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The dynamic operation of a power-to-gas plant powered by wind energy is theoretically studied by coupling an empirical

model of an alkaline water electrolyzer with a 1D heterogeneous model of a methanation reactor. H, produced by the elec-

trolyzer follows the wind power profile, but operation in the part-load range can raise safety concerns. The dynamically

generated methane quality comes close to the required value for injection into the gas grid, if the stoichiometric ratio is

controlled. To satisfy the gas quality at all times, it is necessary to design a more tolerant reactor.
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1 Introduction

Producing methane with the power-to-gas (PtG) process is
a promising technology to tackle the demand for long-term
energy storage and a sustainable natural gas economy. In
this process, H,, produced by renewable energies, is used to
hydrogenate CO, in the methanation reaction [1]. A trend
for PtG is the development of small-scale container-based
units for decentralized energy storage applications. These
units usually consist of an alkaline water electrolyzer (AEL)
for the production of H, owing to low investment and
maintenance costs as well as a high lifetime [2]. Due to the
limited space, an intensified reactor is required in terms of
heat and mass transfer, e.g., a microstructured reactor.
Improved temperature control is possible with this reactor
type and, thus, higher operating temperatures can be
applied without exceeding the critical catalyst temperature.
Microstructured reactors are also investigated for other
power-to-X processes such as Fischer-Tropsch [3,4] and
methanol [5] synthesis. Fig. 1 shows a schematic overview
of the PtG process with possible CO, sources. The contain-
er-based setup enforces space restrictions on the PtG unit,
which may result in an intended dynamic operation to
reduce the space and costs for intermediate electricity (bat-
tery) or H, (buffer tank) storage.

Directly powering an AEL with a wind turbine results in
a dynamic operation owing to the fluctuating nature of the
wind velocity. Wind power is often favored over solar pho-
tovoltaic power because of no daytime-limited availabil-
ity [2]. The intermittent load variations in the electrolyzer
can not only cause an irregular hydrogen flow but rather
raise concerns about process safety. Gas impurities based on
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crossover mechanisms can demand a safety shutdown of
the unit, which is critical for low current densities. H, and
O, form explosive mixtures between 4 and 96 vol % foreign
gas contamination. Therefore, alkaline water electrolyzers
perform a safety shutdown when reaching 50 % of the lower
explosion limit. The main gas contamination is caused by
electrolyte mixing, which transfers dissolved product gas
species into the other half-cell [6,7]. The H, impurities in
O, are limiting since the product ratio is 2:1.

Methanation reactors are usually designed for a steady-
state operation while considering constraints such as a
specified conversion and maximum catalyst temperature.
The strongly exothermic CO, methanation is generally con-
ducted in a wall-cooled reactor, with a polytropic tempera-
ture profile, accompanied by a distinct hot spot formation
at the entrance of the reactor. A previous study showed that
even a microstructured reactor exhibits severe temperature
and conversion changes under forced periodic operation [8].
This is not only caused by the reaction kinetics, but also by
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the mean value, while the lowest velocity
amounts to 21 %.

The wind velocity profile is normal-
ized to the average and used to define
two scenarios for powering an AEL,
which is shown in Fig.2b. The nominal
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operation point of the AEL is fixed at
3kA m% which is in the range of typical
current densities. In the high load sce-
nario, this is defined as the nominal load
and corresponds to 100%. In the low
load case, the AEL is operated at an
average load of a third of the nominal
value, which is 1 kA m™. These cases are
chosen to show the different system
behaviors of AEL powered by renewable
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energies.

Figure 1. Schematic of the power-to-gas process with possible carbon sources.

variations in the transport properties of the varying compo-
sition of the gas mixture.

Within this study, process modeling is used to investigate
the behavior of the PtG setup when a real wind power pro-
file is applied. The following questions are to be answered
by the simulation:

- How does the electrolyzer react to an irregularly shaped
input signal (H, production, process safety)?

- How does the methanation reactor behave (catalyst tem-
perature, CH, concentration)?

Two operation scenarios of the methanation reactor are
studied: an uncontrolled dynamic operation with solely
varying the H, inlet flow rate and a controlled operation
with a constant H,/CO, ratio.

