’pco®’pua(1 — %) . mol 33
Ycom, —inr = 05 0513 lk 1 (33)
(1 + Kcpco® + Kupm®) 8ear S
k. _ PH2PCO2
_ PH2 Pco sz”(l lk'()ﬁu:qu.rwus) r mol 1
rwaGs,  intr = 2o\ 2 lk 1
(14 Kcopco + Kmpuz + Kenspens + KaoP22) 8ear S
(34

For the underlying methanation model it is important to take heat
and mass transfer limitations into account by using reaction efficiency
factors, limiting the intrinsic reaction rate by a factor ranging between
zero and one as given in Eqs. 35 and 36. Catalytic efficiencies above one
would also be possible for highly exothermal reactions due to a decrease
in inhibiting effects, e.g. by higher temperatures within the catalyst
increasing the reaction kinetics compared to the pellet surface condi-
tions, although this was not found in the present study. [40,41] Inhi-
bition by diffusion limitation leading to catalyst efficiencies below one is
in particular significant in methanation for highly active and undiluted
feed gas, as was used in the underlying work.

intr ® Nofr.com (35)

Ycom, eff = Fcom,

intr @ Negr ywGs (36)

Y'was,  eff = TrWGS,

An approximation of the catalytic efficiency between a power law
type and a LHHW type approach was established. The catalyst efficiency
is on the one hand described based on a Thiele modulus approach
intended for power law kinetics as given in Eq. 37 to Eq. 44. [2,42] The
catalyst efficiency for power law equations via a n"-order Thiele
modulus as discussed in Jess and Wasserscheid [42] and Gruber [5] was
found to be sufficiently exact in our model for efficiency values above
10%.

N ptj = Next,  j * Mporeyi 37)
1 1 1
L R S 38
Mpore j CD/-(tanh (3 . q)j) Je CDj)( )
- : 39)
Tej =777 0 @ tanh(®))
nj—1
paricie ni+1 kv Poaice Cco
D, — part ‘i " particle 40
=76 ° \/ 2 " Dy o (40)
ReT m?
kcomy = kcomm ® s [ ] (41)
P kgeawr S
m
kwesy = kwesm @ Re T [k ] (42)
8ear S
Y., 1
Dyyco = e (43)

T
T pp T Digui.co

dpare 8 R T
Diyui,co = R lm (44)

On the other hand for catalytic efficiencies < 10% the approximated
function tends towards a different approach by Roberts and Satterfield
[23]. This formulation shown in Eq. 45 was established particularly for
LHHW kinetic approaches and for small catalytic efficiencies. In the
course of the model development this approach was found to be more
accurate for low catalytic efficiencies.

V21+K peo

= K —In(14+K 12 45
e thivwj <I>j( K peo ) Pco — In(1+ Pco)) (45)

As Robersts and Satterfield [23] explained, if diffusional resistance
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Fig. 3. Section of the mesh used for model computation showing the catalytic
bed, lower and upper interface to inert bed and reactor wall.

within a particle is high (low catalytic efficiency) the reactant partial
pressure might decrease from a higher value at the pellet surface to a
value close to zero towards the pellet centre. As a result a wide range of
concentrations occur within a catalyst pellet. The resistance of reaction
rate by adsorption of educts onto or desorption of products from the
active sites must be considered for the determination of catalyst effi-
ciency. Roberts and Satterfield [23] considered adsorption effects for
LHHW type of rate equations. Conventional power law type catalytic
efficiency equations may approximate LHHW rate expressions well in a
narrow range of concentrations within a catalyst pellet, but are less
accurate for very low catalytic efficiencies. As a consequence, for high
catalytic efficiencies (>10%) the power law based formulation was
found to sufficiently accurate and the LHHW based expression was far
off. At low catalytic efficiencies (<10%) the LHHW based expression
delivered the best results, while too small and therefore not useful cat-
alytic values were obtained with power law based efficiency equations.
To find a practicable solution for the model the two strategies were
merged via a hyperbolic tangent function to approximate the total cat-
alytic efficiency as given in Eq. 46. The hyperbolic function is set up to
be dominated by the power law approach above a threshold of 0.01, and
on the other hand mostly be defined by the LHHW efficiency when
approaching this threshold.

Nyrj =N py(tanh(10@n.,, - —0.01)) + 1,5y, * (1 —tanh(10
® Ny i — 0-01)) (46)

As a consequence, at higher values above 10% the conventional
method for power law kinetics is dominating the final efficiency, while
for low values the method by Roberts and Satterfield designed for LHHW
kinetics takes over. However, the exact threshold of 0.01 remains a
result of arbitrary definition in the course of model development.

To obtain a volume related value the effective volume specific re-
action rate rj v can be calculated as given in Eq. 47 with the total bed
density p,,; which considers the bed porosity €4 as well as particle
POTOSItY Eparricie

T, V=T o ®Phed =T o ®Psotia (1= €bea) (1 = Eparicte) (47)
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The equilibrium constants K, com and K, ,wgs were calculated from
correlations published by Elnashaie and Elshishini [43] described in Eq.
48 and Eq. 49, whereas for K, con the unit [Pa2] has to be considered.

B 1 26830 [K] .
K,.com = 1026676 « 1010 . exp( T 30.11 ) [Pa™?] (48)
K ! ] (49)
IWGS —
! exp (4—402‘”, Kl 4,063 )

Finally, with the reaction rate r; of each reaction j the formation rate
R; of a species i can be determined as given in Eq. 50 and Eq. 51.

Rj=uyr (50)

Ri=> Ry (51)

2.6. Determination of thermodynamic and transport properties

In addition to the implementation of the kinetic expressions also the
species related transport properties, such as the binary diffusion co-
efficients D;; (Eq. 52), the viscosities y; (Eq. 53) and conductivities 1;0f
the gas species (Eq. 54) are calculated within the model. The diffusion
coefficients and the viscosity are determined based on the kinetic gas
theory according to Brokaw [31] via the Collision integral Q given in
Neufeld et al. [44] as predefined in the model software.

VT (M + M) /(2.0 10°Mi)

D= 2628e107% (52)
' Poi6Qpigy
_ i 3
b= 266910 YL Mel0 (53)

2
O; 'Qv[s

The thermal conductivity 4; is calculated via the Stiel-Thodos equa-
tion [45].

115 Cp; + 0.88Ryq

=
Wie m
VT M e10° 115 C,; +0.88R,,
—2.669 0107 d . pi & s (54)
62cona M;

The three gas transport property values for each of the gas species,
the Lennard-Jones/Stockmeyer potential o, the potential energy mini-
mum of the Lennard-Jones/Stockmeyer potential divided by the Boltz-
mann constant ¢/k, (frequently listed form in literature) and the dipole
moment u;, were taken from literature [39,46,47] and are listed in the
Appendix.

The thermodynamic properties of each gas species such as the molar
heat capacity C,;, the molar enthalpy h; and the molar entropy s; were
calculated based on NASA polynomials as shown in Eq. 55 to Eq. 57. The
corresponding polynomial constants are listed in the Appendix. [26,32,
48].

Cpi =Ress (a1, +ar; 0T +as; 0T +a,; 0T +as; e T*) (55)
T2 T3 4 5

hi = Rgas (a1, T+ay; ® 5 +as;e 3 +ay; e T +as; e 3 + ag;) (56)

Rew (ardn b ay, o Tas o b 4 ay ot +asso bt an), T
R In— . e e e )
Si gas apin Ty azi as i 2 (2% 3 as 4 azi), Lo
= 1[K]
(57)

An extremely dense mesh was used for the model with a total number
of 96731 elements of triangular shape. A central section of the used
mesh is displayed in Fig. 3 including catalyst bed, lower and upper inert
bed interface and reactor wall. The maximum size of a triangular
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Table 3
Composition of Co-SOEC syngas used as methanation feed gas.

Gas species
/Process parameters

Co-SOEC syngas

Hy 76.8 vol.-%
COo 18.3 vol.-%
CO, 4.9 vol.-%
GHSV [h] 2000-8000
Pressure [bar] 1-10

element within the packed bed section is 0.3 mm and for the reactor wall
3.4 mm. A mesh test was conducted based on the temperature result in
dependence of mesh density. The highly dense mesh was necessary since
temperature peak within the first millimetres of the catalyst bed would
slightly decrease at lower mesh density as Figure C.1 and Figure C.2
indicate.

3. Experimental

An existing lab-scale setup has been used to acquire reference data
from experiments for extensive model validation. The modelled reactor
equals the real setup in all relevant properties, an uncooled 80 mm
diameter packed bed reactor filled with Nickel-based commercial cata-
lyst spheres (Meth 134®). The nominal operating temperature is 260 °C
and 510 °C, but it can withstand temperatures of 700 °C for short pe-
riods of time. The most important reactor parameters can be found in
Fig. 1 and Table 2. For start-up and the catalyst activation procedure at
elevated temperatures a reactor heater was installed. In operation the
heaters can be flipped aside easily and then only cooling by natural
convection of ambient air affects the polytropic reactor behaviour
externally. The feed gas is mixed from gas bottles via mass-flow con-
trollers. The feed gas composition (Table 3) equals Co-SOEC syngas and
is based on experimental experiences from our partners of the
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HydroMetha project. The syngas contains a hydrogen excess of 3%
above stoichiometry, at full conversion of CO and CO this would result
in a product concentration of roughly 9 vol.-% unconverted hydrogen
and 91 vol.-% methane. However, full conversion could not be reached
with the modelled setup including only one reactor, but conversions
above 99% were achieved with three serial reactors of this kind not
reported in this paper. A small excess of hydrogen in the feed gas reduces
the carbon formation tendency significantly, which was explained in
greater detail by Krammer et al. [4]. A proportional valve downstream
the reactor equipment controls the plant pressure. The product gas can
be analysed by a gas analysing system (ABB Advanced Optima AO2000).
The axial reactor temperature distribution is measured with a
multi-thermocouple inside the reactor (Fig. 1) which is placed with a
radial offset of 25 mm from the centre axis. Plant pressure is determined
by a pressure transmitters just downstream the reactor. Finally, a torch
enables controlled burning of all the process gases. In the work of
Krammer et al. [4] and Medved et al. [49] a detailed description of the
used lab-scale methanation test plant can be found, the latter including a
detailed corresponding piping and instrumentation diagram of the
setup.

The accuracy and quality of a model can be determined based on a
thorough comparison to experimental results. Therefore, the model was
compared to experiments under variation of GHSV, respectively input
volume flow, and outlet pressures. For highly active Co-SOEC syngas
feed modelling and experiments at GHSV values of 2000 h'!, 4000 h'!,
6000 h™! and 8000 h™! and pressures in the range of 1 bar, 2 bar, 4 bar,
6 bar, 8 bar and 10 bar were conducted.

4. Results and Discussion
Agreement of experimental and modelling results could be demon-

strated based on comparison of reactor temperature, COx conversion
and output concentration to prove the good accuracy of the model. The
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Fig. 4. Experiment-model-comparison of axial temperature profiles at a radial offset of 25 mm from the central reactor axis for a lab-scale packed bed methanation

reactor at 4000 h™! GHSV and Go-SOEC syngas feed.
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Fig. 6. Experiment-model-comparison of axial temperature profiles at a radial offset of 25 mm from the central reactor axis for a laboratory packed bed methanation

reactor at 6000 h™* GHSV and Co-SOEC syngas feed.

axial temperature profile with a radial offset of 25 mm from the central
axis measured with the multi-thermocouple is compared to the modelled
temperatures at the same position in Fig. 4, Fig. 6, Figure D.1 and
Figure D.2. The characteristics of the axial temperature profiles can be
thoroughly discussed based on the 4000 h'! (equal to 16.7 NI/min)
experimental results shown in Fig. 4. The experimental and modelled
temperature curves at 4000 h™* were determined at pressures of 1.3, 4.1,
6.3, 8.0 and 10.1 bar.

All profiles are characterized by a rapid temperature increase from
approximately 100 °C at the entrance of the lower inert bed (not inlet) to
certainly above 600 °C and up to 735 °C in the initial catalyst zone as a

consequence of exothermic reaction heat release. The steep axial tem-
perature curve close to the interface of lower inert and catalyst bed
(<0.1 m) of approximately 14 K/mm clearly reflects the high initial
reaction rate in the catalyst zone. By effective heat conduction and ra-
diation within the catalyst bed, the released reaction heat spreads not
only downstream and in radial direction but also upstream into the
lower inert bed preheating the incoming gas flow. Downstream heat
transport is further enhanced by convective heat transport including gas
dispersion in the packed bed. The temperature profiles peak less than
1 mm at 10 bar and approximately 11 mm at 1.3 bar into the catalyst
zone, followed by a continuous decrease of temperature further
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Fig. 8. Experiment-model-comparison based on COx conversions at different
pressures and GHSV values for Co-SOEC syngas feed.

downstream. The ascending temperature curve is characterized by a
small deviation between gas and catalyst temperature. This can be
explained by heat transport. Only effective heat conductivity and radi-
ation within the solid particle bed transports heat upstream. Heat can
only be transferred from hotter catalyst to the colder gas requiring
higher temperature difference in this zone. Therefore, also the positions
of gas and catalyst temperature peaks differ by a few millimetres. The
initially high reaction rate at the catalyst entrance rapidly decreases at
the temperature peak followed by a slow increase of the reaction rate at
a low level, which is shown by the modelled reaction rate in Fig. 5.
The increase of reaction rates starting at the temperature peak and
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Fig. 9. Experiment-model-comparison based on molar fractions at different
pressures and GHSV values for Co-SOEC syngas feed at dry basis.

continuing further downstream is caused by an increase of the ‘driving

_ ; . . .
force’ term 1 —2¢#PH20__ representing the deviation to thermodynamic
PcoPr2>Kp com

equilibrium as can be seen in Eq. 33 and is illustrated in detail in
Figure E.1. The deviation to the thermodynamic limit increases down-
stream the temperature peak as a result of temperature decrease.

As a consequence, the thermodynamic equilibrium is most likely
reached in the point of maximum temperature. Downstream of the
temperature peak the reaction takes place at a far lower rate, and is
bound to the amount of heat being removed from the catalyst bed.
Hence, the reactor performance bottleneck in most of the catalyst bed
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and wall based on the 2D reactor model for a pressure of 8.03 bar and GHSV of 4000 h™..

volume is the heat loss of the reactor system. In conclusion, only within
the first Millimetres upstream of each temperature peak the reaction is
determined by kinetics, whereas downstream it is limited by thermo-
dynamics. It should also be noted that the axial position of the tem-
perature peak can vary in radial direction. Although mostly
thermodynamically limited, the whole reactor system was managed to
be described correctly by the implemented kinetic expressions, which
include termination terms.

With increasing pressure the temperature profiles are lifted to higher
temperature values in an approximately parallel manner. This tendency
can be found for the model as well as for the experimental findings and is
in line with earlier findings [3]. The peak temperature of 618 °C is
reached at 11 mm from the entrance of the catalyst bed at 1.3 bar
pressure, and 738 °C is reached at after less than 1 mm of catalyst bed at
10 bar. In contrast, highest temperatures measured in the experiments
were 602 °C at 1.3 bar and 687 °C at 10.1 bar 25 mm into the catalyst
bed, hence a few Millimetres further downstream. The
multi-thermocouple consists of 7 single thermocouples in a 6 mm steel
encasement. Heat conduction within the multi-thermocouple may have
dampened the maximum temperature values in the experiments. [2]
Gruber [5] has taken the issue of heat conduction within a
multi-thermocouple into account by including the heat conduction ef-
fect along a cylindrical steel encased multi-thermocouple, which was
positioned in the centre of the reactor, to the model. Unfortunately, it
was not possible to apply this method to our 2D model because of the
radial offset of the instrument in our case. However, Gruber found the
axial heat conduction of the multi-thermocouple to be less than 0.5
WmK!, decreasing the measured maximum temperature in the cooled
reactor system by less than 20 K. Furthermore, the inert bed-catalyst bed
interface is not characterized by a perfectly sharp transition due mixing
of spherical particles. Mixing of single spherical particles may have led
to a fuzzy inert-catalyst interface resulting in distortion of reaction heat
release and lower temperatures in the experiments. Moreover, a
reduction of catalytic performance in highly temperature stressed zones
cannot be ruled out.
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The temperature profile of the 6000 h™ experiments are likewise in
good alignment with the model findings. The previously discussed
qualitative profile shape is again well represented by the model.
Strongly ascending temperature from the reactor input into the catalyst
zone is given in both model and experiment followed by slowly
decreasing temperature. The temperature peaks again differ in value and
axial position between model and experiment, whereas gas-solid devi-
ation is smaller at higher pressure. While at 10.9 bar pressure the
highest temperature was modelled with 749 °C downstream less than
1 mm into the catalyst bed, the highest temperature measurement point
showed 743 °C at 14 mm downstream of the catalyst bed interface.
Again it appears the multi-thermocouple was not sensitive enough to
replicate the extreme temperature gradients in the catalyst bed and is
influenced by heat conduction and fuzzy or even incorrectly positioned
inert-catalyst interface may have influenced the axial temperature pro-
file. However, the pressure effect on the methanation reaction is well
represented by the model with increasing temperatures at higher
pressure.

The experimental and model results from a catalyst load of 2000 h'!
and 8000 h™! are shown in Figure D.1 and Figure D.2 in the appendix. In
analogy to the experiments with 4000 h™! and 6000 h! the temperature
profile characteristics determined by experiment and by model match
well.

A parity plot in Fig. 7 gives the complete picture of the temperature
deviation between model and experiment for all trials with Co-SOEC
syngas feed into the first reactor.

While on the abscissa the modelled temperature is given, the ordi-
nate shows the experimental temperature. Most values are accumulated
around the diagonal line indicating good temperature alignment of
model and experiment at the same axial position. However, a group of
values accumulate at lower experimental temperature than predicted by
the model. This group of values have a similar offset of approximately
150 K to their experimental counterpart. We assume that incorrect
catalyst and inert bed heights in the experimental setup are the main
reason for this offset.
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In addition to the temperature values discussed above, the experi-
mentally determined COx conversion and the concentrations of the
species at the reactor exit is compared with the results of the model. In
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Fig. 8 and Fig. 9 the COx conversion and the output molar fractions from
model and experiment are compared.

The COx conversions evaluated with the model are in very good
agreement to the experimental results, as can be derived from Fig. 8. As

Table A.1

Thermodynamic properties for all gas species.

Polynomial factors for CH,

200K < T < 1000

1000K < T < 3500

ay cH4 5.15E+ 00 7.49E-02

Qz.cHa -1.37E-02 1.34E-02

as3cH4 4.92E-05 -5.73E-06

Q4.cH4 -4.85E-08 1.22E-09

Qs cH4 1.67E-11 -1.02E-13

Q6. CH4 -1.02E+ 04 -9.47E+ 03

ay,cH4 -4.64E+ 00 1.84E+ 01
Polynomial factors for H,O 200K < T < 1000 1000K < T < 3500
a1 120 4.20E+ 00 3.03E+ 00

a2 H20 -2.03E-03 2.18E-03

a3 H20 6.52E-06 -1.64E-07

a4 H20 -5.49E-09 -9.70E-11

as 20 1.77E-12 1.68E-14

Qa6 H20 -3.03E+ 04 -3.00E+ 04

az H20 -8.49E-01 4.97E+ 00
Polynomial factors for CO 200K < T < 1000 1000K < T < 3500
aico 3.58E+ 00 2.72E+ 00

azco -6.10E-04 2.06E-03

asco 1.02E-06 -9.99E-07

asco 9.07E-10 2.30E-10

as co -9.04E-13 1.68E-14

as.co -1.43E+ 04 -1.42E+ 04

az co 3.51E+ 00 7.82E+ 00
Polynomial factors for COy 200K < T < 1000 1000K < T < 3500
a1,co2 2.34E+ 00 3.86E+ 00

a2,co2 8.98E-03 4.41E-03

as.co2 -7.12E-06 -2.21E-06

a4,c02 2.46E-09 5.23E-10

as,co2 -1.44E-13 -4.72E-14

Q6.co2 -4.84E+ 04 -4.88E+ 04

az,co2 9.90E+ 00 2.27E+ 00
Polynomial factors for Hy 200K < T < 1000 1000K < T < 3500
ay H2 2.34E+ 00 3.34E+ 00

a2 H2 7.98E-03 -4.94E-05

as w2 -1.95E-05 4.99E-07

a4 12 2.02E-08 -1.80E-10

as m2 -7.38E-12 2.00E-14

Q6,12 -9.18E+ 02 -9.50E+ 02

az m2 6.83E-01 -3.21E+ 00

The three gas transport property values for each of the gas species are taken from

literature [39,46,47] and are listed in Table A.2.
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Table A.2
Transport properties values [39,47].

Species  Potential characteristic = Potential energy Dipole moment
length of the Lennard- minimum of the [C*m]
Jones/Stockmeyer Lennard-Jones/
potential Stockmeyer potential
[angstrom] [K]

CH4 3.758 148.6 0

H,0 2.641 809.1 1.8546 * 3.34 * 10°

30
Cco 3.690 91.7 0.1098 * 3.344 * 10
30
CO, 3.941 195.2 0
H, 2.827 59.7 0
750 T T
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Fig. C.1. Comparison of central axial temperature profile at 10.07 bar and
4000 h! with extra fine mesh at 6.8 mm maximum element size and extremely
fine mesh at 3.4 mm maximum element size including red box marking the
zoomed in area shown in Figure C.2.
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Fig. C.2. Zoomed in temperature peak central axial temperature profile at
10.07 bar and 4000 h! with extra fine mesh at 6.8 mm maximum element size
and extremely fine mesh at 3.4 mm maximum element size.

expected, the COx conversion generally rises with increasing pressure
and decreasing GHSV. This effect is predicted by the model as well as by
the experiments. The deviation in COx conversion between model and
experiment range from 9.1% underestimation of COx conversion at
2000 h! and 1.2 bar to 4.9% points higher prediction of COx conversion
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than experimentally determined at 8000 h! and 8.0 bar. Hence, there is
a clear offset tendency with GHSV and pressure.

An analogous picture can obviously be drawn from the molar frac-
tion comparison diagram in Fig. 9. The higher the pressure and the lower
the GHSV, the more methane is formed. Again, model and experiment
both represent this trend similarly. Moreover, the prediction of the ab-
solute concentration value by the model is accurate for GHSV of 4000 h
! and higher. In terms of methane mole fraction the absolute deviation
between model and experiment is only 0.2-3.7% points for 4000 h™,
6000 h! and 8000 h'l. At 2000 h™! the methane concentration were less
accurately predicted with an error of up to 15.6% points at 1.2 bar
pressure. The CO deviation ranges for all GHSV values from 0.11% to
2.7% points and for COy between 0.05% and 0.76% points but on a
lower absolute level. For the gas analysis results of the experimental
investigation a significant error must be considered for higher pressures
and higher GHSV. Less methane was measured in the product for
example at 8000 h'! and 8 bar in comparison the CO and CO, amounts.
This can be a result of carbon deposition within the reactor or an sys-
tematic error of the gas analysis.

The significance of considering two dimensions instead of a 1D
model for an 80 mm methanation reactor in the model can be validated
by the results shown in Fig. 10 and Fig. 11. In Fig. 10 the calculated
radial temperature profiles at the inlet, centre and outlet of the catalyst
zone and additionally in the centre of the lower inert bed are exem-
plarily given for a pressure of 8 bar.

