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The performance of a slurry bubble column reactor was evaluated for its application as a methanation reactor.
The influences of the reactor pressure (5 to 20 bar), temperature (275 to 325 °C), gas velocity (0.8 to 1.6 cm/s),
catalyst concentration (1.6 to 9 vol.%) as well as reactant partial pressures (H2/CO2 ratio from 3.8 to 6.3) on the
reactor performance were assessed and optimal process conditions for substitute natural gas production were
identified. An increase in pressure, temperature, and H2/CO2 ratio improves the reactor performance. The optimal
catalyst concentration depends on the operating conditions. Under the experimental conditions of the work
presented in this paper, a concentration of 6.5 vol.% led to the highest conversion rates.
Additionally, the dynamic behavior of the three-phase methanation reactor was investigated using inlet gas
velocity step changes to simulate load variation of a power-to-gas facility. The reactor showed rapid adaptation
while maintaining an isothermal temperature profile.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As a result of the continuous reduction of crude oil and gas resources,
and the increasing concern for greenhouse effects due to human CO2

emissions, recent focus has been put on the development of renewable
and environmentally friendly energy from wind and sunlight. As these
energy sources are intermittent the produced electricity needs to be bal-
anced for power grid stability purposes. Electricity storage via power-to-
gas (PtG) technology is a promising solution to tackle this issue. The PtG
process links the power and natural gas grids by the conversion of electri-
cal energy into a chemical energy carrier, substitute natural gas (SNG).
SNG is produced via two steps: H2 production through water electrolysis
andH2 conversionwith an external CO2 source into CH4 via themethana-
tion reaction [1]. The resulting SNG can be injected into the existing gas
grid or gas storages and can easily be utilized in the already well-
established infrastructure and conversion systems. Themethanation reac-
tor used in a PtG facility needs to be highly load flexible in order to follow
theH2 profile from the electrolyzer as closely as possible, thus keeping the
H2 storage tank as small as possible, while satisfying SNG quality require-
ments. For small PtG plants, a slurry bubble column reactor (SBCR) is seen
as a suitable methanation reactor type, since it allows for efficient reactor
temperature control, as well as good dynamic behavior [2].

In this publication the application of a SBCR as a three-phrasemetha-
nation reactor was investigated. First, the influence of the different

process variables on the CO2 conversion and CH4 formation rate were
the focus. Whenever possible, optimum process conditions regarding
high conversion and high space velocity were defined. In the second
part the dynamic behavior of a three-phase methanation reactor was
tested regarding the whole PtG process chain.

2. Fundamentals

2.1. Methanation

Different reactions are implied in the CO2 methanation process: the
key reaction, the CO2 hydrogenation (Eq. (1)), is accompanied by other
reactions such as the reverse water gas shift (Eq. (2)), the Boudouard
(Eq. (3)) and the CO hydrogenation (Eq. (4)) reactions. Methanation
reactors are typically operated at temperatures between 200 °C and
500 °C and at pressures ranging from 1 bar to approximately 100 bar.

CO2 gð Þ þ 4 H2 gð Þ⇄CH4 gð Þ þ 2 H2O gð Þ ΔH0
r ¼ −165:1 kJ=mol ð1Þ

CO2 gð Þ þ H2 gð Þ⇄CO gð Þ þ H2O gð Þ ΔH0
r ¼ þ41:2 kJ=mol ð2Þ

2 CO gð Þ⇄C sð Þ þ CO2 gð Þ ΔH0
r ¼ −172:5 kJ=mol ð3Þ

CO gð Þ þ 3 H2 gð Þ⇄CH4 gð Þ þ H2O gð Þ ΔH0
r ¼ −206:3 kJ=mol ð4Þ
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Reaction 1 is highly exothermic. Consequently, a main issue of the
CO2 methanation reactor is to achieve a good reaction heat removal to
prevent a thermodynamic limitation of the CO2 conversion and catalyst
sintering. Several metals such as Ni, Ru, Rh, and Co may be used as cat-
alytic active material for the CO2 methanation. However, most often Ni
is seen as the optimum catalyst choice considering its relatively high
activity, good CH4 selectivity, and low raw material price [3,4].

State-of-the-art reactor concepts for SNG production are two-phase
reactors, e.g. adiabatic fixed-bed systems [5]. An alternative concept is
fluidized bed reactors which have been tested in a number of pilot
scale systems [6,7]. Adiabatic fixed-bed reactor concepts typically re-
quire 2–5 catalytic beds in serieswith inter-cooling and recycle streams,
while fluidized-bed reactors offer amore effective heat removalwith in-
tegrated heat exchanger tubes, but require abrasion resistant catalysts.
When exposed to fluctuating feed streams, these two-phase reactors
typically suffer a quick temperature change, as the cooling system can-
not be adapted to a rapid change in reaction heat production [8]. This
temperature drop can lead to catalyst cracking or sintering [9].