As the axial profiles already indicated, at the inlet of the catalyst zone
the temperature is higher than at the outlet. The radial profiles at the
centre and the outlet have a similar shape but on a different temperature
level. The radial profiles at the centre and outlet of the catalyst bed peak
in the central axis and decrease in temperature in radial direction to-
wards the reactor wall by roughly 80 K. The assumption of a constant
radial temperature in a 1D model would be a significant loss of model
accuracy. The temperature difference between gas and solid phase is
only about 10 K at the catalyst zone inlet and almost zero further
downstream. The radial temperature profile at the catalyst inlet is
almost constant with a peak close to the wall. Due to very low gas ve-
locities at the wall the temperature peaks almost immediately compared
to a few millimetres downstream in the multi-thermocouple axis (Fig. 4),
as explained earlier. Hence, this unexpected radial profile at the catalyst
inert interface is a result of different axial gas velocities at different
radial positions. The temperature within the wall varies only slightly by
less than 20 K at the different axial positions. But the jump in temper-
ature between the reactor bed and the reactor wall is significant, with
more than 350 K at the catalyst zone inlet. This shows clearly that an
important limiting factor of the effective radial heat transport is the heat
transfer from the reactor bed to the reactor wall. For the example case of
8 bar and 4000 h'! the calculated solid-wall heat transfer coefficient
Asoid—wan (EQ. 37) ranges from 28 W/m?K to 65 W/m>K along the whole
reactor.

Moreover, the two-dimensional model allows solving for a gas ve-
locity distribution in axial and radial direction, which for the used
reactor geometry seems to be crucial (Fig. 11). The small diameter of the
inlet nozzle leads to very high axial flow in the centre of the lower inert
bed. Significant gas velocity gradients occur in radial direction within
the lower inert bed. The gas flow homogenise only within the catalyst
zone. High transport of reactive gas in the axial centre of the catalyst bed
and lower gas velocities at the reactor wall are modelled, which have a
strong effect on the overall reactor performance. These specific flow
characteristics would be completely omitted in a 1D model.

The model revealed the importance of implementing the intra-
particle and particle-bulk-interface mass transfer limitations on the
effective catalyst performance. The intrinsic catalytic activity is reduced
by an efficiency factor to an effective, transfer-limited reaction rate
value (Eq. 47). As displayed in Fig. 12, the catalytic efficiency for the
example case of 8 bar and 4000 h'! was found to be in the range of
0.013-0.016 in the central axis of the catalytic bed. Therefore, only a
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Fig. E.1. Modelled effective reaction rate of CO methanation including its
fractional mathematical terms and the solid temperature over reactor height.

small amount of less than 2% of the intrinsic catalytic potential of the
catalyst can actually be utilized for the example case. The catalytic ef-
ficiency outside of the catalyst bed (0.1-0.15 m) was also calculated and
is therefore displayed in Fig. 12, but did of course not come into use
because reaction rate was set to zero in the inert bed zones.

Moreover, it can be seen in the diagrams that the approximation
between power law and LHHW approach for the catalytic efficiency was
necessary for such small values. For low values the power law approach
was not accurate enough predicting smaller values by approximately a
factor of 10. However, the LHHW approach by Roberts and Satterfield
[23] was designed in particular for small numbers and would lead to
impossibly high values far above one as can be seen in the lower and
upper inert bed area in Fig. 12. Unlimited reaction rates close to the
catalytic interface would make computation of such a system highly
instable and unpractical. The novel approach approximates between the
two mentioned models and therefore combines the benefits of both
allowing stability for higher numbers and accuracy at lower numbers at
the same time.

5. Conclusions and Outlook

A detailed, stable and accurate model of a polytropic 80 mm diam-
eter packed bed methanation reactor system was established. The 2D
model shows good correlation with experimental results over a wide
variety of GHSV (2000 — 8000 h'l) and pressure (1 — 10 bar) for the
methanation of Co-SOEC syngas, which was managed without any
fitting of model parameters to experimental data. A parity plot (Fig. 7)
was implemented to demonstrate the good reflection of the experi-
mentally found temperature values by the model. Deviations between
model and experiment indicate potential for improvement in terms of
temperature measurement sensitivity, incorrect axial positioning of the
catalyst bed and fuzzy inert bed interface in the experiments. Small
deviations in axial alignment of catalyst bed or temperature measure-
ments result in high quantitative differences between model and
experiment because of high temperature gradients in axial direction.
Furthermore, very good agreement of output concentration and COx
conversion between model and experiments was determined. Model and
experiments both approve already found pressure and GHSV de-
pendencies in methanation. [3] Existing methanation reactor models in
literature have mostly included significant heat removal by active
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cooling which has a stabilizing effect to an exothermic system. The
implementation of mass transfer limitation at the catalyst gas interface
was a key step to correctly reduce extreme intrinsic values to effective
reaction rates of the polytropic system with limited heat removal. This
was managed through an approximation between a power law and
LHHW based reaction efficiency calculation. This novel approach allows
to accurately calculate reactor efficiency values not only for high values
close to 1 but also for very low values smaller than 0.01. Existing
modelling studies in literature found reaction efficiency values in a
similar single digit percentage magnitude. Lower gas velocities and large
catalyst particles in the underlying study explain efficiency values even
beneath those found in current literature. In comparison to existing
modelling approaches CO containing feed gas could be successfully
realized by a two-step kinetic. As a consequence of the low reactor
cooling rate, reaction heat removal by radial heat transport in the used
setup is limiting, especially at the packed bed-to-wall interface. The
reaction rate was found to decrease dramatically in the initial Milli-
metres of the catalyst zone as a consequence of almost immediate
thermodynamic limitation. Certainly, there is potential of performance
improvement in the limited cooling rate of this reactor, especially as a
first reactor stage for Co-SOEC syngas. However, a naturally cooled
polytropic system still has high technical relevance for simplified in-
dustrial implementation as second and third reactor stages and for less
reactive gas mixtures such as steel gases or biogas. In consequence of the
modelling findings the inlet geometry adaptions to improve evenly
distributed gas velocity would be beneficial. Moreover, an increase in
gas turbulence by reduction of the reactor diameter is expected to
improve radial heat transport and decrease diffusion limitation Sec-
ondly, active cooling can reduce thermodynamic limitation and lead to
higher COx conversion especially with increasing GHSV. It is for this
reason that a subsequent reactor generation of 14 mm inner diameter
with and without thermal oil cooling is planned to be tested in experi-
ments as well as with this existing model approach. In addition different
feed gas concentrations such as mixtures of biogas, blast furnace gas or
pure CO; with hydrogen are planned to be tested.
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Appendix

See Table. A.1, A.2.

See Fig. C.1, C.2, D.1, D.2, E.1.

A - Thermodynamic gas property.

Polynomial factors to calculate the thermodynamic properties for each species are listed below in Table A.1. Factors appropriate for a lower and
higher temperature range were taken from literature [48].

B - Brinkman equation

Ve(pu)=0

p 1 ry 2 1 H
“—(ueV)u—= —Vp+Ve |py— (Vu+(Vu)' ) —Zp—(Veu)l | -"u
Ebed Ebed Ebed 3" €pea

Journal of CO2 Utilization 62 (2022) 102059

(B.1)

(B.2)

The individual influences cumulated in the momentum equation (Eq. 5) are the terms.

L (ue V)uﬁ representing the inertial forces of the fluid,

Ebed

—Vp representing the pressure forces,

Ve |:[,l — (Vu +(Vu)T) —Su(Veul } corresponding to the viscous forces of the fluid.

and —£u representing the resistance forces caused by the porous medium. [26-28].
C - Figures of mesh test based on solid temperature.

D - Figures of experiment-model-comparison.

E - Figure of effective reaction rate and fractional terms.
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3.2 Experimental and modelling investigation of Co-SOEC syngas
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An in-depth analysis of oil-cooled and naturally ambient air-cooled fixed bed reactors for catalytic methanation
of a feedgas containing CO and CO» has been performed. Combined investigation of modelling and experiments
showed, that small tube-to-pellet diameters ratios and optimized reactor cooling are beneficial for high-capacity
CO/CO, methanation. Very good model accuracy was proven with a 1D approach for small diameter reactor
pipes. It is shown that the reactor design sweet spot under consideration of input gas capacity, methane output
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model. The study reveals insights to the mechanism of combined CO and CO2 methanation showing that initial
CO methanation is kinetically limited, while subsequent CO, methanation is ruled by the kinetics of the reverse
water gas shift reaction. Finally, this works aim is to provide a design strategy for effective and cheap high-
capacity CO/CO2 methanation reactors for industrial scale using commercial pellet catalysts in oil-cooled
tube-bundle-reactors.

recycled to decrease the electric energy demand which allows for
highest electric efficiencies [4]. However, lower TRL of 6-7 [5] and

1. Introduction

Methanation of carbon oxides using renewably produced hydrogen
plays a pivotal role in catalyzing the transition from fossil-based to green
and decentralized energy generation. Enormous amounts of volatile
green electric energy will need to be stored on a seasonal basis and
transported in a multi-gigawatt scale, comparable to the capacity of
today’s fossil energy carriers. [1] Long-term energy storage and
high-capacity energy distribution is already possible with the existing
infrastructure of natural gas grids and underground gas storage facilities
in the form of synthetic methane potentially containing also shares of
green hydrogen. [2,3] In addition, certain carbon dioxide sources are
emitted from hard-to-abate-industries, such as from waste incineration
plants, refractory production or calcination of lime in cement plants, and
thereof rely on CO, utilization. Furthermore, in a transitional period the
natural gas demand of industrial processes can be satisfied without
depending on unreliable fossil energy sources from instable regions.
However, as the prior step an adequate electrolysis capacity is needed to
produce hydrogen from green electricity. The high-temperature solid
oxide electrolysis cell (SOEC), which can also be used to co-reduce COy
to CO (Co-SOEC), is known for its exceptional efficiencies [4]. With an
SOEC excess heat e.g. from oil-cooled methanation reactors can be

lower proven lifetime (<20,000h) [6] were reported compared to
alternative electrolysis technologies. In this paper, we will mainly
address Co-SOEC syngas as methanation feed. However, other syngas
sources with similar compositions, such as from biomass gasification,
are also viable and can be treated similarly.

Methane is formed with hydrogen from carbon monoxide or carbon
dioxide according to the Sabatier reactions shown in Eq. 1 and Eq. 2. [7,
8] The reverse water gas shift reaction couples both Sabatier reactions
according to Eq. 3. In packed bed reactors, nickel has emerged as the
most promising catalytically active material for catalytic methanation. It
offers a compelling combination of low cost, excellent catalytic activity,
and high selectivity [8].

CO, methanation :

@
- 1764

CO, +4H, & CH, +2H,0  AHR*¥
mol

CO methanation :

2)
CO + 3H, & CH, + H,0 AHp* = 7215.9%
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Nomenclature v Velocity, m s™?
Vin Input volume flow, m3 s~!
Abbreviations Vieactor ~ Reactor volume, m®
COM CO methanation q Heat flow density, W m2
GHSV  Gas hourly space velocity . Porosity, —
PFR Plug-flow reactor . . Erad Emissivity coefficient, —
rWGS Reverse wate'r gas sh}ft reaction « Heat transfer coefficient, Wm—2 K-1
WGs Water gas shift reaction n Dynamic viscosity / effectiveness factor, Pas / —
Symbols y) Heat conductivity, Wm™! K~}
i Concentration of component i,mol m—3 Hi Chemical potential of component i, J kmol
& Heat capacity, Jkg * K- vjj Stoichiometric factor of component i of reaction j, —
D; Diffusion coefficient of component i, m? s~! 4 Density, kg m™®
dr; Inside diameter of the reactor pipe, m Teat Tortuosity of catalyst, —
dro Outside diameter of the reactor pipe, m @ Thiele modulus, —
dparicte  Particle diameter of catalyst, m Subscripts and superscripts
Epj Activation energy of reaction j,J mol * air Ambient air
AGy; Free reaction enthalpy of reaction j,J kmol ! adapted Adapted within this study
AH,;;  Adsorption enthalpy of component, J mol ™" bed Packed bed )
AHpg Enthalpy of reaction, J mol”! bed — wall From packed bed to pipe wall
ky Stefan Boltzmann constant, W m~2 K—* cat Cata%yst
K; Adsorption constant of component i, differs cool Coohr.lg
. . . eff Effective
K? Pre-exponential factor of adsorption constant, differs gas Gas
k; Reaction rate coefficient of reaction j, differs i Index of gas component
k;’ Pre-exponential factor of reaction rate coefficient, differs in Input
Kycom  Equilibrium constant (pressure based) CO methanation, inside At the inside of the pipe
Pa—? intr Intrinsic
Kyrwes  Equilibrium constant (pressure based) for reverse WGS, — Jj Index of reaction
kf{,rf Effective wall heat transfer coefficient, W m=2 K~} knvu Kr}udson (c‘liffuéion) . -
L Reactor Length, m mix M}xture)(dlffusmn coefficient of component i in gas
1 mixture
M Molar mass, kg mol. . B outside At the outside of the pipe
; Molar. flow of species 1,. mo.l s steel Steel
" Reaction order of reaction j, — STP Standard temperature and pressure conditions
p Pressure, Pa. op. Operation condition
r Reaction rate, mol kg_+ 5! out Output
T Control variable of reactor radius, m p Particle
rv Volumetric reaction rate, mol m3 s~ pore Pore
R Ideal gas constant, J mol ' K1 rad Radiation
R, Radius of reactor, m radial Radial direction
Reop Particle Reynolds number with superficial velocity, — reactor ~ Reactor
Rep Particle Reynolds number with “operating” velocity, — solid Solid fraction without pores
Sc Schmidt number, — sup Superficial (velocity)
Se Semenov number, — \%4 Volumetric
Sh Sherwood number, — wall — air From piping wall to ambient air
T Temperature, K 0o Of extended packed beds (bed porosity)
Reverse water gas shift : The first reactor stage with high exothermic heat release is the most
KJ 3) challenging step of a methanation system and therefore is the focus of
CO; +H, ©CO+H,0 AHR™™ = 395@ most papers, as well as in this work. It has been shown by modelling and

The overall aim of this study is to highlight the most important
factors to design efficient and cost effective CO/CO, methanation re-
actors. Effective and cheap tubular reactor design needs to ensure
compliance with maximum catalyst temperature, low pressure drop at
high gas input capacity and high conversion rates. For capacity com-
parison of different reactor systems the “gas hourly space velocity”
(GHSV), which can also be referred to as catalyst load, is calculated by
the standard volume flow per reactor volume (Eq. 4).

Vinop. Tin Dste
Vieactor Tstp Pin

GHSV = ()]

experiments in Krammer [9,10], that highly reactive Co-SOEC product
gas consisting of mainly CO, Hy and little amounts of CO5 can be
methanized in naturally cooled 80 mm reactors at up to 8000 h™! ca-
pacity with moderate conversion of 60% in the first reactor. Stoichio-
metric CO, methanation in oil-cooled packed bed reactors was
investigated based on experimentally validated models at up to 38,
000 h'! by Gruber [7], at up to approximately 15,000 h™' by Ducamp
[11], Try [12] and Kiewidt [13] and at up to 4400 h'! by Vazquez [14].
Lefebvre [15], Schlereth and Hinrichsen [16], Sun and Simakov [17]
and Kreitz [18] conducted CO2 methanation modelling at up to 60,
000 h'! but without experimental validation. Microchannel reactors for
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methanation were investigated by Engelbrecht [19], Vazquez [14] and
Kreitz [18] for CO, methanation at channel sizes between 0.45 and
2 mm. Reddy [20] investigated CO/CO, methanation on a ppm basis
over Ru/y-Al,Og3 catalysts. A proven and valid strategy to control fixed
bed methanation reactor temperatures is product gas recycling. How-
ever, this approach requires additional equipment in terms of recycling
compressors, more piping and larger reactor volumes contradicting the
focus on developing the most cost-effective solution for stable metha-
nation. [21] To our knowledge strategies for effective methanation
reactor design, applicable for industrial scale CO-rich feed gases, are not
sufficiently covered in literature. High reactivity of CO methanation
results in extremely dense reaction heat production, which easily leads
to undesired temperature peaks in the catalyst bed.

This work aims to close the research gap in CO/CO2 methanation
based on a combined experimental and modelling approach, with a
focus on optimized heat management of fixed bed reactors, avoidance of
hot spots, industrial applicability in large scale, high capacity reactors,
and thus contribution to low-cost renewable SNG production. Therefore,
commercial nickel-based catalyst pellets were used. A 1D PFR model

Journal of CO2 Utilization 80 (2024) 102661

under different process conditions and for a low diameter ratio (d,i/d,
=4.7) is developed and its high accuracy is demonstrated. Process pa-
rameters (pressure, GHSV) and reactor design parameters (diameter,
length, cooling) are addressed and its effects on important performance
parameters (methane output concentration/COx conversion, pressure
drop, temperature profile) are derived.

2. Method

Three tubular reactors with the same inner diameter of 14 mm and
varying catalyst lengths and cooling designs were used for the experi-
mental investigations. Reactor 1 with a 840 mm catalyst zone and
without active cooling, reactor 2 with 700 mm catalyst zone and with
active cooling, and reactor 3 with 600 mm catalyst zone also with active
cooling (Fig. 2). Reactor 2 and reactor 3 are cooled by thermal-oil in a
shell-tube reactor. Reactor 3 differs from reactor 2 by a 100 mm pre-
heating zone at the expense of catalyst height. The reactors were
mounted into an existing lab-scale methanation plant, which was
described in greater detail in Medved [22] and Krammer [10].

Gas output 1
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Fig. 1. Schematic scaled drawing of all three used types of 14 mm diameter tubular packed bed reactors with 840 mm (naturally cooled reactor 1), 700 mm (oil-
cooled reactor 2) and 600 mm (oil-cooled reactor 3) catalyst bed length including eight temperature measurement points.
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Reactor diameters in the range of 10 mm to 15 mm were suggested
for tubular CO, methanation reactors. [13,23] Considering the higher
exothermic heat release of CO methanation (Eq. 2), a high radial heat
transport in the catalyst bed to the reactor wall is important, which can
be achieved by reactor diameter minimization under consideration of
industrial catalyst pellet dimensions. Based on a 1D model for CO,
methanation, El-Sibai [23] found the optimum reactor diameter at the
lower bound of 10 mm, since the small reactor diameter enhances heat
transfer to the cooling medium and increases the area-to-volume ratio.
Furthermore, the authors postulated a tube-particle diameter ratio >10.
According to Sie [24] the traditional rule of thumb of a tube-particle
diameter ratio of at least 10 [25] for packed beds is not necessarily
applicable, because the beneficial effects of radial dispersion of gas in a
packed bed reduces the formation of a distinct radial velocity profile.
Andrigo [26] argues, that extremely low diameter ratios of 4 or 5 are
viable to increase radial heat transfer and counter hot spot formation in
packed beds. For simplified but sufficient experimental representation of
industrial catalytic packed beds even single pellet string reactors are
used with the extreme diameter ratio slightly above 1. [24,27,28] Also
industrial applications with very low reactor diameters of 20-25 mm
and low pellet-pipe-diameter-ratios around 3 have been realized for
catalytic reactions in multitubular packed bed reactors [29-31]. Further
information of low diameter ratios in packed bed reactors and related
consequences for gas and porosity distribution are presented in the
appendix.

Each reactor used for the experiments is equipped with eight single
temperature measurement points with 1 mm diameter type K thermo-
couples (TI1 — TI8 in Fig. 1) within the reactor for measuring the axial
temperature profile in order to facilitate a detailed model validation.
Practical applicability of the experimental setup, such as implementa-
tion of eight thermocouples, resulted in 14 mm of inner reactor diameter
as the possible lower limit. During experiments with the 600 mm long
reactor the 6th thermocouple broke, resulting in a loss of temperature
data.

The commercial nickel-based catalyst Meth134 was used with an
original particle diameter largely between 2.8 and 6.3 mm. However,
the catalyst spheres were sieved with a mesh size of 4 mm for easier
reactor filling. The maximum operation temperature without activity
loss of Meth134 is specified with 510 °C, and 700 °C for short periods.

The existing lab-scale plant was amended by an oil-thermostat
LAUDA Integral IN 4 XTW to allow cooling temperatures precisely
controlled up to 320 °C at the reactor cooling inlet. The cooling oil flows
countercurrently to the gas flow direction. The counter current oil flow
enables lowest cooling temperatures at the reactor output of about
320 °C, and consequently equilibrium composition at this temperature
level is achieved. In contrast, at the input side of the reactor, higher
cooling oil temperatures are beneficial for preheating the gas to the
reaction kick-off temperature. In the hot spot zone the driving force
between peak temperature (about 600 °C) and oil (323 °C +/- 3 K) is not
significantly affected by single-digit lower cooling temperatures. Ex-
periments showed that the maximum temperature increase of thermal
oil over the reactor length is at its maximum about 6 K (from 320 °C to
326 °C). For simplification a constant mean value of 323 °C for thermal
oil cooling temperature in the model was chosen. As feed gas synthetic
Co-SOEC syngas of 76.8 vol.-% Hj, 18.3 vol.-% CO and 4.9 vol.-% CO,
[9] was mixed from bottle gases via mass flow controllers. The dry
product gas concentration was measured behind a condensation trap
with the gas analysis system ABB Advanced Optima AO2000. Reactor
pressure was measured with a pressure transmitter downstream the
reactor outlet. Reactor design and experimental parameters are sum-
marized in Table 1.
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Table 1
Experimental parameters, methanation reactor dimensions and packed bed
parameters.

Inner reactor diameter 14 mm
Reactor wall thickness 2 mm
Inner cooling tube 23 mm
diameter
Catalyst bed height 840 mm, 700 mm, 600 mm
Catalyst pellet diameter mainly 3-4 mm
Catalyst bed porosity 0.395
(centre)
Catalyst intra-particle 0.67
porosity

Alumina (72.2 wt.-%), Calcium Oxide (5.6 wt.-%),
Nickel (22.2 wt.-%)
H,: 76.8 vol.-%, CO: 18.3 vol.-%, COs: 4.9 vol.-%

Catalyst composition

Feed gas composition

Cooling temperature 323°C
Reactor pressure 1-6 bar
GHSV 4000-29,000 h*

3. Model

The 1D stationary homogenous packed bed methanation reactor
model was realized in MATLAB® using the numerical ODE23 solver. The
Gierman criterion [32] as well as a criterion given by Sie [24] support
the plug-flow assumption, whereas flow quality and radial porosity
distribution of the packed bed are discussed in greater detail in the ap-
pendix. [24,33] Schlereth and Hinrichsen [16] compared 2D and 1D
modelling for CO2 methanation in 10 mm, 20 mm and 30 mm diameter
reactors at 5000 h'! (reference case) and found, that for basic under-
standing of the process characteristics a 1D model was sufficient.
However, the authors found the radial temperature gradients may lead
to an underestimation of temperature peaks.

For the homogenous 1D model following assumptions in addition to
steady-state plug-flow were made:

e Axial mass transport only by convection, dispersion was neglected

e Axial heat transport only by convection, heat transport by dispersion
or effective bed heat conduction was neglected

e No significant concentration and temperature gradients between
packed bed and gas (homogenous model)

e Ideal gas

e Constant cooling oil temperature and velocity

The exact same 1D plug-flow model was used to simulate all three,
the naturally ambient air-cooled and the two actively oil-cooled reactor
systems. As initial gas temperature for the model, experimentally
determined values at the beginning of the catalyst zone were used for the
840 mm and 700 mm reactors. For the initial temperature of the
600 mm long reactor 3 the temperature values of the measurement
points TI2 and TI3 (Fig. 2) were interpolated, since the exact interface
between inert balls and catalyst bed cannot be determined. In the real
reactor setup there is no explicit boundary layer between inert bed and
catalyst as is considered in the model. The inert balls and catalyst balls
mix at the interface during reactor filling and installation. As a conse-
quence, there is a bed section with diluted catalyst between the inert and
catalyst bed and the exact initial catalyst temperature can hardly be
determined.

The mass balance for every gas species i and the energy balance are
described in Eq. 5 and Eq. 6.

1)

5_1 T VWGS) 5)

(V Ci) = pbgd(l/i,COM rcom + Viywes
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Fig. 2. Performance comparison based on experimentally found (bars) and modelled (‘x’-markings) COy conversion and modelled maximum temperature
(‘a’-markings) of three reactors with 14 mm diameter (840 mm naturally cooled, 700 mm oil-cooled and 600 mm oil-cooled catalyst zone) and a reactor with 80 mm
diameter (50 mm naturally cooled catalyst zone) [9] in dependency of GHSV and pressure.
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Radial heat flux according to Eq. 19 shows that lower reactor di-
ameters ensure higher radial heat transfer in tubular systems.

4
Gradial = — d*kiff(T — Teoot) (19)
The overall wall heat transfer coefficient through a reactor wall is

mainly defined by the inner and outer heat transfer coefficient and to a
lesser extent by the wall heat conduction (Eq. 20).

: 1 Swa |
KT = ( g Swall )~ (20)
QAped—wall Asmel Qoutside
The heat transfer coefficient between packed bed and wall peq_wan is
given in Eq. 21 as formulated by Specchia [35].

1 — €pea
Agas
Asolid

j’ as
-2 10.0835Re), " + 26400 +

‘particle

(21

QAped—wall =

For an oil-cooled reactor the outside wall heat transfer coefficient to
the cooling 0il Qpuside wair—oil S based on a Nusselt-correlation as described
in Gnielinski [36]. For the naturally cooled system the outer heat
transfer coefficient doyusigewan—air iS considered based on free convective
flow at the outside of the reactor pipe (Eq. 22) [37].

o/ Twan — Tair

22
dl‘.() ( )

Qoutside wall—air — 1.32
The pressure loss in a packed bed can be calculated by the Ergun
equation (Eq. 23).

(1 - €bfd)2 Mgas Vsup +1.75 (1 - Ebad) Pgas Vsupz
2 . 3

dyariicle Eped’

Ap
— =150
AL ebed3

(23
dparzicle

Furthermore, radiation at the outside of the reactor pipe is taken into
account as shown in Eq. 24. Since radiation in the oil-cooled system to
ambient does not occur due to insulation it can be neglected for these
reactor set-ups.

4
Y radiation = digmdkb(Twall4 - Ta[r4) (24)

The CO/CO, methanation performance parameter COx conversion is
a combination of CO; and CO conversion as explained in Eq. 25.

(frcon — tcoou) + (corin — frco.ou)

Nco,in + Ncoz.in

COyx conversion = (25)

Calculation of physical properties such as gas viscosity, heat capac-
ity, heat conductivity and diffusion coefficients are based on empirical
polynomial functions found in VDI Warmeatlas [38].

4. Results and discussion

While the outer heat transfer coefficient can independently be tuned
by active cooling properties, the inner bed-wall heat transfer is a func-
tion of gas turbulence (Reo,), particle diameter, porosity and gas and
solid heat conductivity. In conclusion of Eq. 19 and Eq. 21 as given in
Specchia [35], the inner heat transfer coefficient can be practically
mainly influenced by the gas velocity. A reduction of particle diameter
has only limited beneficial effect on the coefficient, but it directly affects
the radial transport distance.

However, an increase of gas velocity not only enhances radial heat
transport but also increases the pressure loss according to the Ergun
equation (Eq. 24) as discussed in [39]. In order to maintain a constant
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pipe-to-pellet diameter ratio and avoid excessive pressure loss, it is not
possible to reduce the particle size to the same extent as the tube
diameter. Decreasing the particle size to match the tube diameter would
result in even higher pressure losses. [40].

Improved heat removal allows more heat to be produced at higher
reaction rates or higher GHSV without a temperature increase. As a
result, improved temperature control can be achieved by higher gas
velocity (Eq. 18 and Eq. 22), lower reactor diameter (Eq. 20) and
enhanced active cooling at the outer reactor wall (Eq. 21).

Fig. 2 is an accumulation of experimental and model-based findings
for 4 different reactor designs. The COx conversion and the related
maximum temperatures are shown in dependency of reactor design,
pressure and GHSV.

Fig. 2 shows that the conversion of all the 14 mm reactors is signif-
icantly better than with the 80 mm naturally cooled system [9]. The
reactor diameter reduction from 80 mm to 14 mm (both naturally
cooled) resulted in a significant improvement of COy conversion, for
example from 67.5% to 97.5% at 6000 h'! and 6 bar. The radial heat
transport within the packed bed was enhanced by lower radial distance
(Eq. 20) and higher gas velocity (Eq. 18 and Eq. 22).

Comparison of actively oil-cooled reactor 1 and naturally cooled
reactor 2 both with 14 mm diameter shows an improvement of perfor-
mance by cooling. At 6 bar and 6000 h™! almost full conversion of 99.6%
was achieved with cooling, compared to 97.5% without cooling. At the
same time the maximum temperature could be reduced from 830 °C to
761 °C.

For the oil-cooled 14 mm reactors with and without preheating zone
very similar results were found. Almost the same conversions can be
detected. However, the maximum temperature increases as a result of
preheating. At the one hand lower gas velocities occurred in reactor 3
(lower catalyst volume at the same GHSV), and additionally higher
starting temperatures caused the peak temperature to increase.

In each of the oil-cooled 14 mm reactors the peak temperature de-
creases with increasing GHSV. This is again caused by an increase of
radial heat transport due to higher gas velocities (Eq. 18 and Eq. 22). On
the other hand, in the naturally cooled 14 mm reactor the peak tem-
peratures increase with increasing GHSV. Without cooling the overall
heat transfer is limited at the outer wall-air interface, not (only) at the
inside. As a result, an increase of gas velocity has no significant bene-
ficial effect on the overall radial heat transfer (Eq. 21) in the naturally
cooled 14 mm reactor.

Furthermore, it can be seen that ‘X’-markings and bars closely match,
which indicates, that the model very accurately represents the experi-
mental findings in terms of COx conversion.

Finally, this diagram illustrates that peak temperatures are way too
high at high capacities and high pressures, even in oil-cooled 14 mm
reactors. Such extreme temperatures exceed not only the long term
maximum temperature of 510 °C by far for the used catalyst, but also the
the short term specification of 700 °C. Since no loss of activity could be
detected throughout all the experiments, slightly higher temperatures
around 550 °C may be feasible for long term methanation with this
specific catalyst. A maximum temperature of 531 °C was achieved based
on model and experimental data with the oil-cooled 14 mm reactor 2 at
6000 h! and 1.4 bar, resulting in 95.5% COy conversion. The dry
product gas concentration in this case was 75.7 vol.-% CHg4, 21 vol.-%
Hj, 3.3 vol.-% CO,, which would require a second reactor stage or gas
processing to achieve recent natural gas injection requirements of
Austria [41] and most European countries [2,3] of maximum 10 vol.-%
Hp. At equal conditions (1.5 bar, 6000 h™D) the 80 mm reactor achieved
only 61.5% COy conversion.

The experiment-model consistency is presented in greater detail in
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Fig. 3. Parity plot of modelled and experimentally found reactor temperatures in the 14 mm diameter and 840 mm length naturally cooled reactor for different
pressures and GHSV (same symbols represent quasi-axial temperature profile).
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Fig. 5. Parity plot of modelled and experimentally found reactor temperatures in the 14 mm diameter and 600 mm length oil-cooled reactor for different pressures

and GHSV (same symbols represent quasi-axial temperature profile).

Figs. 3-5, which present parity plots of measured and modelled tem-
perature data for each of the three reactor types.

As Fig. 3 illustrates, for the naturally cooled 14 mm reactor at higher
temperatures above 500 °C the model accuracy is very good, as the
markings align closely with the 45° line. However, at cooler zones the
model tends to underestimate the reactor temperatures roughly by about
100 K at 100 °C and about 50 K at 400 °C in regard to the linear data fit.
In addition, tests at lower reactor pressure at around 1 bar (‘x’-mark-
ings) show the highest deviation, while higher reactor pressures (4 bar:
‘CJ’-markings, 6 bar: ‘\/’-markings) are more accurate.

The overall model accuracy for the oil-cooled 700 mm long 14 mm
diameter reactor is very good. However, in contrast to the naturally
cooled system the maximum temperature values are overestimated by
about 120 K throughout all pressure values, while measured and
modelled temperatures below 400 °C are almost identical.

For the 14 mm reactor with preheating and 600 mm catalyst zone,
GHSV between 10,000 h! and 25,000 h! was investigated. The overall
model accuracy is again very good, whereas maximum temperature
values are slightly overestimated and moderate temperatures slightly
underestimated by the model. Deviation tends to be higher for higher
GHSV values, while low GHSV values have almost no deviation in
measured and modelled temperature. An increasing trend in error
almost perpendicular to the 45° line with increasing GHSV can be seen
in Fig. 5. This trend in error implies the relations implemented in the
model should be reconsidered for further investigations at higher gas
velocities.

The parity plots give a good collective overview of the model-
experiment consistency and allow to derive certain tendencies with
pressure or GHSV as discussed above. However, axial temperature and
mole fraction profiles enable a deeper insight in the reasons for the
identified model inaccuracies. Therefore, in Figs. 6 and 7 axial

temperature and mole fraction profiles for selected cases are presented.

As exemplarily shown for three GHSV and pressure pairs in Fig. 6, the
overall model-experiment alignment in terms of the axial temperature
profile is extremely good. The information gained from the 1D model in
terms of maximum temperatures is substantial, since extreme tempera-
ture gradients found by the model could hardly be identified accurately
by punctual experimental measurement with thermocouples (Fig. 6¢
and Fig. 6e). Small errors in axial thermocouple alignment would result
in a significant temperature measurement deviation due to the extreme
axial temperature gradients.

A slightly higher model-experiment deviation in temperature at low
pressures can be seen in Fig. 6a compared to Fig. 6¢c and Fig. 6e, which is
likely caused by a lower accuracy of the kinetic model at low pressures
as also shown for the naturally cooled reactor in Fig. 3. Although the
temperature is initially rising at the catalyst bed inlet, the exponential
increase of temperature is not high enough in Fig. 6a. This indicates too
low reaction rate coefficients and therefore too low pre-exponential
factors or too high activation energy for this low pressure range (Eq.
27 to Eq. 43) as similarly discussed by Gruber [7]. As a result, the
achieved water and methane concentration shown in Fig. 6b is too low,
while Hy, CO and CO; remain at too high levels compared to the ex-
periments. Hence, these deviations in modelled and measured concen-
tration and temperature results are likely connected to reaction kinetics
of the reverse water gas shift reaction (Eq. 28) and of the CO metha-
nation reaction (Eq. 27), which may require further improvement of the
intrinsic kinetic model at low pressures.

In Fig. 6¢ at 6 bar and 6000 h the temperature profile shows a sharp
increase to 827 °C as a consequence of significantly higher reaction rates
predicted by the kinetic model at elevated pressure. Downstream the
maximum temperature value, the profile almost linearly decreases as the
system cools down by natural convective cooling against atmospheric
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temperature. A slight dip in the linear temperature decrease is given
around 0.3 m length, which is aligned with the full consumption of CO
(Fig. 6d). Downstream of this point CO, is consumed at a significantly
higher rate. Upstream of this point in Fig. 6d and f, a CO, formation may
be assumed, but the mole fraction only increases because the total
number of moles decreases due to the ongoing chemical reactions.
However, the mole fraction of CO downstream of 0.3 m in Fig. 6d does
not increase, because it is immediately converted to CHy. Interestingly,
the mentioned dip in temperature calculated from the 1D model can be
seen as well in the experimentally found data at the almost same
position.

In Fig. 6e an increase in GHSV value of 8000 h™! compared to 6000 h’
Lin Fig. 6¢ leads to generally higher temperatures in the naturally cooled
system (the opposite tendency was found for oil-cooled reactors). The
linear temperature decrease downstream the temperature peak is less
steep with higher GHSV, which is a result of a heat transfer limitation.
While the inner heat transfer coefficient at 6000 h™! and 6 bar with
approximately 547 W m? K! increases due to an increase in Reynolds
number to 680 W m™ K™ at 8000 h’! the outer heat transfer coefficient
stays constant with 19.5 W m2 K'! (each value calculated at the point of
maximum temperature). Therefore, the naturally cooled systems radial
heat transfer rate is limited by the outer pipe-to-air heat transfer. As a
result, an increase in feed gas flow at almost the same conversion leads
to more produced reaction heat, which results in higher reactor tem-
peratures because the heat cannot be adequately removed in radial di-
rection. These findings show, that the extreme temperature values and
outer heat transfer limitation have to be addressed by active cooling, e.g.
with thermal oil. A detailed discussion of the oil-cooled 14 mm diameter
methanation results based on axial profiles derived from model and
experiments is conducted in Fig. 7.

As in Fig. 6, also in Fig. 7 the alignment of modelled and experi-
mental temperatures and gas composition is very accurate.

It can be seen that the starting temperature at the catalyst bed
entrance of the preheated reactor 3 is with 646 °C (Fig. 7c) and 590 °C
(Fig. 7e) significantly higher, than for the 700 m long reactor without
preheating given in Fig. 7a (39 °C). The reason for the high initial
temperature is the above mentioned 100 mm long preheating zone in
reactor 3, which is missing in reactor 2. In this preheating zone the hot
thermal oil at around 323 °C significantly heats up the inert packed bed,
and consequently the incoming gas. As a result, the reactor temperature
quickly spikes to 826 °C only a few millimetres downstream the catalyst
bed entrance (Fig. 7c and e), due to higher initial kinetics. In contrast, in
reactor 2 without preheating the incoming gas needs to be heated to the
kick-off temperature within the catalyst bed until it spikes roughly
100 mm downstream of the inlet (Fig. 7e). The maximum temperature
in reactor 2 is lower compared to reactor 3 at the same GHSV of
25,000 h'!, because part of the gas is already converted upstream of the
spike leading to lower maximum reaction rates. The maximum tem-
perature decreases in the oil-cooled reactor with increasing GHSV (both
reactor 3) from 826 °C at 10,000 h™" to 786 °C at 25,000 h™ due to
higher inner heat transfer coefficients according to Eq. 18 and Eq. 22 as
already discussed.

In all presented cases with reactor cooling subsequently to the tem-
perature peak a rapid decrease can be observed which finally ap-
proaches the cooling temperature of 323 °C. Analogously to the
temperature spike in the first 8 mm of the catalyst zone in Fig. 7c, a steep
decrease in reactant gas concentration within 8 mm can be seen in
Fig. 7d due to the high reaction rates at 10,000 h™! and 6 bar. Within this
length of 8 mm CO is almost fully converted to CHy, similar to the
findings of the naturally cooled reactor (Fig. 6). However, only 8 mm of
reactor length are necessary for complete CO consumption with the oil-
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cooled system compared to around 30 mm of reaction length at the
naturally cooled set-up with comparable operation conditions of 8000 h*
! and 6 bar (Fig. 6e). In conclusion, the capacity limiting pipe-to-air heat
transfer of the naturally cooled 14 mm reactor was significantly reduced
by oil cooling, resulting in less necessary reactor volume for the same
conversion. Correspondingly, the outside heat transfer coefficient was
increased from roughly 20 W m™ K (pipe-to-air) to 2800 W m™ K (pipe-
to-oil). Therefore, the naturally cooled reaction is limited by the
resulting packed bed temperature which indicates thermodynamic
limitation between catalyst bed inlet and point of full CO conversion. By
active oil-cooling, this thermodynamic limitation could be reduced.

The section of the temperature curve close to the reactor outlet
(second half of catalyst zone) is characterized by a more flat form, slowly
approaching the cooling temperature in all cases in Fig. 7a, ¢ and e.
Similar to the naturally cooled reactor discussed above, the turning
point of the temperature curves corresponds to the points of full CO
conversion (Fig. 7b, d, f). From this point on, CO, is converted to CO,
which again immediately reacts to CHj.

In Fig. 11 in the appendix the deviation to the thermodynamic
equilibrium at each point of the oil-cooled reactor length is presented. In
accordance to Fig. 7b and d (as well as Fig. 11 in the appendix) the
catalyst zone of the oil-cooled reactors can be divided into two zones
with different limitations. First, a short initial zone of kinetic limitation
of the CO methanation reaction of about 8 mm to the point of full CO
consumption can be derived. The CO methanation kinetic limited zone is
followed by a limitation of the reverse water gas shift reaction in the
larger rest of the catalytic bed. This is also reflected by the reaction rates
of CO methanation and rWGS. The reaction rate of CO methanation is
limited to the rate of rWGS, which almost perfectly align in this section.
Hence, a further increase in rWGS reaction rate would speed up the
overall process. This could be achieved by blending the nickel catalyst in
the second half of the reactor with rWGS specific catalyst, such as iron-
chromium or copper-zinc based catalysts [42,43].

In Fig. 7e the temperature values of the experiment are not as well
aligned as in Fig. 7c. Inaccurate estimation of the initial temperature at
the reactor inlet or deviation due to a significant radial temperature
profile are two possible explanations for model-experiment misalign-
ment. A higher starting temperature leads to an increase in peak tem-
perature and a horizontal shift of the curve to the right of the diagram,
which becomes apparent when Fig. 7a and Fig. 7e are compared. On the
other hand, experimental determination of extreme temperature gradi-
ents with 1 mm thick thermocouples, including a deviation in their exact
axial and radial position in the catalyst bed, is a relevant source of error.
Furthermore, the neglect of effective heat conduction within the catalyst
bed may have resulted in model inaccuracy.

5. Design strategy for high-capacity methanation systems

As Bohm [44] suggested, the CAPEX costs are the second most
important cost factor after electrical energy costs for SNG production of
a combined Co-SOEC and methanation PtG plant. In order to consider-
ably reduce methanation costs, the reactor size and complexity for a
given volume flow should be minimized. Tube-bundle reactors are
simple, easily scalable to industrial capacities, suitable for commercially
available catalyst and thermal oil cooling. Furthermore, it is inevitable
to keep the reactor temperature below catalyst deactivation temperature
(510 °C long-term stability temperature for Meth134). Low pressure loss
contributes to moderate operation costs.

In this regard, the PFR reactor model was used to investigate the
effects of reactor design and operation parameters for industrial appli-
cation outside its validation range. At first temperature reduction by
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Table 2
Comparison of performance results of different reactor dimensions.
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GHSV Volume flow per reactor (STP) Pressure COx-conv. Max. Temp. Pressure loss
d, =80 mm 6000 h! 25 L min™ 1.3 bar** 61.7% 613 °C < 0.1 bar
L=50 mm 6000 h'! 25 L min™! 4 bar 64.8% 721°C < 0.1 bar
d; =14 mm 6000 h'! 10.7 L min’ 1.4 bar** 95.5% ~531 °C* 0.03 bar
L=700 mm
d; =14 mm 10,000 h'?! 15.4 L min’? 4 bar 97.2% 756 °C 0.05 bar
L=600 mm 25,000 h! 38.5 L min! 4.5 bar 94.1% 741 °C 0.2 bar
100,000 h'! 153.9 L min™! 4 bar 83.9% 608 °C 2.2 bar
d; =10 mm 100,000 h'! 56.1 L min™! 4 bar 80.7% 503 °C 0.84 bar
L=429 mm
d; =10 mm 100,000 h'! 39.3 L min? 4 bar 80.4% 513°C 0.3 bar
L=300 mm

" maximum temperature was derived by experiments

" pressure < 4 bar may lead to carbon deposition with Co-SOEC syngas [10]

high gas velocities at high GHSV values were tested. At 100,000 h! and
4 bar outlet pressure the temperature of the 14 mm diameter and
600 mm long reactor is calculated to peak at 608 °C (83.9% conversion),
which is significantly lower compared to 25,000 h? and 741 °C
(Fig. 7c). However, with increasing gas velocity also the pressure loss
increases ten-fold from 0.2 bar to 2.2 bar for the given example, leading
to a significant increase in compression effort and overall inefficiency.
Additionally, higher pressure loss contradicts efforts for temperature
reduction, as higher absolute input pressures are necessary to maintain
the outlet pressure.

Secondly, the maximum temperatures can be reduced by applying
lower reaction pressures, but only on the expense of less favourable
thermodynamic and kinetic conditions. In addition, the pressure for Co-
SOEC syngas methanation should be kept above 4 bar to reduce the risk
of carbon deposition as shown in an earlier study [10]. In consequence,
moderate pressures between 4 bar and 6 bar for Co-SOEC syngas
methanation should be aimed at.

If volume flow and pressure tuning is limited to achieve acceptable
packed bed temperatures, the reduction of reactor diameter is the
remaining tuning parameter in high-capacity reactors. As has been
already suggested by El-Sibai [23] and Sie [24], the reactor diameter
was further reduced to 10 mm for increased heat removal without the
drawback of pressure loss. A reactor length of 429 mm at constant
diameter-to-length ratio and constant particle diameter of 3 mm for low
pressure loss was defined. On the downside, the low diameter ratio of
3.3 likely leads to more inhomogeneous bed porosity and velocity
maldistribution compared to larger reactors, which was thoroughly
addressed in detail in the appendix. Model-based testing resulted in
503 °C maximum temperature, 80.7% conversion and 0.84 bar pressure
loss. Furthermore, it was found that with 10 mm diameter a catalyst bed
length of 300 mm is sufficient to achieve almost equal 80.4% COy con-
version with only 0.3 bar pressure loss and 513 °C temperature peak in
the 10 mm reactor. Such small reactor dimensions would lead to an
enormous number of reactor pipes in tube bundle reactors built for in-
dustrial scale volume flows, if the relative capacity was not adequately
increased. For the presented design examples, 14 mm diameter, 600 mm
length, 25,000 h™! vs. 10 mm diameter, 300 mm length, 100,000 h'!, the
absolute capacity per reactor pipe remains constant with about 2.3
Nm® h'l, while the avoidance of hot spots in the catalyst bed can only be
achieved in the latter case. As a result of the suggested design adaption
from 14 mm to 10 mm diameter the absolute number of pipes would
stay the same for a given volume flow, whereas with 10 mm reactor
pipes, only half of the total reactor pipe length and one quarter of the
amount of catalyst would be necessary. In Table 2 an overview of the
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performance at several reactor dimensions and operation parameters are
summarized.

The only reactor design, other than the 10 mm reactor, that was
found to be capable of meeting moderate maximum temperature around
550 °C is the 14 mm reactor at only 1.4 bar and 6000 h? GHSV
including high probability of carbon deposition due to low pressure.
Obviously, the reactor diameter cannot be reduced infinitely due to
practical installation and catalyst filling issues. Catalysts with high
temperature tolerance [45] would benefit CO methanation at multiple
levels, as higher reactor diameters and higher kinetics would be
possible. A reduction of catalyst pellet size for higher diameter ratio
would lead again to higher pressure loss. Further investigation of the
proposed 10 mm reactor design is necessary with a focus on adverse
impacts by flow and porosity maldistribution. However, industrial ap-
plications of catalytic packed bed reactors with 20 mm diameter and a
diameter ratio of 3 have been successfully realized. [29-31] The benefits
of maximum catalyst temperature compliance may outweigh adverse
flow characteristics. Moreover, the presented example shows that
model-based reactor dimension optimization with simple 1D models can
lead to highly-optimized methanation systems as the main characteris-
tics of the process can be sufficiently represented. A design strategy for
highly reactive syngas methanation feed to maximize capacity can be
summarized in the following points:

e <600 °C peak temperature is necessary to avoid catalyst sintering

e Active cooling is necessary to omit outer heat transfer limitation

e >4 bar pressure is necessary for Co-SOEC syngas to avoid carbon
deposition

Pressure reduction (max. to the 4 bar limit) reduces peak tempera-
tures (at the expense of conversion)

e GHSV/volume flow increase reduces inner heat transfer limitation,
leads to lower peak temperatures (only in oil-cooled systems) but is
limited by maximum pressure loss

Further temperature peak decrease can only be achieved by a
reduction of reactor diameter (at the expense of bed maldistribution
or practical applicability)

6. Conclusion

A combined experimental and modelling investigation of a packed
bed methanation reactor with and without cooling for Co-SOEC syngas
methanation was conducted. A 1D PFR model including an adapted two-
step kinetic approach by Ronsch [34] was established. Generally good,
and partially very good accuracy in terms of temperature and product
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gas concentration between model and experiments in the range of including most important boundary conditions and possible tuning pa-
4000 h! to 29,000 h! and 1 bar to 6 bar was proven. However, for rameters was presented. However, further steps to avoid catalyst bed hot
cooled reactor 3 more measurement points and a higher density of spots such as a reduction in cooling temperature should be analysed.
temperature measurements in the temperature peak section would Lower cooling temperatures can have a positive effect on the maximum
improve model experimental data for validation of the model and is temperatures at the tolerable expense of conversion in a first reactor
therefore aimed at for future investigations. In addition, the initial cat- stage. High temperature resistant catalysts [45] would allow higher
alytic bed temperature has a significant impact on the exact temperature conversions and capacities without the drawback of catalyst
profile but. The results of 14 mm diameter reactors (840 mm, 700 mm, deactivation.