Another reactor concept is based on a three-phase reactor (e.g.
SBCR) filled with a heat transfer liquid enabling effective and accurate
temperature control (see Fig. 1). Due to the additional heat capacity of
its liquid phase, a three-phase reactor is less prone to quick temperature
changes in case of fluctuating feed streams. Furthermore, three-phase
methanation enables catalyst removal during operation. This leads to
a stable isothermal operation of the methanation process [2,10]. Possi-
ble drawbacks of a three-phase reactor include evaporation or decom-
position of the heat transfer liquid as well as the additional mass
transfer resistance due to the liquid phase. The discussed reactor types
are compared in Table 1.

2.2. Slurry bubble column reactor (SBCR) basics

Since SBCR efficiency can be limited by the mass transfer resistance
induced by the heat transfer liquid, it is of first importance to identify
optimal operating parameters for maximized CO2 conversion as well
as CH4 formation rate. For the three-phase methanation the following
mass transfer steps can be identified [2,11]:

1. bulk gas➩ gas liquid interface

2. gas liquid interface ➩ bulk liquid
3. bulk liquid ➩ liquid solid interface
4. catalyst pore diffusion and simultaneous chemical reaction.

In a steady state system, all steps have the same specific flow rate,
and the slowest step determines the effective reaction rate ri,eff (Eq. (5)).

ri;eff ¼ −
n
�

i;GjL
VR

¼ −
n
�

i;LjS
VR

¼ rm;i �
mcat

VR
ð5Þ

Hence, optimum operating conditions for a SBCR at steady-state can
be determined, once the limiting reaction process step is identified. Ac-
cording to the literature and our own estimations, mass transfer within
the gas phase (step 1) and from the liquid phase to the catalyst surface
(step 3) are not limiting [12,13]. The reaction kinetics (step 4) canbe the
slowest step at low temperatures (e.g. b250 °C). The limiting step 4 can
be described with Eq. (6).

ri;eff ¼ rm;i �
mcat

VR
¼ −km � piρL

HiL

� �n

�mcat

VR
step 4 limiting ð6Þ

However, at high temperatures step 2 is the limiting transfer phe-
nomenon. The step 2 (gas liquid interface ➩ bulk liquid) can be de-
scribed with Eq. (7) representing the specific molar flow of a gas
species i, ṅiL, from the gas/liquid interface to the liquid bulk phase:

ri;eff ¼
n
�

i;GjL
VR

¼ kLað Þi � c�iL−ciL
� � ¼ kLað Þi �

pi � ρL

HiL
−ciL

� �
step 2 limiting : ð7Þ

According to Eq. (7) this mass transfer step can be enhanced by
increasing:

• the mass transfer coefficient kL;
• the specific gas/liquid interface area a ¼ 6εG

dB
;

• the gas solubility c�iL ¼ pi ρL
Hi

:

While kL and a are significantly influenced by the system hydrody-
namics, ciL⁎ depends on the heat transfer liquid and operating conditions
(pressure and temperature) [14]. The mass transfer between the gas/
liquid interface and the liquid bulk can be notably improved by increas-
ing the gas holdup and by reducing the bubble diameter. The hydrody-
namics of a SBCR, and especially the gas holdup εG, is influenced by
numerous parameters which can be separated into two categories: re-
actor geometry (gas distributor, reactor dimensions and fittings) and
material properties (gas, liquid and solid phase) [14–16]. The cross sec-
tional area AR as well as the height to diameter ratio hR/dR of a SBCR in-
fluence the system hydrodynamics in two ways. First, a flow regime
change can happen for a fixed gas velocity in a bigger reactor [17–20].
Then, greater backmixing occurs in a bigger reactor because the wall-
effects are less important [21].

In this work, experiments have been carried out with a single heat
transfer liquid and catalyst (relevant liquid properties are given in
Table 2). Accordingly, optimal CO2 conversion and CH4 formation rate
can be found through variation of the following parameters:

• reactor pressure;
• temperature;
• gas velocity;
• reactor geometry;
• catalyst concentration in the slurry phase;
• H2 and CO2 partial pressures.

3. Experimental

3.1. Experimental setup

The experiments have been carried out using the experimental
setup shown in Fig. 2. This setup can be divided into three sections:
gas supply, SBCR and gas analytics. The gas supply (CO2, H2, and Ar as
internal standard) was carried out via a set of mass-flow controllers
(Bronkhorst). Before going into the SBCR, the feed gas was heated to
the desired temperature. At the reactor outlet the product gas wasFig. 1. Schematic of a slurry bubble column reactor for methanation.
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