600 mm catalyst bed length) were compared to a similar investigation of

a 80 mm packed bed reactor [9]. As models and experiments confirmed, CRediT authorship contribution statement

a decrease in diameter from 80 mm to 14 mm and active cooling with

thermal oil increased the performance from 8000 h' GHSV and 61% Krammer Andreas: Conceptualization, Data curation, Formal
COy (80 mm diameter, naturally cooled reactor) conversion to 93.5% at analysis, Investigation, Methodology, Project administration, Software,
29,000 h! both at 6 bar (14 mm diameter, oil-cooled reactor). In addi- Validation, Visualization, Writing — original draft, Writing — review &
tion, it was shown that the thermodynamic limitation and maximum editing. Salbrechter Katrin: Data curation, Formal analysis, Investiga-
temperatures of a 14 mm naturally cooled reactor could be reduced by tion, Project administration. Lehner Markus: Conceptualization,
active oil-cooling. The rate limitation in the actively cooled reactor is the Funding acquisition, Project administration, Resources, Supervision,
reverse water gas shift reaction, which could be enhanced by catalyst Writing — review & editing.

blending. Despite cooling and improved radial heat transfer at high gas

velocities, the modelled packed bed peak temperatures mostly exceeded Declaration of Competing Interest

the tolerable maximum catalyst temperature (510 °C) by far (720 °C at

29,000 h'! and 6 bar). Acceptable bed temperatures below 550 °C were The authors declare that they have no known competing financial
proven by model and experiments for the 14 mm oil-cooled reactor only interests or personal relationships that could have appeared to influence

at low pressures of 1.4 bar and 6000 h™! reaching 95.5% of COy con- the work reported in this paper.
version. Since carbon deposition below 4 bar for the investigated gas

mixture likely occurs [10], further reactor designs for increased radial Data availability
heat transfer were tested with the established model. A sweet spot of
reactor dimension and operation parameters was found for Co-SOEC Data will be made available on request.

syngas methanation at 10 mm diameter with 3 mm catalyst pellets at
a length of 300 mm, 4 bar pressure and a capacity of 100,000 h™!, which Acknowledgement
resulted in 80.4% COy conversion, only 513 °C temperature peak and a
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second reactor stage for complete methanation would be necessary in formed by AVL List GmbH, Fraunhofer Institute for Ceramic Technolo-
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methanation reactors suitable for industrial scale tube-bundle systems gieinstitut an der JKU Linz and AICHERNIG Engineering GmbH.
Appendix

A — Adaption of kinetic model by Ronsch [34]

In Eq. 26 and Eq. 27 the reaction rates of CO methanation and rWGS reaction based on the two-step kinetic approach by Ronsch [34] in the form
presented in Gruber [7] are listed. In Eq. 28 and Eq. 29 the principle approach to calculate the kinetic rate coefficients via an Arrhenius type equation
and the adsorption constants via the Van’t Hoff type relation are given. Furthermore, the explicit formal kinetic rate coefficients (Eq. 30 to Eq. 32) and
adsorption constants (Eq. 33 to Eq. 38) according to Ronsch [34] are listed. Two different kinetic rate coefficients for the CO methanation were given,
one valid for a catalyst with 18% nickel (Eq. 30) and one with 50% nickel (Eq. 31).

— _kCOM KC KH2 ]7 COO.S [7 H2(1 B I’C(gJ CmPHszmKn,COM)[ mol ] 2
YcoM.inr = 3 U 1} (26)
(1+Kc pco® + Ky pm®) kgear 8
krwa: 2
- p‘;? Pco  Pro(l — — p;z - PmK p,,w“) ‘ mol ] 97
YrWGS.intr = pH20 zlk 1 ( )
(14+Kco pco+ Kz pur+Kena  pens + Kino m) ear S
E,;
k= K -4 28
j = k@ exp(— =) (28)
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In Eq. 39 and Eq. 40 the used approximations for the partial pressure based equilibrium constants for CO methanation and rWGS according to
Elnashaie and Elshishini [46] are given.

1 26830
Koo _ 39
PCOM = 1 026676 ¢ 1010 exP( T 30.11) (39)
4400
K, wes = exp( - m) (40)

For the PFR model used in this study the calculation of the kinetic rate coefficient of the CO methanation kcoy (Eq. 41) and the adsorption constant
for Hy0 of the rWGS reaction Ky,o (Eq. 42) were adapted.

N 10300[J mol™'] o
kcomadaprea = 4.1632 0 10" e exp| — —xT mol kg, ' s 41)

(42)

RT

5 88680 @ 0.63 [ mol '
Ki1,0.0daprea = 1.77 0 10° @ exp| — ]

For the calculation of kcoy the pre-exponential factor k%, was interpolated between the provided value for 18% (Eqs. 30) and 50% Nickel (Eq. 31).
This adaption was performed to correct the amount of available catalytically active sites in a proportional manner for the used Meth134 catalyst with
about 22% Nickel (in an activated state) (Eq. 41).

The aim of the adaption of Ky,o through adjusting the adsorption enthalpy AHug 20 from 88,680 kJ mol™! K to 55,868 kJ mol™! K was to
increase the inhibition by formed water of the reverse water gas shift reaction. A similar strategy was pursued by Gruber [7], who also fitted the formal
adaption constant for water of a CO2 methanation kinetic given by Koschany [47] to the experimental data. A significant inhibition by formed water
was also found by Hubble [48] and Yang Lim [49]. Hubble [48] shows that a single LHHW kinetic approach, representing one limiting reaction step, is
likely not sufficient to describe the methanation reaction over a wide range of conversion. He states that a LHHW approach might be a mathematical
simplification of the complex reaction process. With regard to these literature findings, the exact description of methanation reaction rates appears far
from completed. Therefore, with the conducted numerical adaptions we aimed to contribute to an improvement of the existing empirically found
formal methanation kinetics based on the broad experimental results of this study. In Fig. 8 for the example case of 10,000 h'! and 6 bar the tem-
perature and mole fractions profiles are shown with and without adapted HoO adsorption constant equation.
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Fig. 8. Axial profiles of modelled (lines) and experimentally determined (‘x’-markings) temperature and molar fractions of the 14 mm in diameter, 600 mm long
reactor at 10000 h'! and 6 bar with (a and b) and without (c and d) kinetic model adaption (COy conversions, Reynolds numbers, heat transfer coefficients and
maximum temperature (blue ‘x’-marking) included).

From the mole fraction profiles in Fig. 8d can be drawn, if the original kinetic coefficients of Ronsch [34] are used, the reverse water gas shift
reaction consuming CO;, is active at any point of the reactor. COz is fully consumed at about 0.5 m upstream of the end of the reaction zone. As a result,
at this point the modelling algorithm stopped and no further data was calculated. On the other hand, in Fig. 8b the mole fraction curves obtained with
adapted kinetics show different reaction behaviour. As discussed in chapter “Results and Discussion”, in the first 8 mm of the reaction zone the water
gas shift reaction is dominating, subsequently the reaction direction is changed to the reverse water gas shift reaction transforming CO5 to CO. The
remaining amounts of CO2 and accordingly higher fractions Hj left in the product gas throughout all examined cases with varying parameter settings
are well confirmed by the experimental results. With the naturally cooled reactor at low pressure of 1.3 bar at 12,000 h™! even more CO, was found in
the product (6.9 vol.-%) than was injected in the educt (4.9 vol.-%), proving that in this case the CO, producing water gas shift reaction was active. In
conclusion, the chosen adaption of the rWGS kinetic is supported by the experimental findings, however further examinations of dependencies based
on the experimental findings would be necessary to confirm or further improve the given LHHW kinetic approach.

B — Comparison of 14 mm and 10 mm diameter reactors at 100,000 h'! and 4 bar
As already discussed, the model and experiments show that an increase in GHSV can be used to tune the maximum reactor temperature. However,
GHSYV increase also results in a severe increase of pressure loss. Therefore, a reduction in diameter is an alternative approach to achieve higher radial

cooling. The axial temperature and mole fraction profiles for 14 mm and 10 mm reactors at equal process conditions are shown in Fig. 9. The cooling
oil volume flow was increased to further reduce heat transfer limitation at the outer reactor surface in this investigation.
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Fig. 9. Axial profiles of modelled temperature and molar fractions of the 14 mm diameter, 600 mm long reactor at 100.000 h™ and 4 bar (a and b) in comparison to a
10 mm diameter reactor with 429 mm (c and d) and 300 mm (e and f) length at the same GHSV and pressure (COx conversions, Reynolds numbers, heat transfer
coefficients and maximum temperature (blue ‘x’-marking) included).

A reduction in diameter increases radial heat transfer at constant GHSV. At the same time the necessary reactor length can be reduced to achieve
similar conversion at a constant diameter-length ratio consistent with geometric similarity [50], which results in lower absolute gas velocities and
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therefore less pressure loss (at a constant catalyst particle diameter of 3 mm as in this case). In Fig. 9c and Fig. 9 d the reactor diameter reduction from
14 mm to 10 mm at a constant GHSV of 100,000 h™!, constant diameter/length ratio and 4 bar results in a lower maximum temperature (503 °C vs.
608 °C) and almost the same COy conversions (80.7% vs. 83.9%). The reactor length at 10 mm diameter was further reduced to 300 mm length for
even lower pressure loss, without a significant decrease of performance (Fig. 9 e and Fig. 9 f). Due to a lower absolute volume flow in the shorter
reactor at constant GHSV the maximum temperature is slightly higher (513 °C) and the conversion almost equal (80.4%). The pressure loss could be
reduced from 0.84 to 0.3 bar in the shorter 10 mm reactor.

C - Packed bed quality and flow characteristics assessment in 14 mm tubular reactors

A catalytic fixed bed reactor must follow fundamental bed-scale quality principles to ensure relevance for industrial application. The strong
exothermic behaviour of the CO/CO;, methanation requires very small reactor diameters and relatively large catalyst particles, to enable highest radial
heat transport rates at acceptable pressure loss. Therefore, the deviation from ideal plug-flow will be estimated to assess the quality of the packed bed
characteristics in regard to industrial application. High radial gradients in porosity can result in near-wall gas channelling. Axial dispersion can lead to
a spread in residence time at low gas velocities. For radial uniformity in bed porosity and therefore gas velocity the d;/d, ratio is determining. To
prevent axial dispersion the L/d,; ratio is relevant. [24-26,33].

According to Andrigo [26] the d,,;/d, ratio of packed beds should be 8 to 50, however to reduce the hot spot tendency through high radial heat
transfer extreme values of 4 to 5 are possible. Sie [24] argues, that the traditional rule of thumb of at least 10 [25] for the d,;/d, ratio is not valid,
because the beneficial effects of radial dispersion of gas in a packed bed reduces the effect of a radial velocity profile. As a result, tube-to-particle ratios
of 5 or smaller may still meet plug-flow conditions due to nullification of wall-effects by radial dispersion. For the presented reactor system with
14 mm diameter and estimated 3 mm pellet diameter used for modelling the tube-particle ratio is 4.7. The suggested reduction in reactor diameter to
10 mm at a constant pellet size for improved process performance results in a d; ;/d,, ratio of 3.3.

The porosity of extended packed beds of monodisperse spheres is between 0.36 and 0.42, the porosity of polydisperse beds is lower and can be
calculated according to Eq. 43 and Eq. 44 [38].

Epd bed = Ehedoo (— 0.1128° +0.017> — 0.259, + 1) (43)
Y 0u/d’ )"'5

‘= (7 1 (44)
(0u/di)?

A simple size distribution investigation of the sieved catalyst material was conducted by manual measurement with a slide gauge. The results of the
size distribution measurement of a sample of 100 pellets revealed, that about 90 w.-% of the material is between 3.5 mm and 4 mm, and 10 w.-% is
between 3 mm and 4 mm. Based on Eq. 44 and Eq. 45 a global polydisperse porosity of 0.395 with an estimated monodisperse porosity of 0.4 was
computed. As a result, a significant polydispersity cannot be derived.

Giese [51] investigated the radial distribution of monodisperse sphericals in pipes, which was found to be similar for non-spherical and poly-
disperse pellet beds in cylindrical pipes. According to findings of Giese [51] the radial porosity distribution can be estimated based on the empirical
exponential method shown in Eq. 45 with limited influence of non-sphericity or polydispersity.

Rr - Iy
Evedls) = Epedoo (1 n 1436exp( -5~ d ) ) (45)

p

Contrary to Gieses findings, Schulze [52] investigated the porosity and flow distribution in polydisperse packed bed via the discrete elements
method and found the gas velocity close to the tube wall increases by roughly 25% for polydisperse beds (largest-to-smallest pellet diameter ratio 2, 5
and 10) in comparison to monodisperse beds. In addition, the sinusoidal behaviour, which can be found in monodisperse beds, is significantly
supressed with increasing polydispersity. [38,52].

In a more recent CFD-based study Eppinger [53] investigated random packed beds generated by DEM-code with low diameter ratios (3 <d,,;/d,
<10). The author showed that the existing empirical method for the global porosity by Dixon [54] (Eq. 46) and the local porosity calculation by de
Klerk [55] for low diameter-ratio reactors are in very good accordance to the DEM-based data. De Klerk established two correlations in dependence of
the normalized wall distance (Eq. 49), one for z < 0.367 (Eq. 47) and one for z > 0.367 (Eq. 48).

d, d, 2
Ehed.o = 0.4+ 0.05 T +0.412 i .
Ebed(r) 2<0.637 = 2.14722 —2.53z+ 1 7
Ebed(r)2>0.637 = Ebed.o + 0.29exp( — 0.62) o [cos(2.37 (z — 0.16) ) | + 0.15exp(—0.9z) 48)
R, — 1,
) 49
& (49)

In Fig. 10 the radial porosity profiles for the 14 mm and 10 mm packed bed with 3 mm particle diameter according to methods by Giese [51] and
de Klerk [55] are presented.
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Fig. 10. Radial porosity distribution of 14 mm and 10 mm diameter reactors based on empirical methods by Giese [51] and de Klerk [55] (reactor radius is O at the
reactor wall).

Eppinger [53] reported very good accordance of Eq. 49 with the data acquired by the DEM method with the exception, that for a very low d.,;/d,
ratio of 4 the porosity rises to roughly 0.8 at about two pellet diameters distance from the tube wall. As a result, a channel is formed in the central axis
of the packed bed. This effect likely occurs in the analysed 10 mm and also 14 mm reactors.

Eppinger [53] found gas channelling behaviour for all investigated diameter ratios between 4 and 10. For example, he found that the gas velocity
locally increases to a factor of 11 compared to the average inlet velocity for Re, = 100 and d, ;/d, = 7. On the other hand, in dense areas within the
packed bed the velocity can tend to zero or even backflow occurs. The backflow effect increases with increasing Reynolds number. For laminar flow
(Re=1), transitional flow (Re=100) and turbulent flow (Re=1000) the area with axial velocity equal to or smaller than zero accounts for 1%, 11% and
12.5% (dyi/dp =6).

In conclusion, perfect plug-flow did most certainly not occur under the used experimental condition in the 14 mm reactors. Considering the 8
thermocouples of different length gas channelling likely occurred. Furthermore, a strong indication for high fluctuation of porosity is given. However,
also at higher reactor diameter and reactor-pellet diameter ratios similar problems, such as porosity distribution and backflow were reported. Small
reactor diameters (and small diameter ratios of approximately 3 or lower) in industrial [29,31,40] and experimental [27,28] applications were
successfully realized. The strong need for temperature reduction by a reduced reactor diameter still may outweigh the decreasing conformity to ideal
plug-flow. The presented good accordance of the modelled and experimental results speaks for sufficient representation by ideal plug-flow. For very
exact results including back-flow and detailed porosity distribution, at least a 2D model based on DEM would be necessary.

D — Thermodynamic limitation analysis based on driving force

The ‘driving force’ as given in Eq. 50 is a term of the CO methanation reaction rate formulation (Eq. 26) and represents the deviation from
thermodynamic equilibrium. The driving force term is a function of partial pressures and equilibrium constant (Eq. 39).

Pcus Pr20

(l Pco P2’ Kpcom (50)

The thermodynamic equilibrium is reached if the driving force equals 1. With higher deviation from 1, the gap from equilibrium concentration
increases for the given gas mixture. The driving force of the CO methanation reaction was calculated along with the axial mole fraction profiles at 6 bar
and 10,000 h™! in the 14 mm diameter and 600 mm long oil-cooled reactor in Fig. 11. While the driving force within the initial 8 mm of reactor length
indicates no thermodynamic limitation, it tends to 1 as the CO concentration approaches full consumption. However, the limiting factor for the CO
methanation step most likely is the lack of CO. As a result, the overall process is limited in a short initial section by CO methanation kinetics, followed
by a limitation of CO production by the rWGS reaction starting from the point of full CO consumption.
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Fig. 11. Axial mole fraction profiles of the 14 mm diameter, 600 mm long reactor including driving force of CO methanation reaction at 6 bar and 10000 h'..

E — Equilibrium condition assessment at reactor outlet

To verify if the equilibrium was reached at the outlet of the reactors the free reaction enthalpy at the outlet was calculated based on Eqs. 51-57 for
the given outlet temperature, pressure and mole fractions for the CO, methanation reaction, the CO methanation reaction and the water gas shift
reaction as shown in Table 3. The molar chemical potential y; for each species i and the equilibrium composition was calculated with the “Cantera”
toolbox in MATLAB. [56] For AGg = 0 thermodynamic equilibrium is reached. For AGg < 0 the reaction runs spontaneously from thermodynamic
perspective. For AGg > 0 the reverse reaction runs spontaneously at the given temperature, pressure and concentration. [57].

AGk = (%) T ®b
P
dG = o Aeduct T Mproauer  Aproduct = —Meauer  educt + Hproducr A product (52)
AG = (Hprouer=Heduct) B product (53)
(%) o = Hproduct—Heduer 54
AGrcom = fens + 2o — Heor — Hcon (55)
AGrcom = fens T Hino — Heo = 3Mcon (56)
AGrrwes = Hpo + Heo — Heor — Hin 57)

In addition, the difference between gas concentration as measured at the outlet and its corresponding equilibrium concentration is included in
Table 3. Smaller than 1 vol.-% difference between the measured and thermodynamic equilibrium was reached at higher pressures and lower GHSV,
such as in reactor 2 at 6000 h™! and 6 bar and in reactor 3 at 1000 h'! and 8 bar.

Table 3

Gas concentration difference between measured output concentration and its chemical equilibrium and the free reaction enthalpy AGR for the CO2 methanation
(“CO2M"), the CO methanation (COM) and the reverse water gas shift reaction (“r'WGS”) for every experimental case including the used reactor, GHSV, outlet pressure
and outlet temperature value.

GHSV outlet outlet Difference of product gas concentration to AGg, coam AGg, com AGg, rwGs

[h' pressure temp. equilibrium concentration [vol.-%] [J/kmol] [J/kmol] [J/kmol]

[bar] [°cl
CH4 Hy co CO, Hy0

Reactor 1, 840 mm length, 14 mm 4000 1.0 34 6.73 -14.14 0.00 -3.61 11.02  -1.24E+ 08 8.08E+ 08 -9.32E+ 08
diameter, air-cooled 6000 1.3 87 5.00 -10.26 0.00 -2.75 8.02 -1.23E+ 08 8.92E+ 08 -1.01E+ 09
8000 1.1 45 10.83 -22.36 -0.08 -5.52 17.14 -9.63E+ 07 -1.15E+ 08 1.84E+ 07
6000 1.3 101 14.66 -29.65 -0.75 -6.86 22.62  -7.52E+ 07  -8.99E+ 07 1.48E+ 07
4000 2.2 29 6.19 -12.92 0.00 -3.27 10.00  -1.05E+ 08 1.35E+ 09 -1.46E+ 09
6000 4.1 76 3.22 -6.76 0.00 -1.72 5.25 -1.33E+ 08 5.12E+ 08 -6.45E+ 08
8000 4.0 156 4.22 -8.83 0.00 -2.25 6.86 -1.11E+ 08 1.18E+ 09 -1.29E+ 09

(continued on next page)
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GHSV outlet outlet Difference of product gas concentration to AGg, coam AGg, com AGg, rwGs
[h!] pressure temp. equilibrium concentration [vol.-%] [J/kmol] [J/kmol] [J/kmol]
[bar] [°C]
CH4 Hy co CO2 H,0

12,000 4.2 322 7.40 -15.30 -0.14 -3.77 11.82 -7.64E+ 07 -9.15E+ 07 1.52E+ 07

6000 6.1 75 2.47 -5.18 0.00 -1.33 4.04 -1.31E+ 08 5.86E+ 08 -7.17E+ 08

8000 6.1 159 2.52 -5.30 0.00 -1.36 4.14 -1.19E+ 08 9.53E+ 08 -1.07E+ 09

Reactor 2, 700 mm length, 14 mm 4000 1.3 329 2.32 -4.86 0.00 -1.25 3.79 -8.12E+ 07 1.71E+ 09 -1.79E+ 09
diameter, oil-cooled, no preheating 6000 1.4 332 3.25 -6.80 0.00 -1.74 5.29 -8.29E+ 07 1.73E+ 09 -1.81E+ 09
zone 8000 1.6 333 4.22 -8.79 0.00 -2.23 6.80 -8.45E+ 07 1.74E+ 09 -1.82E+ 09
10,000 1.8 334 4.65 -9.71 0.00 -2.47 7.52 -8.63E+ 07 1.74E+ 09 -1.82E+ 09

12,000 1.9 334 5.03 -10.51 0.00 -2.67 8.16 -8.74E+ 07 1.75E+ 09 -1.83E+ 09

15,000 2.2 335 5.81 -12.12 -0.01 -3.06 9.38 -8.90E+ 07 -1.02E+ 08 1.32E+ 07

20,000 2.6 335 6.68 -13.93 -0.02 -3.52 10.79 -9.10E+ 07 -1.06E+ 08 1.51E+ 07

25,000 3.0 335 7.30 -15.22 -0.02 -3.83 11.77 -9.24E+ 07 -1.08E+ 08 1.53E+ 07

29,000 3.4 336 7.75 -16.15 -0.03 -4.06 12.48 -9.32E+ 07 -1.09E+ 08 1.55E+ 07

6000 4.1 325 1.10 -2.30 0.00 -0.59 1.80 -8.36E+ 07 1.71E+ 09 -1.79E+ 09

8000 4.0 326 1.97 -4.12 0.00 -1.05 3.20 -8.29E+ 07 1.72E+ 09 -1.81E+ 09

10,000 4.0 327 2.32 -4.86 0.00 -1.24 3.78 -8.44E+ 07 1.73E+ 09 -1.81E+ 09

6000 6.0 325 0.37 -0.77 0.00 -0.20 0.60 -8.18E+ 07 1.70E+ 09 -1.78E+ 09

8000 5.9 325 1.30 -2.73 0.00 -0.69 2.12 -8.26E+ 07 1.71E+ 09 -1.79E+ 09

10,000 6.0 326 1.47 -3.08 0.00 -0.79 2.40 -8.43E+ 07 1.71E+ 09 -1.80E+ 09

12,000 5.9 327 1.71 -3.58 0.00 -0.92 2.79 -8.53E+ 07 1.72E+ 09 -1.81E+ 09

15,000 6.0 328 2.28 -4.79 0.00 -1.22 3.73 -8.70E+ 07 1.73E+ 09 -1.82E+ 09

20,000 6.0 330 3.25 -6.81 0.00 -1.74 5.30 -8.97E+ 07 1.74E+ 09 -1.83E+ 09

25,000 6.0 331 4.20 -8.80 0.00 -2.24 6.84 -9.13E+ 07 1.75E+ 09 -1.84E+ 09

29,000 5.9 333 5.07 -10.59 0.00 -2.69 8.21 -9.25E+ 07 1.77E+ 09 -1.86E+ 09

Reactor 3, 600 mm length, 14 mm 10,000 4.0 327 2.309 -4.829 0.000 -1.227 3.747 -8.39E-+ 07 1.72E+ 09 -1.8E+ 09
diameter, oil-cooled, 12,000 4.0 328 2.610 -5.464 0.000 -1.390 4.244 -8.51E+ 07 1.73E+ 09 -1.81E+ 09
100 mm preheating zone 15,000 4.0 329 3.217 -6.736 0.000 -1.712 5.231 -8.64E+ 07 1.743E+ 09 -1.83E+ 09
20,000 4.0 331 4.185 -8.756 0.000 -2.224 6.795 -8.84E-+ 07 1.764E+ 09 -1.85E+ 09

25,000 4.5 331 4.624 -9.669 0.000 -2.457 7.502 -8.97E+ 07 1.777E+ 09 -1.87E+ 09

10,000 6.0 326 1.498 -3.140 0.000 -0.800 2.441 -8.33E+ 07 1.715E+ 09 -1.8E+ 09

12,000 6.0 327 1.719 -3.605 0.000 -0.920 2.806 -8.45E+ 07 1.723E+ 09 -1.81E+ 09

15,000 6.0 328 2.408 -5.039 0.000 -1.280 3.912 -8.58E+ 07 1.736E+ 09 -1.82E+ 09

20,000 6.0 329 2.969 -6.222 0.000 -1.585 4.838 -8.79E+ 07 1.751E+ 09 -1.84E+ 09

25,000 6.0 331 3.617 -7.576 0.000 -1.931 5.890 -8.93E+ 07 1.768E+ 09 -1.86E+ 09

10,000 8.0 324 0.888 -1.866 0.000 -0.478 1.457 -8.35E+ 07 1.709E+ 09 -1.79E+ 09
15,000 8.0 328 1.566 -3.287 0.000 -0.840 2.561 -8.54E+ 07 1.728E+ 09 -1.81E+ 09
20,000 8.0 329 2.377 -4.979 0.000 -1.267 3.870 -8.73E+ 07 1.743E+ 09 -1.83E+ 09
25,000 8.0 330 3.049 -6.378 0.000 -1.622 4.951 -8.90E+ 07 1.756E+ 09 -1.85E+ 09
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3.3 Plant level optimization concept for the methanation of Co-
SOEC syngas for higher overall efficiency

Scientific article Ill — “Dual Pressure Level Methanation of Co-SOEC Syngas”
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Dual Pressure Level Methanation of Co-SOEC Syngas

Andreas Krammer,* Ana Medved, Martin Peham, Philipp Wolf-ZéllIner,

Katrin Salbrechter, and Markus Lehner

The objective of this article is to demonstrate significant efficiency and perfor-
mance improvements by simple process modifications of a power to gas plant
consisting of high-temperature coelectrolysis and catalytic methanation. For the
advanced process design dual step methanation with two different pressure
levels including intermediate compression is proposed, leading to several
advantages. By experimental investigations on a lab-scale methanation test plant
higher turnovers (increase of up to 7.1 percentage points) and lower temperature
peaks (decrease by up to 130 K) can be proven. Basic energy balance calculations
reveal furthermore a reduction in compressor power by 42% for this proposed

system.

1. Introduction

Decarbonization by electrification of industrial processes plays a
key role on the way to successful countermeasures against anthro-
pogenic climate change. For a successful realization of an energy
revolution, two interacting aspects have to be considered. On the
one hand, enormous capacities of renewable energy have to be
created very rapidly. On the other hand, these large amounts of
electric energy need to be integrated economically viable into exist-
ing industrial infrastructure. The development of most effective
power to gas (PtG) technologies is essential to promote the neces-
sary rapid growth of renewables and enable industrial integration.

The key part of a PtG plant consists of a water electrolysis
splitting water with electric energy to hydrogen and oxygen.
While especially the most mature type, the alkaline electrolysis
cell (AEC), and also the proton exchange membrane (PEM) elec-
trolysis are available on a MW scale, the high temperature solid
oxide electrolysis cell (SOEC) has still development potential.l"}
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Characteristics and functionality of avail-
able electrolysis technologies have been
extensively discussed in literature.""? The
electrolytically sourced hydrogen can be
combined with subsequent synthesis
technologies to produce gaseous or liquid
energy carriers and chemical feedstocks.!"
By combining electrolysis and methanation
hydrogen can be converted with carbon
oxides (CO, CO,) to useful synthetic natu-
ral gas (SNG). One main advantage of this
concept is the seamless integration of the
energy carrier SNG into the existing natu-
ral gas infrastructure, enabling the cou-
pling of energy sectors and the chemical
storage of renewable energy.l*

The methanation step of the power-to-gas process chain can be
performed either catalytically or biologically, whereas latter is not
in the focus of this work.”! Catalytic methanation can again be
differentiated on a catalyst, respectively, reactor domain (fixed
bed reactor/bulk catalyst, structured catalyst, microstructured
catalyst, fluidized bed reactor, three-phase reactor, membrane
reactor).” Whereas bulk catalysts are commercially available,
recently promising developments for structured and microstruc-
tured catalysts have been made./*® Microstructured catalysts are
mostly designed to properly manage the high exothermic reac-
tion heat. Nevertheless, microstructured catalytic reactors have
a drawback in terms of costs if large-scale applications with
tremendous capacities are aimed at, as for most industrial pro-
cesses. However, if manufacturing processes such as additive
manufacturing improve, this situation may change.”! For
detailed characterization of the different types of reactors, several
publications provide a comprehensive overview.>'® For the
experimental examinations of this study, a common form of
catalyst, a commercial nickel-based bulk catalyst in a fixed bed
reactor was used, as the investigation focus lies on a process
rather than on a catalyst level.

In addition, several process concepts for catalytic methanation
can be distinguished. From uncooled adiabatic reactor cascades
to product recycling concepts with intermediate cooling, a decent
variety of methanation concepts has been developed. A large
number of catalytic methanation plants have been built in pilot
scale or laboratory scale in recent years, but it is often hard to
determine what exact type of system is being used.” Only a
few concepts are commercially available or have even been real-
ized in industrial scale, all of them being fixed bed reactors.!'""*?!
Whereas the commercial processes “TREMP,” “Lurgi methana-
tion,” and “HICOM” use product gas recycling and intermediate
cooling, “Vesta” and “TREMP modified” aim at reducing the
increased effort due to recycle gas compressors.?

© 2020 The Authors. Energy Technology published by Wiley-VCH GmbH
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Koytsoumpa already showed that intermediate compression of
syngas between serial connected, adiabatic syngas methanation
reactors can lead to a significant decrease in required compressor
power.'¥) The authors found that by smart positioning of the
compressor between a bulk methanation reactor at 18.9 bar
and a trim methanation reactor at 77.9 bar reduction of compres-
sor power by 72% can be achieved. Koytsoumpa used thermody-
namic and kinetic modeling approaches for their findings, which
is certainly sufficient to prove the main concept advantage of
decreased compression power. Neubert et al.**! correctly con-
cluded, that intermediate compression is particularly useful if
the hydrogen is generated at moderate pressures. The proposed
PtG concept of combined Co-SOEC and methanation with inter-
mediate compression represents an alternative to upstream syn-
gas compression. Two options for the pressurization of syngas
and hydrogen, respectively, are available: compression within
a polytropic compressor or by pressurized electrolyzers.
Whereas pressurized PEM electrolysis is already widely devel-
oped,>?% it is not yet state of the art for (Co-)SOEC although
research has strongly gained momentum in recent years.!"*"]
Brabandt and Posdziech successfully tested high-pressure
SOEC operation at 15 bar. The authors argue that high-pressure
steam integration from industrial processes saves part of the
compression energy for hydrogen, and see potential in providing
hydrogen at elevated pressures for downstream processes.
Furthermore, they overcame mechanical issues at high differen-
tial pressure by placing the SOEC in a pressurized vessel.
However, increasing pressure led to slightly higher temperatures
and voltage as experiments showed. In conclusion, Brabandt and
Posdziech found that high-pressure SOEC operation is feasible
and leads to 5-7% less energy consumption by saving compres-
sion energy when steam is provided at a high-pressure level, but
resulted in increased heat loss, for example, due to insulation
performance decrease.”2?*! Bernadet et al. investigated pressur-
ized high-temperature coelectrolysis and found improvement of
cell-limiting current densities by a decrease in electrode gas dif-
fusion resistance at increased pressure.**?*! Clausen et al. tested
a SNG production plant including Co-SOEC at 19 bar pressure
and determined that 16% of the methane was formed within
the Co-SOEC. The energetically optimal combination of exother-
mic methanation and endothermic reduction of water and car-
bon dioxide leads to very promising overall efficiencies of
849%.7%! For specific high-pressure-related processes pressurized
electrolysis can be more efficient regarding the overall system as
Bensmann et al.*® found, although a higher energy demand for
the electrolysis itself would be the result with increasing pres-
sure.l''® Nevertheless, the main reason for high-pressure elec-
trolysis is based on the necessity of integrating the hydrogen
source into high-pressure applications, such as hydrogen drying,
compressed storage, pressure swing adsorption, downstream cat-
alytic conversions, or grid injection, rather than benefits for the
electrolysis system itself."®'”) This statement applies for several
types of electrolyzers, as the open-circuit voltage increases with
increasing pressure according to the Nernst equation.*'! Hansen
showed that increased pressure lowers the overpotential due to
improved kinetics at the electrodes and reduced diffusion limi-
tation at higher operation voltage. He states that this effect,
caused by elevated pressures, decreases SOEC performance at
low current densities, but improves it at higher current densities.

Energy Technol. 2021, 9, 2000746 2000746 (2 of 12)
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In contrast to experimental findings by Brabandt and
Posdziech,”! Hansen sees an improvement in heat transfer
by increased operation pressure in heat exchangers.””! Also car-
bon deposition must be kept in mind for pressurized coelectrol-
ysis, as will be discussed in greater detail later in this work.
Additional drawbacks by high-pressure electrolysis were found,
such as increased cross permeation of hydrogen.”! In contrast,
electrolysis at low or moderate pressure benefits from reduced
complexity and therefore lower system costs. Especially for the
high-temperature SOEC, the sealing effort for high-pressure levels
is disproportionate and still under development, as recent studies
show.”*% Due to aforementioned reasons, it is of paramount
importance to develop downstream processes for electrolysis in
away to ensure simple and cost effective integration of electrolysis.

The aim of this work is the process optimization of a high
temperature coelectrolysis coupled with a two-stage catalytic
methanation in fixed bed reactors. To our very best knowledge,
in addition to the theoretical work of Koytsoumpa based on ther-
modynamic considerations, so far no investigations on alternat-
ing pressure levels in downstream methanation and their
influence on the process performance and energy efficiency have
been published."* The concept presented in this article is the
result of a holistic approach to overcome practical challenges
and drawbacks when realizing highly efficient PtG systems. In
contrast to the methods of Koytsoumpa, in the underlying study
both thermodynamic considerations as well as experimental
investigations in laboratory scale are used. Only the combination
of theoretical and practical methods enables to work out the addi-
tional advantages of the dual pressure level methanation concept.

The investigations for this work were conducted in the course
of the project “HydroMetha”, in which a highly efficient power to
gas system shall be demonstrated. The HydroMetha system con-
sists of a high-temperature coelectrolyzer (Co-SOEC) coupled
with a catalytic methanation unit (Figure 1). Renewable electric
energy fuels the electrochemical transformation of pure CO,
captured from industrial or biological off-gases and water into
valuable syngas.

The main advantage of the high-temperature electrolysis,
compared with other electrolysis technologies such as polymer

f®e i —

Figure 1. Functional scheme of a HydroMetha system.

© 2020 The Authors. Energy Technology published by Wiley-VCH GmbH
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electrolyte membrane (PEM), is its capability to be cofueled by
heat. Hence, part of the energy for hydrogen production can
be introduced by surplus heat of industrial processes reducing
the electric energy demand. Furthermore, the HydroMetha
system allows integration of excess heat generated by the exother-
mal reactions of the methanation unit into the Co-SOEC. Due to
the different operating temperature levels of the methanation
(200-600 °C) and the Co-SOEC process (2800 °C), only preheat-
ing of the Co-SOEC feed is possible. The mentioned aspects
of heat integration make an overall efficiency of >90% for the
conversion of electric energy to hydrogen possible.

While the Co-SOEC operates well at atmospheric pressure, the
methanation reactions can be generally enhanced by increasing
pressures (2-10 bar) and reduced temperatures. At higher pres-
sures, the thermodynamic equilibrium of the methanation reac-
tions can be shifted toward products, as is shown in Figure 2,
whereby the data are created with Matlab including the open
source tool “Cantera” for thermodynamic data. The compression
of process gas before the methanation is therefore generally
beneficial, whereas the arrangement of multistep methanation
and compression significantly influences the energy efficiency
of the process.

The basic chemical reactions within the coelectrolysis process
are the electrochemical splitting of water and the prereduction of
CO, to CO.PY

Splitting of H,0

1 K
H,0 H Z0, AHR2K — 2481 — 1
20(g) <> Hy + 702 R mol 1
Prereduction of CO,
1 1023K kj
COZ < CO + _Oz AHR — 282.3_ (2)
2 mol

0.6 -

0.5

03

Mole fraction [-]

0.2

200 400 600

www.entechnol.de

Due to incomplete reduction of CO, in the Co-SOEC small
amounts of CO, remain in the syngas.

Subsequently to syngas production within the second part of
the HydroMetha concept this syngas will be processed to a gas
consisting largely of methane and small amounts of hydrogen,
due to overstoichiometric hydrogen excess in the feed.****!
The methanation process is described by the Sabatier reactions.
The methanation reaction of CO, is a combination of the CO
methanation reaction and the reverse water gas shift reaction.**

CO, methanation reaction

!
CO, +4H, ¢ CH, + 2H,0 AH% = —176.4%1 (3)
CO methanation reaction
553K k]
Reverse water gas shift reaction
!
CO, + H, > CO+ H,0 AHK = 39.5m%1 (5)

Feeding excess H, to the methanation reactor reduces the risk
of carbon deposition.’>! Moreover, excess H, is beneficial for
methanation performance and potentially enables full CO/CO,
conversion.®¥ In contrast, additional H, in the feed will subse-
quently remain in the product gas stream. Due to mole-reducing
reactions and removal of water, 3% H,-surplus over the stoichio-
metric ratio at the input results in a H, volume fraction of about
10% in the product stream. Without a further downstream H,
removal, the current legal restrictions for natural gas grid
injection would not be met but it is expected that in near future
10 vol% hydrogen will be permitted in the natural gas grid.

CcoO

800 1000

1200

Temperature [°C]

‘ 1 bar 2 bar

4 bar

6 bar - 8 bar 10 bar

Figure 2. Equilibrium composition of Co-SOEC syngas in dependence of temperature and pressure.

Energy Technol. 2021, 9, 2000746 2000746 (3 of 12)

© 2020 The Authors. Energy Technology published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Energy Technology

Conversion, Storage, Distribution

www.advancedsciencenews.com

The dynamic operability of a combined Co-SOEC and metha-
nation plant is of major importance for power grid balancing
applications. For the proposed process concept of a PtG system
with intermediate compression, there is no indication of a
decrease in dynamic operability, hence it can be expected to
be similarly dynamic as its single components. Only for the
SOEC part promising results were reported based on experi-
ments. Posdziech et al. achieved very good load variation ability
at stack level.l”? From literature addressing the methanation sys-
tem, it can be concluded that load dynamics is not expected to be
the limiting factor, as it affects mainly the methanation bed tem-
perature.*®! Dynamic experiments have also been conducted by
our working group which basically confirm the knowledge from
literature. These results will be published separately.

Reactor pressure, temperature level, gas composition, and cat-
alyst are the key performance influences in terms of CO/CO,
methanation. Some boundary conditions such as input compo-
sition (Co-SOEC syngas) or output pressure (natural gas grid
injection) are predefined based on the specific application.
Nevertheless, other major performance factors fall within the
field of the process design. Temperature level and distribution
as well as reactor pressures are defined to a large extend by
the selected process arrangement and reactor design. This work
illustrates an overall performance improvement of a combined
Co-SOEC and methanation power-to-gas concept by minor pro-
cess arrangement adaptions. Within this article, two process
paths are compared by energy and mass balance considerations
validated by experiments. In the following section, the basic pro-
cess and the advantages of the proposed adaptions is outlined.
Subsequently, the experimental tests are described and the
results discussed.

2. Process Design

Two different process scenarios shall be compared within this
article. The basis process scheme consists of the Co-SOEC fol-
lowed by a compressor unit ensuring higher pressures at the

Methanation
1-10 bar

Compressor
CO2 co
H>
H.0 CO'SOEC 2(76
_ 2

www.entechnol.de

same level in both methanation reactors (Figure 3). In contrast,
the compressor of the adapted process scheme is placed not
upstream the methanation unit but in-between methanation
reactors 1 and 2 (Figure 4), and thus the first reactor is operated
at the same low-pressure level (atmospheric pressure) as the Co-
SOEC but the second reactor is affected by the pressure increase
in the compressor. Preprocessing of off-gases to achieve clean
CO, as well as potential postprocessing of product gas (drying)
can be considered as equal in both process cases. Increasing reac-
tion pressure within the range of 2-10 bar leads generally to an
improvement in syngas methanation performance, as experi-
mental investigations have shown.?®! However, operating the
methanation reactors in the proposed dual pressure level mode
are supposed to lead to several advantages. 1) Reduction of
required compressor power; 2) Reduction of temperature peaks
in reactor 1; and 3) Improvement of overall methanation perfor-
mance (CO/CO, turnover).

Advantage 1) The required electric power of a compressor is
linearly dependent on the volume flow of the compressed gas.
The Sabatier reactions are mole consuming by a factor of 0.5
and 0.6 for CO methanation and CO, methanation, respectively.
The set of balance equations for the reactions according to
Equation (3) and (4) are given by Equation (6)—(13).

: fico,in — PCo,out
conversiongg = ————2% (©6)
"co,in
: ficozin — Pcoz.out
conversiongg, = ——=t———2=00 7)
M,in
; 1co,in T fcoz,in) — (Pco,out T Mcoz,out
conversioncp,co, :( A in) = (Aco,ou out) )

1co,in T Ncozin
M2, Rlout = MH2,in — PCo,in * CONL.Co * 3 — Aico,in * CON.cop ¥4 (9)
NcH4,Rlout = MCH4in T Pco,in * CON.co + Mcoz,in * CON.coz (10)

1co,Rlout = Nco,in — MO in * CON.co (11)
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Figure 3. Basis process flow diagram of high-temperature coelectrolysis and catalytic methanation with compression upstream the methanation unit.
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Figure 4. Adapted process flow diagram of high-temperature coelectrolysis and methanation with intermediate compression.

(12)
(13)

1co2,Rlout = Pco2,in — MCO2,in * CON.cO2
n

Mot Rlout — § M Riout
i=1

For example, considering 67.5% CO/CO, conversion (83.4%
CO conversion and 8.3% CO, conversion) for the methanation of
Co-SOEC syngas in the first reactor step, the standard volume
flow decreases by 31% due to the reaction according to
Equation (6)—(13).

In addition, water is needed to be removed in front of the com-
pressor to prevent compressor damage. This leads to a further
reduction of standard volume flow. In total, the standard volume
flow of the process gas would be reduced by 40% due to partial
conversion by the methanation reaction in the first reactor and
water removal for the given example. By these proposed
adaptions, a reduction of 42% in compressor power was calcu-
lated via isentropic compression and a compressor efficiency
of 65%.

( Tcomp,out -

R

1 B
— ¥4 P i
Tcomp,out - Tcomp,in * € compin (14)

c, * T

» (15)

pcomp = Miot,R2in * comp,in)

Advantage 2.) As extensively explained by Kiewidt and
Thoming, the exothermic Sabatier reactions can lead to thermo-
dynamic limitations, especially in uncooled reactor systems.?*”!
For thermodynamically limited reactors, a correlation of pressure
and temperature can be assumed. Accordingly, in the case of
thermodynamic limitation, the output concentration is bound
to its equilibrium at a certain temperature and pressure. For
higher pressures, the equilibrium will be shifted toward more
products, whereas higher turnovers produce more reaction heat
and therefore higher temperatures (Figure 2). On the opposite,
at lower pressures fewer products would be formed until the
thermodynamic equilibrium is reached leading to less reaction
heat and lower temperatures in the reactor. In other words,
pressure control is a key influence to limit catalyst temperature
peaks in highly reactive and therefore often thermodynamically
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limited reaction systems, such as upstream methanation reactor
stages.

Advantage 3.) As comprehensively shown by El-Sibai interme-
diate condensation leads to a significant improvement of the
space-time yield.”® The authors described that removal of the
methanation byproduct water downstream the first reactor step
leads to an increase in overall performance. This effect applies also
for the proposed process scenario because a significant amount of
water must be condensed and removed before the compressor.

Unfortunately, intermediate water removal increases the risk
of carbon deposition, as Figure 5 and 6 show.

Figure 5 show a ternary diagram including the three process
relevant atoms, namely carbon, hydrogen, and oxygen. Within
this diagram, several gas compositions can be displayed by its
C—O—H ratio, such as the Co-SOEC syngas and the intermediate
methanation product gas determined downstream reactor 1 at
4000h ™" and 1.2 bar pressure. Furthermore, the carbon deposi-
tion equilibrium lines have been drawn in this diagram, dividing
the areas where carbon deposition is thermodynamically possible
(area above lines), or not (area beneath lines). As the thermody-
namic behavior is not only dependent on composition but also on
temperature and pressure, three lines for critical temperature-
pressure pairs were drawn. This diagram shows that Co-SOEC
syngas is thermodynamically not likely to form solid carbon,
as the C—O—H ratio of this concentration (lower red cross)
is positioned beneath all three carbon equilibrium lines.
Nevertheless, the composition of the intermediate methanation
process gas after removal of water is critical, because it is posi-
tioned within the area of carbon deposition (upper red cross).
Further detailed information of ternary C—O—H diagrams can
be found in the study by Neubert.”!

Figure 6 shows the equilibrium mole fraction lines of
all relevant gas molecules (CHy4, H,0, H,, CO, CO,) and carbon
(C) for only one composition (ordinate), in this case, the inter-
mediate methanation product after water removal. On the
abscissa, the temperature is visualized, whereas different line
styles represent different pressures. The risk of carbon deposi-
tion is present for carbon mole fractions (green lines) above
zero. From Figure 6, it can be concluded that carbon shares

© 2020 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 5. Ternary carbon-hydrogen—oxygen-proportion diagram including solid carbon equilibrium lines at three different temperature—pressure
pairs (marked by lines) and the position of process gases (marked by red crosses) representing the thermodynamic carbon formation property
due to C—O—H ratio.
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Figure 6. Temperature and pressure dependence of the equilibrium composition for the intermediate dual pressure stage methanation product
after H,O removal.

(green lines) tend to zero for low temperatures and higher pres-
sures (e.g., <350°C at 1bar, <550°C at 10 bar).

As a result reactor temperature and pressure are essential to
prevent carbon deposition after intermediate water removal

Energy Technol. 2021, 9, 2000746 2000746 (6 of 12)

as proposed within 3). Higher risks of carbon deposition by
water removal can be countered by lower temperatures
and higher pressures (e.g., <350°C at 1bar) for the second
reactor.
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3. Experimental Section

The experimental work comprised in this article refers only to the
optimization of the catalytic methanation, but not of the whole
system coupled with a Co-SOEC. The aim of the experimental
work was to substantiate the theoretically estimated benefits of
converting Co-SOEC syngas via two pressure levels by interme-
diate compression. Therefore, synthetic Co-SOEC syngas was
generated from bottle gases and fed to a laboratory methanation
plant at different pressures. The Co-SOEC syngas concentration
containing of 76.8vol% H,, 18.3vol% CO, and 4.9vol% CO,
included a H, excess of 3% above methanation stoichiometry
level. It had been expected that this composition allows achieving
good methanation results, staying on a reduced carbon formation
risk level and having an attractive SNG composition at full
methanation of COyx. Due to volume decrease and water conden-
sation throughout the process (see Equation (3) and (4)) SNG
containing 90vol% CH, with an acceptable share of 10vol%
H, can be obtained at full methanation. This SNG quality is
likely to find broad industrial application and therefore makes
expensive H, separation or major infrastructure modifications
obsolete. The feed gas composition from Co-SOEC for the
methanation was suggested and approved by partners within
the project HydroMetha based on their experience and test
results of Co-SOEC operation. In addition to gas flow, the impor-
tant parameter “gas hourly space velocity” (GHSV) is used as a
tantamount to catalyst load. It is calculated by the standard input
volume flow divided by the catalyst volume.
_ VN,in -1
GHSV = X2 [h-1]

cat

(16)

The base and the adapted design were validated at values of
4000h™! (Figure 8) and 6000h™" (Figure 9) equaling a volume
flow input for reactor 1 of 16.8 and 25.1 Nl min ™", respectively.

The laboratory test plant for methanation used for the experi-
ments consists of up to three fixed-bed reactors in series each
filled with 0.25L of commercial bulk catalyst, whereas also
bypassing of reactors is possible. Details of the experimental
set-up can be found in the studies by Kirchbacher et al.****
A wide range of gas concentrations and total gas flows could
be adjusted via five Bronkhorst mass-flow controllers for CHy,
H,, CO, CO,, and N,. The feed gas as well as the (intermediate)
products after each of the three reactors could be analyzed by a
gas analysis system (ABB Advanced Optima AO2000). Several
pressure measurements along with a pressure reduction valve
ensured pressure regulation up to 20 bar. A multithermocouple
including seven temperature measurement points along the
reactor axis made precise temperature recording along catalyst
bed depth for each reactor possible. In Figure 7a, schematic
drawing of one reactor is shown.

The inner diameter of the reactor was 80 mm. The commer-
cial Ni-based catalyst (Meth134) was used with a bulk height of
50 mm. Above and below the catalyst zone, inert stoneware balls
were positioned for homogenization of the incoming gas flow.
Five measurement points of the multithermocouple were located
within the catalyst bulk material, one closely beneath and one
above the catalyst zone, respectively. Measurement point 6
(T16) was defined as the catalyst zone outlet temperature,
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Figure 7. Schematic drawing including multithermocouple of one of three
identical methanation reactors of the laboratory test plant.

for example, used within Figure 10. Furthermore, the reactor
could be heated by infrared heaters, which was especially neces-
sary for heat up and catalyst activation phases. For experiments
causing low reaction heat, the heaters could be used to compen-
sate partly for cooling by natural convection, and keep reaction
temperature above 200°C to prevent toxic nickeltetracarbonyl
formation.*®! Consequently, the reactor system could be consid-
ered as polytropic. To increase cooling by natural convection and
simplify reactor removal for modification, the heaters could be
folded to the sides.

The methanation experiments aimed on demonstrating the
methanation performance of single pressure level methanation
versus a dual pressure level process design. The single pressure
level scenario served as base case (Figure 4). Therefore, metha-
nation at 1.2, 2, 4, 6, 8, and 10 bar in two serial reactors both
operated at the same pressure was carried out with synthetic
Co-SOEC syngas.

In a second step, the dual pressure level methanation perfor-
mance was examined for comparison. Therefore, the second
reactor was fed with the product gas of reactor 1 operated at
1.2 bar pressure whereby the steam content of the product gas
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of reactor 1 was assumed to be fully condensed. The resulting
feed gas composition for reactor 2 was experimentally deter-
mined as 31.3vol% CHy, 53.6v0l% H,, 5.9 vol% CO, 9.2 vol%
CO,. This feed gas for reactor 2, again synthetically mixed from
bottles, was inserted to reactor 2 at pressures of 1.4, 2, 4, 6, 8, and
10 bar. Reactor 2 had the same configuration as reactor 1, as
shown in Figure 7. This procedure was repeated for 6000 h~*
or 25.1 NImin™" under the same feed gas composition.

4, Results

4.1. Single Pressure Level Scenario at 4000 h™"

Starting with the base case scenario of methanation in a single
pressure level for 4000h™" (Figure 8 on the right) shows CO/
CO, total conversions of 87.1%, 93.6%, and 95.1% at 1.2, 2,
and 4 bar pressure, respectively. At 6 bar pressure, 97.3% conver-
sion could be achieved, slightly increasing to 97.8% and 98.2%
when the pressure is increased to 8 and 10 bar. The conversion
generally increases in reactor 1 as well as in reactor 2 with higher
pressures in both reactors.

The maximum temperatures in reactor 1 are always higher than
in reactor 2. While the maximum temperatures in reactor 1
steadily rise from 624 °C at 1.2 bar to 700 °C at 10 bar, the temper-
atures of reactor 2 barley increase from 434 °C (1.4 bar) to 438 °C
(4 bar) but decrease significantly to 394 °C at 10 bar. Therefore, the
differences of the maximum temperatures of reactor 1 and reactor
2 increases from 190K at 1.2 bar to 305K at 10 bar.

4.2. Dual Pressure Level Scenario at 4000 h~’

The settings of the first pressure stage within the dual pressure
level scenario were kept at the same level of 1.2 bar throughout

8
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this scenario. The dual pressure level results (Figure 8 on the left)
reveal that the total conversions downstream the pressurized
reactor 2 are higher (or almost equal at 10 bar) compared with
the single pressure version. The better overall conversion and
higher methane concentrations are achieved howbeit reactor 1
has lower conversions due to its continuous operation under
atmospheric pressure. At 4 bar 97.5% and at 6 bar 98.3%, conver-
sion can be reached compared with 95.1% and 97.3%, respec-
tively, under equal pressure operation of both methanation
stages. To reach a conversion value of 98.7% in the single pres-
sure level scenario 10 bar are necessary, for the dual pressure
operation only 6 bar. The methane concentration in the product
gas follows the same trend and reaches after the second reactor at
8 bar 88.5% for the dual pressure levels scenario compared with
82.2% in the base case. These results show that in the dual pres-
sure level scenario, the improved performance of the second
reactor even overcompensates for the weak performance of reac-
tor 1 at atmospheric pressure.

The temperatures in reactor 2 of the dual pressure level sce-
nario are lower than in the single pressure level scenario, espe-
cially for 4000 h™'. The settings of reactor 1 in the dual pressure
level scenario are identical to those at 1.2 bar for the base case and
therefore equal temperatures and turnovers are the logical
consequence.

4.3. Single Pressure Level Scenario at 6000 h™"

Ata GHSV of 6000 h™" (Figure 9, on the right) a similar perfor-
mance is observed as for 4000 h™, except with slightly lower con-
versions and higher temperatures what is based on the
thermodynamic limitation behavior of the methanation reac-
tions. The conversion in the single pressure level scenario does
not reach values above 94% at all, whereas at 4 bar, it even stays

95.1

Rz [ Rt [R2] R1

12bar | 2bar [ 4bar | 6bar | 8bar [10 bar

2bar | 4bar | 6bar 8 bar

13 p.s.I 2"d pressure stage

pressure in first and second reactor

dual pressure level methanation

single pressure level methanation

4000 h'

—x— Methane concentration

—a— Axial reactor temp. profile from T2 (left) to TI6 (right)

Figure 8. Experimental results of single and dual pressure level methanation at 4000h~" (bars for COx conversion, black crosses for methane

concentration, black squares for temperatures).
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Figure 9. Experimental results of single and dual pressure levels methanation at 6000h™" (bars for COx conversion, black crosses for methane

concentration, black squares for temperatures).

below 90%, referring to a methane concentration of 70.3 and
61.4vol%, respectively.

The maximum temperatures of reactor 1 again increase and in
reactor 2 analogously decrease with higher pressures, just like for
4000h". The differences between reactor 1 and reactor 2 in
terms of temperature are smaller for the higher volume flow
(6000 h™1).

4.4. Dual Pressure Level Scenario at 6000 h™"

The dual pressure level results of 6000 h™! show a similar trend
as for the same experiments at 4000h™'. The conversions
downstream the second reactor in the dual pressure level mode
(90.4-97.3%) are again generally higher compared with the
results of the single pressure level scenario at the same catalyst
load of 6000 h ™" (86.5-93.9%). Analogously behaves the concen-
tration of methane reaching higher values at intermediate
compression (64.64-84.22vol%) compared with compression
upstream of the methanation reactors (53.3-70.3 vol%).

Compared with the same dual pressure level scenario at
4000h™!, the conversion for higher pressures (2-8 bar) down-
stream reactor 2 is only 1 to 1.2 percentage points lower with
6000h ", although the catalyst load was increased by 50%.
Interestingly, at the lowest pressures (1.2/1.4 bar), the difference
in turnover is four percentage points, about four times as much.

Temperatures of reactor 2 in the dual pressure level scenario
are in a similar range as the temperatures in the single pressure
level operation.

In Figure 10a, correlation of thermodynamic equilibrium with
experimental and modeling results is presented. The experimen-
tally determined CH4 mole fraction downstream reactor 1 was
validated by a 2D CFD FEM reactor model elaborated in
Comsol Multiphysics. A detailed description of this methanation

Energy Technol. 2021, 9, 2000746 2000746 (9 of 12)

reactor model will be published in a follow-up publication. For
the determination of the average temperature over the cross-sec-
tional area at the catalyst zone outlet, the reactor model was indis-
pensable. Other than the model, the experimental setup in terms
of temperature measurement (Figure 7) gives only information
on the axial temperature profile in the catalyst bed, but provides
only the temperature at a single radial position at the catalyst bed
outlet. The model-based radial temperature profile was averaged
over the total cross-sectional area. The modeled and experimen-
tally determined CH, mole fractions and the averaged outlet tem-
peratures indicate thermodynamic behavior, as the values clearly
follow the respective thermodynamic equilibrium lines in
Figure 10. With increasing pressure, the results shift to higher
methane mole fractions, but also higher temperatures. To dem-
onstrate comparability of experiment and model, also the CH,4
mole fractions obtained by the model are shown in Figure 10,
which only slightly differ from the experimentally determined.
In total, a very good correlation between the experimental/
modeling results and the thermodynamic equilibrium is shown
in Figure 10.

5. Conclusions

Mass and energy balance calculations combined with experimen-
tal investigations were conducted to approve significant perfor-
mance improvements of catalytic methanation operated under
dual pressure levels.

As a general result of the methanation experiments with
Co-SOEC syngas the achieved CO/CO, conversion under the
defined input specification of 3% H, excess are promising.
Nearly full conversion of >97% leading to methane and
hydrogen shares of 84.2 and 13.2 vol%, respectively, was achieved
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Figure 10. Thermodynamic equilibrium concentration of methane over temperature at different pressures in comparison to methane concentrations
determined by experiment as well as by model (only reactor 1, 6000 h™') over cross-sectional averaged temperatures at the catalyst zone outlet obtained

by a Comsol Multiphysics reactor model.

with the existing equipment for a wide range of process param-
eters for GHSV values of up to 6000 h™". Furthermore, conver-
sions of >98% and methane concentrations of 88.5vol%
including a rest share of 9.1vol% hydrogen were possible for
GHSYV values of 4000h ™.

The experimental results show that full methanation of
Co-SOEC syngas is possible also with only a small H, excess
of 3%, demonstrating that H,, costly produced by electric energy,
can be used to a large extent for CO, utilization. As a conse-
quence, most of the PtG plant’s CO, recycling potential can
be exploited. At the same time, the generation of an attractive
product of mainly CH,, 10-16% H, and amounts of CO, smaller
than 2% could be demonstrated. The produced SNG is likely to
find broad application in industrial infrastructure as well as for
natural gas grid injection.[**=*2

Moreover, it could be shown that methanation in two pressure
levels has significant advantages compared to methanation in a
single pressure level scenario. The benefit of significantly less
necessary compression power by changing the process flow arrange-
ment (thesis no. 1), similar to the findings of Koytsoumpa,*’!
was confirmed by simple mass flow calculations. 42% compres-
sor power reduction was calculated for an experimentally vali-
dated example case (67.5% conversion at 1.2bar behind
reactor 1, see Figure 8) by the proposed process rearrangement.

To substantiate the findings from energy- and mass balance
calculations also experimental tests series were conducted.
Initially, reactors 1 and 2 were operated at the same pressures
(1.2-10 bar) for the single pressure level tests. In comparison,
in the dual pressure level scenario, the pressure was kept around
atmospheric in reactor 1, and has been increased only in reactor
2 (1.2-10 bar).The stated reduction in reactor peak temperatures
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by the advanced process scheme (thesis no. 2) could be con-
firmed by experimental results. At 6000 h ', the peak tempera-
tures in reactor 1 could be reduced from 691 to 743 °C in the
single pressure level scenario to 613°C in the dual pressure
mode. The peak temperatures of reactor 1 at 4000h™" could
be also lowered from 621 to 700 °C by 21-98 K. The reason of
lower temperature peaks with lower pressure is the thermody-
namic limitation of the methanation reactor 1. The general ther-
modynamics of methanation reactions are widely described.!****!
Thermodynamically dominated behavior in reactor 1 for the used
setup was shown by comparing the experimental results to its
corresponding thermodynamic equilibrium under the same con-
ditions. In Figure 10, the measured methane concentrations for
reactor 1 correlate with the thermodynamic equilibrium concen-
trations at the detected temperatures and pressures. For the
determination of the corresponding average temperatures at
the catalyst bed outlet, a Comsol Multiphysics model has been
elaborated which accurately predicts the measured CH, mole
concentrations. The proven thermodynamic limitation character-
istic of reactor 1 leads to a temperature-pressure-dependency. For
higher pressures, the thermodynamic equilibrium will be
reached at higher temperatures. On the other side, low, almost
atmospheric pressure in reactor 1 (~1.2 bar) leads to lower reac-
tor temperatures (Figure 10).

In conclusion, keeping the pressures in reactor 1 low
(dual pressure level scenario) prevents from temperature peaks.
In contrast, increased pressure in reactor 1, (single pressure level
scenario, reactors 1 and 2 at the same pressure level) leads to
temperature peaks in the catalyst bed of reactor 1 with conse-
quent limitations in the conversion performance. In other words,
pressure control is a key influence to limit catalyst temperature
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ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

peaks in highly reactive exothermic, and therefore often
thermodynamically limited, reaction systems, such as upstream
methanation reactor stages.

As a consequence, the demonstrated temperature decrease by
pressure reduction could result in a significant benefit in catalyst
lifetime. High temperatures of 700 °C and higher can lead to sin-
tering and deactivation phenomena of nickel-based methanation
catalysts.**) Therefore, the proven temperature reduction in reac-
tor 1 could save elaborate cooling or recirculation process steps
for an industrial plant.

In terms of reactor performance improvement (thesis no. 3),
the experimental results show that by methanation in two pres-
sure levels, the conversion can be increased by 3.4-7.1percentage
points at 4000h~' and 0.5-3.9 percentage points at 6000h ",
whereas the largest improvements occurred at low pressure oper-
ation. This performance increase from single-to-dual pressure
level design is assumed to be caused mainly by water condensa-
tion of the intermediate feed. It can be concluded that removal of
the side product water from the intermediate feed enhances ther-
modynamics as well as kinetics within reactor 2, which can also
be derived from studies by El-Sibai et al.*®

The intermediate output compositions of reactor 1 at almost
atmospheric pressures (1.2 bar at 4000h™" and 1.4 at 6000 h™)
are equal for both scenarios, dual and single pressure levels. At
higher pressures (2-10bar), the intermediate output composi-
tions of reactor 1 vary between single and dual pressure scenar-
ios. While the conversion downstream reactor 1 increases with
every pressure step for the single pressure scenario; for the dual
pressure scenario in reactor 1, steady conditions result in steady
output composition. This means that for higher pressures, the
process gas entering reactor 2 is less converted in the dual pres-
sure level scenario compared with the single pressure mode. In
conclusion, the positive influence of reduction in water vapor
outweighs the negative effect that the intermediate process
gas entering reactor 2 is less converted (higher CO + CO, to
H, ratio) in the dual pressure level scenario.

From Figure 5 and 6, it can be drawn that carbon deposition
could have appeared in reactor 2 for lower pressures. For pres-
sures of 1.2—4 bar, the reactor temperature was not low enough
to have certainly prevented carbon formation. Nevertheless,
at higher pressures of 6-10bar measured temperatures of
<480 °C exclude carbon formation thermodynamically.

In summary, it can be confirmed that methanation with
intermediate compression including water condensation leads
to higher conversions of CO/CO, in comparison with operating
a compressor before both methanation reactors.

This article intends to emphasize the benefits of intermediate
process gas compression independent of the exact number of the
lower and higher pressure level. Similar benefits may occur for
a different pair of pressure stages, which should certainly be
chosen according to available upstream steam pressure and
the required downstream SNG pressure available at a potential
industrial application. The pressurized electrolysis operation has
been accomplished and recent studies show the high efficiency
potential due to direct high pressure steam integration, parallel
exothermic methanation reaction, if CO, is cofed, and reduced
diffusion limitations.[*>2*2% Therefore, it can be assumed as an
attractive alternative to or even a potential technology to be
combined with the proposed dual pressure level methanation
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process. The most efficient strategy must be determined accord-
ing to the existing boundary conditions. Nevertheless, the pro-
cess proposed in this work offers experimentally proven and
energy efficient process path to generate SNG at a high down-
stream pressure, while allowing to keep electrolyzers at moderate
pressure. Benefits considering the electrolyzer can be expected
from reduced complexity and investment costs. Similar benefits
can be expected, if a SOEC is used instead of a Co-SOEC system,
as the findings of this article apply for both systems. Which solu-
tion is the most energy efficient, depends on the specific PtG
application.

In further works, a full picture of the temperature behavior of
the reactors shall be achieved by pursuing different temperature
measurement strategies. This includes temperature measure-
ment at several radial and axial positions within the catalyst
bed in upcoming experimental campaigns.

Furthermore, biogas plants are expected to be an attractive
application for PtG technologies based on high-temperature
electrolysis combined with catalytic methanation plants.
Temperature peak issues and performance optimization is also
fundamental in biogas methanation applications. Therefore, the
dual pressure level approach shall be extended to process gases
from biogas plants.
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4 Summary and Discussion

The pathway to optimum CO/CO, methanation reactors can be summarized based on set of
five research questions including their answers. At first the limiting factors of fixed bed
methanation reactors and the set of operation and design parameters which are relevant for
optimization in order to reduce the found limitations need to be determined (research question
1). The exact influence and interdependencies of the operation and design parameters on the
methanation performance have to be understood in a second step (research question 2 and
3). Finally, an optimization strategy and process design rules for high CO/CO, methanation
performance were derived (research question 4). In addition, potential -efficiency
enhancements for CO/CO; methanation on the process level for a combined Co-SOEC and
methanation plant were elaborated (research question 5).

4.1 Answer to research question 1: What are the limiting factors of
fixed bed methanation of CO/CO: feed gas and what are the
relevant design and operation parameters to reduce these
limiting effects?

The methanation of CO and CO; is a process consisting of a sequence of interlinked process

steps including mass transport, heat transport and chemical reaction (Figure 3). All of these

steps interfere with each other and with any design or operation parameter. No transport or
transformation phenomena can be influenced independently. For example, the reaction
kinetics is a function of pressure and temperature and determines the amount of reaction heat
formed in the catalyst bed. Higher pressure in the reactor triggers more reaction heat to be
released. Consequently, higher bed temperatures occur, which affects the effective gas
velocity, which influences mass and heat transfer, which again relates to temperature and
therefore kinetics. For a given process condition setting one of these physical or chemical
phenomena is the limiting factor, because the overall process rate marches to the beat of the
slowest step. The limiting or process dominating factor can differ in different sections within

the reactor bed. For example, the process can be initially kinetically limited, followed by a

thermodynamically limited zone in the latter section of the fixed bed.

In Figure 6 the performance of a variety of reactor dimensions for Co-SOEC syngas at several
“‘gas hourly space velocity” (GHSV) and pressure values is presented. For capacity
comparison of different reactor systems, the GHSV, which can also be referred to as catalyst
load, is calculated by the standard volume flow per reactor volume (Equation 44).

GHSV = —inep. Tim Pste (Equation 44)

Vreactor TsTP Pin

The essential performance parameter COx conversion is defined by Equation 45.

(T.lCO,in_flCO.,out)+(T.1C02,in_7.lCOZ,out) (Equation 45)
Nco,intNcoz,in

COy conversion =

With increasing pressure, the COx conversion but also the temperature peaks increase.
Furthermore, increasing GHSV leads to lower conversion rates. For only naturally air-cooled
reactors with increasing GHSV also the peak temperatures increase at constant pressure.
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However, in oil-cooled reactors the maximum temperature decreases with higher GHSV at
constant pressure. The reactor performance generally increases with smaller diameters or
enhanced cooling (80 mm diameter naturally cooled < 14 mm naturally cooled < 14 mm actively
cooled) as shown in Figure 6. The performance could be significantly increased by improving
the limiting factor for a given reactor design and operation condition.

naturally cooled reactor (d=80mm) X modelled COx conversion
naturally cooled reactor 1 (d=14mm) A modelled maximum temperature

| oil-cooled reactor 2 (d=14mm)
E— oil-cooled reactor 3 (d=14mm)

100 s 5 - 1000
Ix 1k X EH i E 0§
20 4H 7 g , K is = < 900
80 - 5 : & X 2‘ s = = o 4 800
T K / J ‘ I‘E E% r=‘§
SRR el B 1™
5 = = = 1 600 =
3 60 % K A . 2= I = 600 5
srrlilintitl Bl RS
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Qo /9 = = b= 2
O 304 FH 1 ‘ ig = BE 4 300
- 4 = = B
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Figure 6: Performance comparison based on experimentally found (bars) and modelled (‘X’-
markings) COyx conversion and modelled maximum temperature (‘A’-markings) of three
reactors with 14 mm diameter (840 mm naturally cooled reactor 1, 700 mm oil-cooled reactor
2 and 600 mm oil-cooled reactor 3) and a reactor with 80 mm diameter (50 mm naturally cooled
catalyst zone) [8] in dependency of GHSV and pressure.

The chemical methanation reactions accelerated by nickel catalysts are in general intrinsically
fast and highly exothermic. This means that the methanation reaction tends to initially generate
a lot of heat in a small bed volume leading to a fast exponential increase in temperature. In
Figure 7 the modelled axial temperature curves for an 80 mm reactor are presented.
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Figure 7: Experiment-model-comparison of axial temperature profiles for a lab-scale packed
bed methanation reactor at 4000 h"' GHSV and Co-SOEC syngas feed

The high rate of reaction heat in the initial section needs to be removed in the same magnitude
as it is produced in order to be able to control the temperature profile. In a tubular system
reaction heat can only be removed from the reactor system in radial direction. If this heat
removal is not sufficiently done, the temperature rises until thermodynamic equilibrium
conditions are reached and the reaction progress is thermodynamically hindered, which was
the case in the 80 mm reactor. The three most relevant radial heat transport mechanisms are
effective fixed bed heat conduction in radial direction, bed-wall heat transfer at the inner wall
interface and wall-coolant heat transfer at the outer wall interface, which was also discussed
in detail in paper Il [55].

Heat transport by effective fixed bed heat conduction for catalytic fixed beds is mainly a
function of gas velocity, pellet diameter (particle Reynolds number), pellet heat conduction and
radial distance as thoroughly presented in chapter 2.2.6. The dependencies can be derived
from the A,.(R)-model as shown in Equation 22. In practice, the tube diameter and the gas
velocity are the most important tuning parameters to increase radial heat transport in terms of
reactor design. Heat conductivity of fixed beds increases also with lower pellet diameter.
However, the smallest pellet diameter is a question of the maximum acceptable pressure loss,
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which is increasing with lower pellet diameters and therefore should not be significantly
reduced.

Bed-wall heat transfer for a given gas quality is determined mainly by gas velocity, whereas
the particle diameter has only limited influence as discussed in paper Il, using the formulation
of Specchia [57]. The significant performance limitation in the 80 mm diameter naturally cooled
reactor is caused by limited radial heat transfer, especially at the inner bed-wall interface. This
is indicated by the considerable temperature jump between bed and wall (at radius 0,04 m) in
radial temperature profiles of Figure 8 at already moderate GHSV of 4000 h™".

800 T T T T T T T T
700 & x n
—_—
600 - B S| i
-model gas temp. at cat. bed outlet x \\‘\\\

- = = = model solid temp. at cat. bed outlet
model wall temp. at cat. bed outlet

500 *x  experimental temp. at cat. bed outlet -
model gas temp. at cat. bed center

- = == model solid temp. at cat. bed center
model wall temp. at cat. bed center

400 X experimental temp. at cat. bed center -
model gas temp. at cat. bed inlet

= = = = model solid temp. at cat. bed inlet

model wall temp. at cat. bed inlet

300 | x  experimental temp. at cat. bed inlet

model gas temp. at lower inert bed center

= === model solid temp. at lower inert bed center

model wall temp. at lower inert bed center
200 - =1
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Temperature [°C]
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O 1 1 1 1 1 1 1 |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Reactor radius [m]

Figure 8: Radial temperature profiles of an 80 mm diameter fixed bed reactor at the catalyst
zone inlet (0.1 m reactor height), center (0.125 m reactor height) and outlet (0.15 m reactor
height) of solid, gas and wall based on the 2D reactor model for a pressure of 8.03 bar and
GHSV of 4000 h

Through significant reduction of diameter from 80 mm to 14 mm, the velocity was increased
and the inner heat transfer limitation reduced. However, in the naturally cooled 14 mm reactor
still severe hotspots were found. As shown in Figure 6, the radial heat transfer limitation of the
naturally cooled 14 mm diameter reactor causes higher peak temperatures (e.g. 839 °C at
8000 h™', 6 bar) compared to a 14 mm reactor with oil-cooling (e.g. 757 °C at 8000 h™', 6 bar)
at equal process conditions despite lower reaction heat release due to lower conversion in the
naturally cooled system. The 14 mm reactor with natural air-cooling is an example of radial
heat transfer limitation at the outer wall interface, which was solved by active oil-cooling. Wall-
coolant heat transfer of clearly superior oil-cooling can be further enhanced by increasing the
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coolant Reynolds number. As a consequence, especially coolant velocity is the relevant
influence factor as shown by Nusselt correlations according to Gnielinski [69] for thermal oil.
Furthermore, the coolant temperature plays a decisive role because it affects not only wall-
coolant heat transfer at the temperature peak, but also the catalyst temperature close to the
input section and especially the product gas relevant output section of the reactor.

Limited radial heat transport leading to temperature increase within the reactor easily results
in thermodynamic limitation. The thermodynamic equilibrium depends on the set of process
conditions including gas concentration, pressure and temperature. As is presented in Figure
9, for Co-SOEC syngas an equilibrium composition with high methane concentration and CO-
conversion can only be reached at temperatures below 350 °C and elevated pressures above
4 bar.
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Figure 9: Equilibrium composition of Co-SOEC syngas in dependence of temperature and
pressure based on Co-SOEC syngas composition with 3% hydrogen excess (76.8 vol.-% Ho,
18.3 vol.-% CO and 4.9 vol.-% COy)

The effective reaction rate is defined by the process conditions within the reactor and plays
also a decisive role for the overall performance of Co-SOEC methanation in fixed beds. For
the effective reaction rate it should be distinguished between intrinsic kinetics and mass
transport limitation. The intrinsic reaction rate is a function of gas concentration, pressure
and temperature, as mentioned before. Kinetics dependencies can be derived according to the
intrinsic kinetic formulations by Rénsch [70] as used in paper | [8] and paper Il [55]. Higher
pressures, higher temperatures and higher educt concentrations lead to higher reactions rates.

Mass transport between the bulk gas and the catalyst can be limiting, especially for low
gas turbulences, as shown in paper I. In Figure 10 extremely low catalyst efficiencies around
1 % were calculated for Co-SOEC methanation in the 80 mm reactor due to very low gas
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velocities. Mass transport limitation between bulk gas and active sites on the catalyst surface
depends on the pellet size and characteristics (pore diameter) as well as on the gas velocity.
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Figure 10: Catalytic efficiency (left ordinate) from a power law, a Langmuir-Hinshelwood-
Houghen-Watson and new approximation approaches along with catalyst temperature (right
ordinate) over the reactor height in the central reactor axis at 4000 h™* and 8 bar in a 80 mm
diameter 50 mm length reactors including a closer look (red frame) with higher resolution of
the catalyst zone in the right diagram

In Figure 11 the catalytic efficiency for a 14 mm reactor is presented. High gas velocities in
smaller reactor diameters generate high turbulences (high Reynolds numbers), which lead to
high Sherwood numbers which consequently decreases mass transport limitation. [19] In the
center and output section of the 14 mm reactor, which are due to lower reaction rates the
essential zones for good reactor performance, the catalytic efficiency was roughly increased
by an order of magnitude. In zones with highest temperatures and therefore already too high
reaction rates catalytic efficiencies as low as 4 % were found in the 14 mm reactor at high
GHSV values.
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Figure 11: Catalytic efficiency (left ordinate) from a power law approach along with temperature
(right ordinate) over the reactor length at 4000 h', 1.3 bar and 20000 h', 6 bar in a 14 mm
diameter 700 mm length reactor

For stable operation certain boundary conditions in terms of temperature, pressure and
concentration have to be met to exclude hindering side effects. The two most important
performance hindering side effects are catalyst sintering and carbon deposition, which can
lead to lower conversion over time or even complete system failure.

Hot spots caused by low radial heat transport and high kinetics can lead to catalyst sintering.
Catalyst sintering can be avoided if the maximum reactor temperature is kept below the
maximum allowed catalyst temperature stated by the supplier, such as 510 °C maximum
temperature for the catalyst Meth134 used in paper |, I, Ill.

Carbon deposition can be highly likely omitted, if explicit thermodynamic conditions for
carbon formation are avoided. Thermodynamic carbon deposition is defined by the C-O-H
ratio, temperature and pressure. Carbon deposition was discussed via ternary diagrams in
paper lll and is shown in Figure 12 [71]. In the ternary diagram is shown, that no carbon
deposition is thermodynamically possible for the Co-SOEC syngas. However, if intermediate
water removal is conducted between a first and second reactor stage, carbon deposition is
thermodynamically possible. As a consequence, if a second reactor stage with intermediate
water removal is used low temperature and high pressures should be aimed at to reduce
carbon deposition (<400 °C, >4 bar) as shown in paper Il [71]. Ideally, single stage Co-SOEC
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syngas methanation without intermediate water removal is possible based on an advanced
reactor design, as shown in chapter 4.4.

Cc

o — Carbon equil. line (350°C, 1. 1bar)
————— Carbon equil. ine (550°C, 5bar)
- Carbon equil. line (650°C, 10bar)
*  Process gases/pure gases

01 ‘ e NAERT X7 MO CARBON FORMATION ila
N\CD—SOEC syngas:V\ \/ /\
0 i

08 0.8 07 Hat 06 05 04 03 02 04 0

H o}

Figure 12: Ternary carbon-hydrogen-oxygen-proportion diagram including solid carbon
equilibrium lines at three different temperature-pressure pairs (marked by lines) and the
position of process gases (marked by red crosses) representing the thermodynamic carbon
formation property of Co-SOEC syngas.

The most important rate and performance limiting factors can be summarized as:

¢ Radial heat transport
o Effective radial heat conduction (Inter-bed heat transport)
o Heat transfer between fixed bed and wall
o Heat transfer between wall and coolant

e Thermodynamics

e Intrinsic kinetics

e Mass transfer between bulk gas and catalyst surface

e Carbon deposition

o Catalyst sintering

The understanding of these limiting factors was the most important finding drawn from the
extensive experimental and modelling investigation with the 80 mm reactor presented in
scientific paper I. In scientific paper Il these limitations could be significantly reduced in the not
actively cooled and especially the oil-cooled 14 mm reactors. The maximum conversion
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increased from 8000 h™' GHSV and 61 % COx (80 mm diameter, naturally cooled reactor)
conversion to 93.5 % at 29000 h' both at 6 bar (14 mm diameter, oil-cooled reactor).

In Figure 13 the most relevant limiting factors for the design of fixed bed CO/CO. methanation
and its influential parameters are once again clustered in a graphic.

Limiting factors
of CO/CO,
methanation

Figure 13: Overview of performance limiting factors (green) of fixed bed CO/CO; methanation
and the influential design and operation parameters (yellow) including an indication of limitation
how to reduce it by A (increase to improve) and N (decrease to improve).

Increasing the gas velocity enhances several transport limitations in a fixed bed. For
methanation at very high gas velocities the pressure drop at some point becomes an additional
limiting factor, which was set aside in this chapter due to insignificancy under the used
conditions.

In addition, the gas channelling effects as a consequence of uneven porosity distribution can
be relevant as is shown in Figure 14. The porosity distribution in radial direction calculated
from Giese [66] and de Klerk [67] shows significant variation, especially for low diameters. In
contrast, small reactor diameters (and small diameter ratios of approximately 3 or lower) in
industrial [72—74] and experimental [75, 76] applications were realized with success. The focus
on temperature reduction by higher radial heat transfer in small diameter reactors still may
outweigh the decreasing conformity to ideal plug-flow.
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Figure 14: Radial porosity distribution of 14 mm and 10 mm diameter reactors based on
empirical methods by Giese [66] and de Klerk [67] (reactor radius is 0 at the reactor wall)

4.2 Answer to research question 2: Is the CO/CO2 methanation
limited by thermodynamics or kinetics and what is the
influence of reactor cooling?

It is of the essence for reactor optimization to investigate the kinetically and thermodynamically
limited sections within a reactor at given process conditions for CO/CO,; methanation.
Thermodynamics and intrinsic kinetics are both related to process condition parameters
temperature, pressure and gas concentrations. While increased pressure and higher educt
gas concentration favor kinetics as well as thermodynamics, the temperature dependency is
contrary. If the thermodynamic is limiting, a reduction of temperature would speed up the
process. If the thermodynamic is not limiting, it can be considered kinetically limited and a
temperature increase according to Arrhenius law is beneficial.

In Figure 15 temperature and mole fraction profiles of two reactors, one with natural air cooling
and on with active cooling are compared at the same GHSV and pressure pair of 8000 h' and
6 bar. This comparison reveals alternating kinetic and thermodynamic domination along the
reactor axis highlighted via the background color, which also completely changes with the
cooling method. Figure 15 and Figure 16 are based on the 1D PFR model and are presented
in a very similar form in paper Il. They were only supplemented in this thesis by a kinetic
limitation analysis. This was achieved by simply checking within the model algorithm if a
temperature increase (kinetic limitation) or a temperature decrease (thermodynamic limitation)
leads to an increase of reaction rate of CO methanation and WGS reaction, as can also be
described by Equation 46 and Equation 47.
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Kinetic limitation:

d—rTj >0 (Equation 46)

d

Thermodynamic limitation:

ar; .
—2<0 (Equation 47)
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Reactor 2: d = 14 mm, L = 700 mm, acitve oil-cooling, no preheating zone, GHSV = 8000 h™', p = 6 bar
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Figure 15: Axial profiles of modelled (lines) and experimentally determined (‘x’-markings)
temperature and molar fractions of the 14 mm diameter and 840 mm long naturally cooled
compared to the 700 mm long actively oil-cooled reactor at 8000 h™' and 6 bar including
indication of kinetic limitation for CO methanation and WGS reaction by grey background (COx
conversions, Reynolds numbers, heat transfer coefficients and maximum temperature (blue
‘x’-marking) included).

The naturally with ambient air (~20 °C) cooled system is due to an immediate temperature
jump initially dominated by thermodynamic limitation, which means a reduction in temperature
would increase the reaction rate for the first 500 mm of catalyst length until the temperature
hits about 370 °C. This is confirmed by the modelled mole fraction profiles, which show little
deviation to the equilibrium mole fractions in the first third of the reactor, also indicating
thermodynamic limitation. Downstream of 500 mm catalyst length the temperature continues
to drop due to cooling to 20 °C ambient air. At lower temperatures <370 °C the system is
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hindered at the given pressure by kinetics. At first only regarding the CO methanation and
about 100 mm further downstream also kinetic limitation of the WGS reaction occurs. As a
result, oil-cooling at elevated temperature around 280-320 °C can play an important role in two
respects. Reducing the temperature in the first half of the reactor to reduce thermodynamic
limitation and increase the temperature in the second half to reduce kinetic limitation.

In the oil-cooled reactor the temperature does not immediately spike but starts at low initial
temperature around 90 °C, as no preheating of the gas was conducted in reactor 2. This leads
to low initial kinetics for CO methanation and WGS reaction, but kinetic is rapidly increasing
with increasing temperature. This zone between reactor input and temperature peak is a typical
example of a kinetically limited section with an exponentially increasing temperature profile.
Only 747 °C maximum temperature appears due to oil cooling, instead of 835 °C in the
naturally cooled reactor. A faster decrease of temperature in the actively oil-cooled reactor
shortens the reactor length with thermodynamic limitation compared to the air-cooled system
until the reactor temperature approaches the oil-cooling temperature around 323 °C.

Furthermore, the mole fraction profiles reveal, that CO is fully consumed as it is transformed
to methane at some point along the reactor axis. Consequently, further downstream from 300
mm reactor length in the naturally cooled and from 110 mm reactor length in the oil-cooled
reactor, the water gas shift reaction becomes the limiting reaction. For both reactors, this is the
greater part of the reactor length. A short zone of CO methanation kinetic limitation between
180 and 280 mm reactor length occurs in the oil-cooled reactor. However, considering the
WGS reaction is the rate dominating reaction, the oil-cooled reactor is still thermodynamically
limited to a great extent of its length (93%), starting from the temperature peak until the reactor
outlet.

In Figure 16 the same temperature and mole fraction profiles are presented for two reactors
with and without preheating zone both at higher GHSV of 25000 h-'. While reactor 2 has no
preheating zone, in reactor 3 the incoming gas is heated up by the oil-cooling (~323°C) leading
to significantly higher initial temperatures. Effective heat conduction in countercurrent direction
leads to temperature increase above oil-temperature at the catalyst zone inlet of reactor 3.
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Reactor 2: d = 14 mm, L = 700 mm, oil-cooled, no preheating zone, 25000 h™, 6 bar

1600 T T T T T T T T
Modelled CO_ conv. = 94.7% ;
Experim. CO X conv. = 94.6% X Expedmental temp.
1400 T = 323° Model temp.
R%";’O =687, Re,=2405 X Trax modet = 714°C
Ap = 0.061 bar kinetic limitation CO meth. | 4 405
1200 /oy e Tmax = 1284.5 W/(m?K) kinetic limitation rWGS
Coutside, Tmax 2660.3 W/(m?K) - - - - reaction rate CO meth.
o 1000 reaction rate rWGS
o
e
5 X =3.7 %, X =23.5%, x =724 %, x =0.4 %
E 800 - CO2,dry HZ,(:;¥~ 'CH4,dry CO,dry 7 100
[} Pl ~-
g— .
g 600 -
400
$10°°
200 [
0 L X 4 L L L I L L
-0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

1600

Reactor length [m]

Reactor 3: d = 14 mm, L = 600 mm, 100 mm preheating zo

1400 T,

cool _

Ap’= 0117 bar

Modelled CO, conv. = 95.2%
Experim. CO_ conv. = 95.4%

23
Re =289, Re;=1012

X Experiment;

x T

max, model

al temp.

Model temp.

=786°C

kinetic limitation CO meth. | -| 108
1200 oy e Tmax = 1248.3 W/(m?K) kinetic limitation rWGS
outside, Tmax — 2802 W/(m?K) - - - - reaction rate CO meth.
g 1000 reaction rate r\WGS
o
= = ° = 9 = Y = o,
*E 800 cozdry = 34 % Xpg.ary =223 %y Xopyy gy =74 %, Xo0,4ry =03 % | 100
@
£
2 600 -
400 -
10
200
0 X xw L i I L L L
-0.2 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Reactor length [m]

]

1
cat-

Reaction Rate [mol s kg

]

1
gat

Reaction Rate [mol s kg

1

09 r

Mole fraction [ ]
o o o o o o
w e (92 (2] ~ o

o
[N}
T

0.1r

0.9
0.8

0.7\

Mole fraction [ ]
o o
FS o

o
w

e CH, equ X Experimental mole fr. ]
Hy  oomeee H; equ
co CO oqu
A \ COy -nomoee €0, oqu
Hzo HZO equ

(=4
o
=

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Reactor length [m]
CHy -eevneee CHyequ X Experimental molefr. | |
—H, H equ.
co co equ.
R €0 equ
HZO HZO s

0.2 0.3 0.4

Reactor length [m]

0.5 0.7

Figure 16: Axial profiles of modelled (lines) and experimentally determined (‘x’-markings)
temperature (left) and molar fractions (right) of the 14 mm diameter and 700 mm long oil-
cooled reactor without preheating zone compared to the 600 mm long oil-cooled reactor with
100 mm preheating zone at 25000 h™' and 6 bar including indication of kinetic limitation for CO
methanation and WGS reaction by grey background (COx conversions, Reynolds numbers,
heat transfer coefficients and maximum temperature (blue ‘x’-marking) included).

The temperature profile of reactor 2 is characterized by a typical exponential increase in
temperature in a kinetically limited zone, as discussed in Figure 15 for reactor 2. With higher
GHSV this kinetically limited zone widens from 46 mm at 8000 h™' to 100 mm at 25000 h'. Due
to higher gas velocities and therefore higher radial heat transport the temperature peak
decreases despite more reaction heat is released at more than 3 times higher mass flow. This
is a strong indication, that the gas velocity and the radial heat transfer play a crucial role.

In comparison, in reactor 3 the initially rising temperature slope is almost completely omitted
due to the preheating zone and very high initial kinetics. As a consequence, the preheating
also leads to a higher temperature peak of 786 °C compared to 714 °C with no preheating.
Without preheating some of the educts already react at a lower reaction rate in the kinetically
dominated section. Therefore, the thermodynamic limitation is reached at a lower temperature
since already less educts and more products are present at the peak.
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Downstream of the temperature peak both reactor 2 and reactor 3 are predominantly
thermodynamically limited. Again, CO is soon fully consumed making the WGS reaction the
dominant reaction. Consequently, the kinetic limitation of the CO methanation reaction in the
last, roughly 450 mm long section in reactor 2 and reactor 3 is not relevant, as shown in Figure
16.

The dominance of the WGS reaction can also be seen in the reaction rate curves. At first the
CO methanation reaction rate spikes in accordance with temperature. Roughly 120 mm
downstream of the temperature peak the CO methanation reaction rate approaches the
significantly lower and rate determining WGS reaction rate.

In conclusion, the following list summarizes the essential points regarding thermodynamic vs.
kinetic limitation and oil-cooling.

e OQil-cooling of fixed bed CO/CO, methanation reduces temperature peaks, reduces
thermodynamic limitation in the first section of the catalyst bed and kinetic limitation in
the latter section of the catalyst bed found in naturally air-cooled reactors.

e CO/CO2 methanation is strongly dominated by the WGS reaction rate rather than the
CO methanation reaction as CO is fully consumed.

e The reaction rate of CO/CO, methanation with oil-cooling at 320 °C cooling temperature
can be still thermodynamically limited downstream of the temperature peak. Lower
cooling temperatures can be favorable.

e Preheating the feed gas leads to shorter catalyst zone lengths at the cost of higher
temperature peaks (and preheating length)

e Oil-cooled reactors and moderate GHSVs (8000 h™') are limited by radial heat transfer
inside the reactor (inter bed and bed-wall). However, an increase in GHSV (25000 h™")
and therefore higher gas velocity significantly reduces the temperature peak despite
higher total reaction heat (similar conversion, 3-fold mass flow increase).

Two consequences and proposal for further research can be drawn by the found results:

e A reduction of oil-cooling temperature beneath 320 °C can improve process
performance.

e Using catalyst suitable to accelerate the WGS reaction, for example by doping nickel-
based catalyst, could have a decisive positive impact on CO/CO, methanation.

4.3 Answer to research question 3: What is the dependency of heat
and mass transfer from operational and design parameters and
what is the sensitivity to enhance methanation performance?

Performance limitation can not only result from condition related thermodynamic and kinetic
limitation (chapter 4.2) but also from heat and mass transport factors. To improve methanation
reactor performance radial heat transport and gas-catalyst mass transfer needs to be
enhanced through appropriate reactor dimension and operation parameters. Therefore, the
dependencies of parameters influencing heat and mass transport were derived from the 1D
PFR model in MATLAB. The relevant heat and mass transfer coefficients are listed below.
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e Inner heat transfer coefficient (Equation 20)

o Effective heat conductivity (Equation 28)

o Catalytic efficiency (Equation 35-42)

¢ Radial heat flux equivalent (Equation 31 and Equation 33)
e COx conversion (Equation 45)

e Maximum temperature

In Figure 17 the dependency of the heat transfer coefficient at the inner fixed bed-wall interface
and the effective fixed bed heat conductivity from the superficial input velocity is presented.
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Figure 17: Inner bed-wall heat transfer coefficient and effective fixed bed heat conductivity over
superficial input gas velocity for 8000 h™', 15000 h', 20000 h™' and 25000 h" at 6 bar and for
10 mm, 14 mm and 18 mm reactor diameter at 700 mm catalyst length.

It can be seen that the heat transfer coefficient increases almost linearly by 165-182 W m? K-
" and the heat conductivity by roughly 0.25-0.27 W m™' K-! per every 1 m s velocity increase.
Through an increase of the GHSV from 8000 h™' to 25000 h-!, which is proportional to a velocity
increase from 1.6 m s to 4.9 m s at constant reactor length, the bed-wall heat transfer
coefficient could be increased by roughly 210 % and the effective bed conductivity on average
by 138 % with only small deviations between the tested diameters. An increase in diameter
from 10 mm to 18 mm leads to a maximum increase in bed wall heat transfer by 11 % and in
bed conductivity by 13 % at 25000 h-'. The small enhancing effect of larger diameters on these
heat transport coefficients is overcompensated when the complete diameter influence on the
radial heat flux is considered making small diameters beneficial for radial heat transfer, as will
be explained below.
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Mass transport limitation within the porous catalyst pellet and between catalyst surface and
bulk gas via gas diffusion can be obtained by the catalyst efficiency. In Figure 18 the catalyst
efficiency over the superficial input velocity for the CO methanation reaction and the water gas
shift reaction is presented.
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Figure 18: Catalyst efficiency for CO methanation (COM) and water gas shift reaction (WGS)
over superficial input gas velocity for 8000 h™*, 15000 h™*, 20000 h" and 25000 h™! at 6 bar and
for 10 mm, 14 mm and 18 mm reactor diameter at 700 mm catalyst length.

Figure 18 proves that the reaction efficiency of the CO methanation reaction increases by 80-
107 % due to an increase of gas velocity by 213 %, whereas the water gas shift reaction
efficiency remains almost constant (3-7 % increase). The water gas shift reaction efficiency
therefore could mainly result from low CO concentrations, consequently an increase in gas
turbulence at higher velocities has almost no beneficial effect. Again, the diameter effect on
the efficiency factor is limited with 10 % increase for the CO methanation and 12 % for the
water gas shift reaction for 25000 h™.

As is explained in Equation 29 to Equation 33 the radial heat flux is a function of heat transfer
coefficients, heat conductivity and diameter. The velocity and diameter dependency of the
radial heat flux is presented in Figure 19. For a one dimensional approach the consideration
of only the heat transfer coefficient between fixed bed and wall, the wall heat conduction and
the wall-coolant heat transfer as in the heat flux q', is viable (Equation 31). However, the

effective fixed bed heat conductivity taking into account dispersion also plays a crucial role for

. i . . ,
radial heat transport. As a consequence, an artificial mean radial heat flux equivalent g rbed—oil

(Equation 33) considering all heat transfer resistances including effective conduction within the
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bed, transfer at the bed-wall interface, the wall conductivity and the outer wall-coolant interface
is additionally presented in Figure 19.
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Figure 19: Mean radial heat flux equivalent without temperature difference influence (Equation
31 and Equation 33) over superficial input gas velocity for 8000 h™', 15000 h-', 20000 h™' and
25000 h™" at 6 bar and for 10 mm, 14 mm and 18 mm reactor diameter at 700 mm catalyst
length.

The superficial gas velocity increase from 1.6 m s to 4.9 m s leads to an increase in
temperature difference omitted heat flux for a 1D PFR approach q’, by 148-165 %. The radial

heat flux equivalent including all radial heat resistances q’ was increased by 142-158

r,bed—oil
% due to a 213 % velocity increase. For 25000 h™' the diameter increase from 10 mm to 14

mm led to an increase of heat flux q’,. by 83 % and of heat flux q’ by 121 %.

r.bed—oil

Figure 20 displays the dependency of COx conversion and maximum temperature from gas
velocity and reactor diameter. The COx conversion and the maximum temperature are
important indicators for methanation performance.
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Figure 20: COx conversion and maximum temperature over superficial input gas velocity for
8000 h', 15000 h-', 20000 h-* and 25000 h™" at 6 bar and for 10 mm, 14 mm and 18 mm reactor
diameter at 700 mm catalyst length.

In Figure 20 it is shown, that smaller reactor diameters and higher gas velocities lead to lower
peak temperatures, which is a consequence of higher radial heat transport. The decrease of
temperature peaks with higher GHSV values comes at the cost of lower COx conversions.
However, smaller reactor diameters can partially compensate for the loss of conversion
resulting from higher GHSV.

In conclusion, the methanation performance is defined to a large extent by heat and mass
transfer parameters, which are influenced by the reactor diameter and the gas velocity. The
most important learnings from the analysis of the influence of transport factors are listed below:

o Higher gas velocities in fixed bed methanation reactors have a significantly beneficial
effect on heat and mass transport properties (bed-wall, bed conductivity, catalytic
efficiency).

e Higher diameters do not have a strong influence on these heat and mass transport
properties.

e The radial heat flux, corrected by the influence of temperature difference, is highly
influenced by both diameter (+121% from 18 mm to 10 mm diameter reduction) and
gas velocity (+158% from 1.6 m s to 4.9 m s velocity increase).

e Temperature peaks can be significantly reduced by small reactor diameters and by
higher gas velocities despite higher total reaction heat at higher loads.

e The COx conversion decreases from a high level (>98 % at 1.6 m s™') with increasing
velocity (>93% at 4.9 m s') but again increases with lower reactor diameter (+2 %-
points).
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As a consequence, one of the most hindering challenges for methanation of CO/CO; mixtures
in oil-cooled fixed bed reactors, extremely high temperatures, can be substantially addressed
by using small diameters to minimize heat and mass transport limitation. In combination with
pressure adjustment to lower levels and high-temperature catalyst (~600 °C maximum
temperature), this problem can be fully solved. However, higher gas velocities at lower
diameters also lead to increasing pressure loss. Practical limitations during the filling procedure
of small reactor tubes with catalyst and adverse bed distribution at low catalyst pellet-reactor
diameter ratios have to be considered. In a following step, the reactor length and the
thermodynamic conditions at the reactor output must be adjusted accordingly to enable
sufficient COx conversion in a single reactor stage, as is thoroughly discussed in the next
chapter.

4.4 Answer to research question 4: What process and design
strategies can be derived to overcome limiting effects and
achieve maximum methanation performance?

The findings of the first three research questions led to the formulation of design rules, which
can be understood as design principles supporting design decisions for methanation reactors
converting CO/CO; mixtures. The temperature curve is one of the most important performance
indicators of a methanation reactor and is suitable to discuss the optimum design of
methanation reactors. The temperature profile is influenced by all design and operation
parameters, and it defines how much product gas per reactor volume and time (kinetics) in
what quality (thermodynamics) can be produced. The axial temperature curve indicates what
limitations occur in what zones of the reactor. This was elaborated in detail along the previous
research questions.

A good reactor and cooling design is therefore crucial to “steer” the temperature curve. A
proposal of six main rules for adequate reactor and cooling design of a catalytic methanation
reactor is listed below and is illustrated based on the typical shape of temperature profiles of
CO/CO2 methanation reactors in Figure 21. Neubert [45] formulated 2 tasks of reactor cooling
for fixed bed methanation reactors. These six rules are a further detailing of Neuberts proposal
and are in particular meant for fixed bed methanation reactors especially for CO/CO-
methanation with thermal oil cooling. In Figure 21 an illustration of the qualitatively optimal
temperature curve including the 6 tasks of cooling are presented.

1. The input temperature should be kept above the reaction kick-off temperature, depending
on the input concentration, pressure and catalyst type (appr. >250-300 °C).

2. The maximum catalyst temperature must be kept within the catalyst specification limits
(usually 500-600 °C maximum temperature depending on catalyst) to avoid catalyst sintering.
Without appropriate countermeasures such as active thermal oil-reactor cooling, almost the
adiabatic maximum temperature would be reached, which is usually significantly above the
maximum catalyst temperature (>700 °C depending on pressure and concentration).

3. However, it is favourable for higher conversion rates and reactor capacity to operate only
slightly below the maximum catalyst temperature at the temperature peak, since the reaction
rate increases exponentially with higher temperatures. In contrast, isothermal methanation
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such as in fluidized beds without moderate hot-spots leads to low reactor capacities due to
kinetic limitation.

4. Downstream of the temperature peak the reactor is highly likely thermodynamically limited
for CO/CO, methanation without active cooling. Therefore, reactor cooling should ensure a
significant reduction of temperature.

5. If the coolant temperature is too low (ambient air at 20 °C, water cooling at low pressure),
kinetic limitation may occur in the rear section of the reactor. The theoretical optimum
temperature profile can be reached if neither thermodynamic limitation, nor kinetic limitation
occurs. The optimum cooling rate can be approximately met with thermal oil around 270-320
°C depending on exact conditions.

6. In addition, the output reactor temperature must be settled around 300 °C to ensure
favourable thermodynamic conditions for high output methane concentrations. The
thermodynamics of methanation of Co-SOEC was described in detail in paper I. The necessary
output temperature depends on input concentration, pressure and aimed output concentration.
For Co-SOEC syngas at 4 bar pressure at least 280 °C and at 6 bar 290 °C must be reached
at the outlet to thermodynamically enable a dry output concentration of H2 <10 vol.-% and CH4
> 90 vol.-% necessary for direct grid injection.

= === unfavourable polytropic temp. profile @ Ensuring reaction kick-off
— profile with active temp. control temperature (preheating)
N Reducing maximum
adiabatic synthesis temp temperature to catalyst limits
o ]
-~ - @ @ Allowing moderate
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Figure 21: 6 main tasks of temperature control in a catalytic fixed bed methanation reactor
(idea based on illustration from Neubert [45])

If these six design rules regarding the temperature profile are met, the methanation reactor will
perform well, since the limitations are reduced as much as possible with low-complexity. The
most important tuning parameters for tubular fixed bed methanation reactors to form this
favourable temperature profile are:

1. the reactor diameter
2. the gas input capacity
3. the reactor pressure
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4. the input gas temperature
5. the coolant temperature and velocity

Small reactor diameters increase radial heat transfer (Figure 17, Figure 19), enhance cooling
and therefore especially reduce peak temperatures. At constant volume flow smaller diameters
lead to an increase in conversion (Figure 20).

High gas input capacity can have a cooling effect (if the system is not limited by wall-coolant
heat transfer e.g. in air-cooled systems), due to higher gas velocities, but also increases the
absolute amount of heat produced due to higher absolute number of moles converted. On the
downside, high volume flow at constant reactor diameter and length reduces the residence
time, therefore in almost every case higher volume flow leads to lower conversions and higher
pressure loss (Figure 20). The influence of higher gas volume flow can be described as almost
a downstream shift of the temperature curve towards the reactor outlet and flattening of the
temperature profile.

Higher reactor pressure reduces the kick-off temperature, increases the initial acceleration of
the temperature increase (kinetics) and leads to higher temperature peaks. It mostly also leads
to higher conversion rates and higher product concentrations since it is preferential in terms of
thermodynamics, which is important especially at the outlet section. Pressure has no
significant effect on the gas turbulence.

The input gas temperature has no severe influence, as long as it is above the kick-off
temperature. The comparison of oil-cooled reactors with and without preheating zone shows,
that no preheating with lower input temperatures leads to slightly lower peak temperatures
(Figure 6). The total reactor length did not change, as 100 mm catalyst zone was traded with
100 mm preheating zone. However, preheating improves operation stability especially in
flexibly operated systems as the kick-off temperature can be held no matter the pressure and
volume flow.

Coolant temperature and velocity are important design parameters. The oil velocity should be
chosen to match the necessary heat removal rate defined by the heat transfer at the wall-
coolant interface under consideration of the chosen temperature value. As shown in Figure 15
and Figure 16, a wall-coolant heat transfer coefficient above 2000 W m2 K-' should be aimed
for. The cooling temperature should be chosen in the range of 250-350 °C, depending on the
aimed output concentration, input concentration and pressure.

One important parameter, which was not changed in the course of this thesis, is the hydrogen
excess, as its effect is quite clear. Higher H, excess above the stoichiometric minimum amount
has several beneficial effects to the methanation process. More hydrogen improves
thermodynamics, kinetics, carbon deposition prevention and thermal management, as more
ballast gas increases velocity and heat capacity flow leading to lower temperatures. However,
already a small excess in the feed leads to a significant concentration in the dry product gas
due to the volume reducing methanation reaction. From Co-SOEC syngas feed with about 3
% excess of Hz a dry product concentration of 9 vol.-% H» and 91 vol.-% CHys is formed at 100
% conversion. To enable direct grid injection without downstream H, removal, the H, feed
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concentration should be chosen accordingly. In Austria and in most European countries the
maximum Hz concentration for grid injection is currently 10 vol.-%. [46,77-79]

Under consideration of the aforementioned design recommendations an example design for
Co-SOEC syngas based on Meth134 catalyst and thermal-oil cooling was conducted. For the
highly reactive feed gas a sweet spot at high gas input capacity of 100 000 h-' was found for a
10 mm reactor diameter, a reactor length of 300 mm and 4 bar pressure, as presented in paper
I. The particular aim of keeping 510 °C of maximum catalyst temperature at maximum capacity
was almost reached with 513 °C temperature peak in this design example. The input
parameters led to 80.4 % conversion and a pressure loss of 0.3 bar. It is not possible to conduct
single stage methanation with a fixed bed oil-cooled methanation reactor with applicable tube
diameters if only 510 °C maximum temperature is allowed.

If a high-temperature compatible catalyst was used with a maximum temperature of 630 °C
and the focus is not on high capacity but on single stage methanation of Co-SOEC the optimum
reactor design looks different. It is possible to achieve 99.9 % COx conversion in a single 14
mm diameter reactor at 2.5 m length for 4.4 bar pressure as shown in Figure 22. However, this
equals only 5000 h' catalyst load, hence 20 times more catalyst is necessary compared to the
first reactor stage example at 100 000 h™.
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Figure 22: Axial profiles of modelled temperature (left) and molar fractions (right) of a single
stage reactor with 14 mm diameter and 2500 mm length with oil-cooled reactor at 340 °C input
temperature including indication of kinetic limitation for CO methanation and WGS reaction by
grey background (left) and equilibrium concentration (right) (COx conversions, Reynolds
numbers, heat transfer coefficients and maximum temperature (blue ‘x’-marking) included).

These results are based on modelling results of the developed 1D PFR model. For CO;
methanation and especially biogas methanation the reactor diameter can be larger, because
the feed gas is initially less reactive, meaning less heat is produced per catalyst volume and
the radial heat transport can be lower. The 1D reactor model presented in Paper Il is capable
of simulating all kinds of feed gases, operation and design conditions. Therefore, it can be
used as a reactor design tool, if the above rules are applied. Sweet-spot reactor designs over
a wide field of parameter settings can be achieved by the model, however results should be
experimentally verified for CO, methanation and Co-SOEC syngas. The design can be
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optimized based on the feed gas or externally predefined pressure requirements of a
methanation application, but also can prioritize capacity over high output concentration or vice
versa. For Co-SOEC syngas methanation almost full conversion cannot be achieved with fixed
beds in a single reactor within the boundary limits presented above, if the maximum catalyst
temperature is 510 °C. For CO, methanation almost complete conversion of CO; to meet the
grid injection requirements in Austria in one reactor stage is possible. Full conversion in the
first reactor may be preferred in terms of investment and operational costs over high capacities,
since this would completely spare the necessity of intermediate cooling and a second reactor
stage.

4.5 Answer to research question 5: What are potential efficiency
enhancements of a combined Co-SOEC and methanation
plant?
After the discussion of how a reactor can be optimized based on operation parameters and
dimensions to maximize specific performance goals, the aspect of combining several reactor
stages and upstream electrolysis should be addressed too. The combination of an electrolyzer
and a methanation system must be carefully coordinated to achieve the highest possible
efficiencies of the overall plant. In particular, a (Co-)SOEC pairs very well with a methanation
system because the excess heat generated during methanation can be utilized to preheat the
feed for the (Co-)SOEC. The heat produced during methanation is sufficient to vaporize the
water required for the Co-SOEC feed.

Furthermore, compressing the feed gases for methanation, such as CO and H, to achieve
higher methanation pressure can be expensive. One solution to reduce investment and
operational costs for a combined electrolysis and methanation system is to use pressurized
electrolyzers. Pressurized alkaline electrolyzers [80,81] and pressurized PEM (Proton
Exchange Membrane) electrolyzers [82] allow for the compression of water (and CO-) instead
of Hz (and CO). Results for (Co-)SOEC in a pressurized environment have been promising.
[83—86]

If an increase in pressure downstream of the electrolyzer is required, as is the case for state-
of-the-art Co-SOEC, a dual pressure stage for the methanation process can be employed to
minimize the overall energy consumption as shown in Figure 23.
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Figure 23: Optimized process flow diagram of high-temperature co-electrolysis and
methanation with intermediate compression.

As discussed in paper lll, a state-of-the-art Co-SOEC operates at approximately ambient
pressure [71]. In the first methanation stage, also operating well at low pressure, a 67.5%
conversion rate was achieved. However, in the second reactor stage, an increased pressure
of 10 bar is necessary to achieve a 98.2 % conversion rate in the performed experimental
investigation. Due to the volume-reducing nature of methanation reactions and the removal of
water downstream of reactor 1, up to 42 % of the compression power can be saved through
an intermediate compression configuration. Nonetheless, carbon deposition must be
considered in the second reactor stage as a consequence of water removal.
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5 Conclusion

Methanation is the sole technology capable of converting renewable electrical energy into a
gaseous energy carrier that can be transported and stored within our current energy
infrastructure. This thesis endeavours to make a meaningful contribution to the development
of highly flexible, high-capacity and low-complexity methanation systems. These systems are
essential for producing low-cost green synthetic natural gas (SNG), which is crucial for meeting
our industrial CO2 emission reduction goals.

The complexity of catalytic methanation was accurately described by Neubert [45] as the
trilemma of methanation. Contradicting limitations by kinetics and thermodynamics have to be
overcome in a simple and cost-effective reactor. With this thesis an approach is proposed on
how multi-tubular methanation reactors can be designed to overcome this trilemma of
methanation. The list of important design and operation parameters for methanation is long
and their interdependencies are complicated. However, a parameter sweet spot leading to high
performance in simple oil-cooled tubular fixed beds is possible. In this thesis the main
questions on how to overcome most relevant limitations and design a very well performing
catalytic methanation reactor were answered. The focus of this work lies on CO/CO. as
methanation feed, such as syngas product from a Co-SOEC, but the outlined design rules are
qualitatively also applicable to other carbon containing sources, such as concentrated CO, or
biogas.

Based on an iterative method including a combination of reactor modelling and experimental
investigation in a lab-scale test plant the limitations of methanation reactors were identified.
The most crucial performance limitations relate from thermodynamics, effective kinetics
(intrinsic kinetics, gas-catalyst mass transfer), heat removal properties (inter-bed, bed-wall and
wall-coolant heat transport, cooling temperature and velocity), carbon deposition, catalyst
sintering and at very high capacities also pressure loss.

Subsequently, all the interdependencies of design and process parameters with the identified
limiting physical phenomena were determined. Most importantly, the turbulence, hence the
gas velocity, within the catalyst bed affects any heat and mass transfer. High gas velocity has
a beneficial effect for most physical phenomena, whereas it also decreases COx conversion
and increases pressure loss. In addition, catalyst and reactor design parameters combined
with temperature, pressure and gas concentration are essential to steer the performance of
the reactor.

The most important feedback of the reactor performance is the axial temperature curve formed
during operation within the catalyst bed. The axial temperature profile can be easily measured
and compared to modelling data. It allows assessing limitations of a given setup and enables
to conclude what measure have to be taken to improve reactor performance.

Based on the axial temperature profile, six fundamental principles were derived to guide the
design of an optimally performing reactor:

1. Input temperature: Appr. >250-300 °C to ensure reaction kick-off temperature
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2. The maximum catalyst temperature should be kept approximately at 500-600 °C to avoid
catalyst sintering, which necessitates active cooling.

3. Operate only slightly below the maximum catalyst temperature at the temperature peak to
maximize reaction rates

4. Intensive cooling and temperature reduction downstream of the temperature peak are
important to reduce highly probable thermodynamic limitation (inner and outer radial heat
transfer relevant)

5. Cooling temperatures should be aimed at 270-320 °C to avoid kinetic limitation in the rear
section of the reactor (optimum: neither thermodynamic limitation, nor kinetic limitation occurs)

6. Finally, the output reactor temperature must be settled around 300 °C to ensure favourable
thermodynamic conditions for high output methane concentrations.

The exact values of the mentioned temperature ranges depend on input concentration,
pressure, catalyst type and targeted output concentration. Adhering to these six principles
enables the attainment of high reaction kinetics, prevention of catalyst degradation, mitigation
of thermodynamic limitations, and the elimination of carbon deposition. Adjustment of the
comprehensively discussed design and operational parameters allow the shaping of the
temperature curve. Above all, varying the diameter of the reactor pipe remains the most
effective method to enhance methanation performance and increase the specific reactor
capacity. Additionally, factors such as the input gas volume flow and reactor pressure play a
crucial role in shaping the ideal temperature profile.

Finally, the process arrangement and integration of a complete power to gas unit, consisting
of electrolyzer, methanation, compressor and gas post-processing is crucial for high overall
energy efficiency. The combination of (Co-)SOEC and methanation is highly beneficial,
because excess heat from the methanation system can be reused to preheat the SOEC feed
and reduce electric energy demand. Furthermore, the methanation reactor can be designed
for low-pressure operation, which makes a combination with slightly pressurized electrolysers
very attractive. Alternatively, dual pressure levels with intermediate compression between first
and second methanation reactor stage allows the reduction of the compression power by up
to 42 %.

Nevertheless, there remains untapped potential in achieving cost-effective renewable SNG by
leveraging high-capacity and flexible methanation reactors. Monolithic catalysts with high
radial heat conductivity could enable the utilization of larger reactor diameters. Moreover,
employing high-temperature sustaining catalysts could lead to increased reaction rates
allowing single stage methanation with only downstream steam removal and direct grid
injection. Both of these catalyst advancements have the potential to raise the specific capacity
of reactors, subsequently reducing reactor costs. Furthermore, proper reactor dimensioning
can also enable the full methanation of biogas or CO2 methanation in fixed beds with thermal
oil-cooling, including the direct injection of the methanation product into the gas grid. The
developed 1D model can serve as a valuable tool for designing optimal reactor and cooling
dimensions.

VT ] U
VerfahrensTecunix



Chapter 5 - Conclusion 127

The goal of this thesis, which is to contribute to the decarbonization of the current energy
system by designing cost-effective, high-capacity catalytic methanation reactors with an
emphasis on CO/CO; containing feed gases, has been accomplished. Nevertheless, there is
still much more to discover and understand in this field.
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Nomenclature

Abbreviations

COM CO methanation
CO2M CO2 methanation
GHSV Gas hourly space velocity
PFR Plug-flow reactor
rwGS Reverse water gas shift reaction
WGS Water gas shift reaction
Symbols
A Area m?
¢ Concentration of component i mol m=3
Cp Heat capacity Jkg K™t
D; Diffusion coefficient of component i m?s?!
d Diameter m
dparticte Particle diameter of catalyst m
AHr  Enthalpy of reaction Jmol™t
Ji Mass or heat flow variable molm™>2m~Yor Wm™?m™?!

Ki,K, Coefficient of A, (r)-model -

K; Adsorption constant of component i differs
k; Reaction rate coefficient of reaction j differs
k Overall heat transfer coefficient Wm2K1
L Reactor Length m
M Molar mass kg mol™1
mh; Mass flow of species i kgs~t
n; Molar flow of species i mol s™1
n; Reaction order of reaction j -
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p Pressure Pa

Q Heat flow w

q Heat flow (volumetric) density Wm3

r Control variable of reactor radius m

7 Reaction rate of reaction j mol kg st
Ty Volumetric reaction rate mol mz3, st

R Radius of reactor or ideal gas constant mor ] mol K1

Rey,,  Particle Reynolds number with superficial velocity -
Re, Particle Reynolds number with “operating” velocity -
Sc Schmidt number -

Sh Sherwood number -

T Temperature K
t Time s
1% Volume flow m3s~1
Vyeactor ~REACtOr VOlume m3
w Velocity ms~1
a Heat transfer coefficient Wm 2K1
I Mass transfer coefficient molm=2 K1
r State variable -
€ Porosity -
n Dynamic viscosity / effectiveness factor Pasor —
A Heat conductivity Wm K1
A,.(r)  Effective fixed bed heat conductivity as function of WmtK?
radial position r
Vij Stoichiometric factor of component i of reaction j -
p Density kg m™3

Teat Tortuosity of catalyst -

) Thiele modulus —
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Subscripts and superscripts

air
bed
bed — oil
bed — wall

cat
conv
cond
cool
diff
eff
gas

heat conv

in

intr

knu
lat
lhhw

long

mix

mt

op.

Ambient air

Fixed bed

From fixed bed to coolant oil

From fixed bed to pipe wall

Catalyst

Convection

Conduction

Cooling

Diffusion

Effective

Gas

Heat convection

Index of gas component or at the inside of the pipe
Input

Intrinsic

Index of reaction

Knudson (diffusion)

Lateral

Langmuir Hinshelwood Hougen Watson
Longitudinal

Molecular or mean

Mixture (diffusion coefficient of component i in gas mixture)
Mass transfer

At the outside of the pipe

Operation condition
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out Output
oil QOil
p Particle
pore Pore
r Reactor (pipe) or radial

radiation Radiation

solid Solid fraction without pores
steel Steel
STP Standard temperature and pressure conditions
sup Superficial (velocity)
%4 Volumetric

wall (or w) Reactor wall

wall — air  From piping wall to ambient air
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