2 Methods

2.2 Alkaline Water Electrolysis

Various approaches with different complexity can describe
the system behavior of alkaline water electrolyzers. While
physically reasonable models are setup-independent since
system dimensions can be defined by the required input
parameters, empirical correlations are only valid for the
actual electrolyzer system [2]. Often, the parameters for
physically reasonable models are challenging to quantify
and the development of such models is a recent research
topic [7]. Therefore, empirical correlations are used in this
study to gain exemplary insights into the dynamic behavior
of the AEL.

The produced H, flow rate is calculated by Faraday’s law
and is thereby directly proportional to the current density.
Next to the H, production rate, cell voltage and gas impuri-

2.1 Input Profile
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A real wind power signal of a
weather station located in Claus-
thal-Zellerfeld, Germany, is used
to modulate the input of the
AEL, which is depicted in Fig. 2a.
An exemplary day is arbitrarily
chosen and the data of the input
signal is reported in the Support-
ing Information (SI). High-
frequency oscillations, as well as 05
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tic variations in the amplitude of
the wind power profile. The wind
velocity profile has a mean value
of 1.8ms™". The maximum posi-
tive velocity deviation is 182 % of
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Figure 2. a) Time-related wind velocity profile measured by the weather station in Clausthal-
Zellerfeld, Germany and b) two different operation scenarios derived from the wind profile.
While high power availability is favored, a power shortage with a low load scenario can occur
during times with a limited abundance of wind power. 100 % load corresponds to the designat-
ed steady-state current density of 3kAm™.
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ty are significant parameters of interest for AELs. Hence,
both variables are calculated by empirical correlations
depending on current density, temperature, pressure, and
electrolyte concentration [9,10]. The efficiency of AELs is
mainly influenced by the required cell voltage and gas impu-
rity. Furthermore, the system pressure and the temperature
have to be taken into account. While the atmospheric opera-
tion requires a less expensive construction, the pressurized
operation is preferred to avoid a cost-intensive mechanical
compression [2]. Therefore, this study focuses on a pressur-
ized operation at 9 bar to provide the required pressure for
the methanation. The suitable operation temperature for
AELs is between 50 and 80 °C depending on the electrolyte
concentration due to a maximum of the electrolyte conduc-
tivity. With a temperature of 60 °C and an electrolyte concen-
tration of 32wt % KOH, typical operation conditions are
assumed [11]. For details on the equations, refer to the SI.

2.3 Methanation

A dynamic 1D heterogeneous model, as described in our pre-
vious work [8], is used to model the methanation reactor,
which is only briefly explained here. The reactor is designed
based on a rippled-plate heat exchanger design with alternat-
ing cooling and reaction channels. The reaction channels are
filled with a spherical Ni/Al,O; catalyst with a diameter of
400 pm and a thermal oil is used as a cooling medium. One
simulated channel has dimensions of 2 x2 mm with a length
of 40 cm to achieve a sufficient conversion during the steady-
state operation. The reactor is operated at an inlet tempera-
ture of 280 °C, which is also the temperature of the cooling
medium, an inlet pressure of 8 bar, and a gas hourly space
velocity (GHSV) of 3143h™". A Langmuir-Hinshelwood-
Hougen-Watson reaction rate expression from Koschany
et al. [12] is used for the CO, methanation kinetics on a
Ni/Al,O; catalyst. This reaction rate expression is developed
from steady-state experiments and, therefore, may not be
able to capture dynamic phenom-

For the dynamic operation of the methanation reactor,
the average flow rate of the transient signal is adjusted to
the steady-state value to enable a fair comparison. Through-
out this study, it is assumed that the CO, input signal can
be controlled and is not affected by irregular variations.
Therefore, a buffer tank is included in Fig. 1. However, the
CO, inlet flow can also be subjected to fluctuations in reali-
ty, which is neglected to reduce complexity. Two cases are
regarded in the present simulation study, which are an
uncontrolled dynamic operation (CaseI) and a controlled
dynamic operation (Case II).

In the first case, it is assumed that only the H, signal is
subjected to fluctuations due to the AEL, while the volumet-
ric flow rate of CO, is kept constant. For Casel, the reactor
is subjected to changes in the inlet flow rate as well as the
inlet composition. A more realistic scenario is represented
in CaseII, where a controlled dynamic operation is applied.
The CO, flow rate is adjusted so that a stoichiometric feed
composition is maintained, which can be achieved by a sim-
ple control system. The H, flow rate is the same as in Case I
and only the total flow rate varies over time.

3 Results and Discussion

3.1 Alkaline Water Electrolysis

The results of cell voltage and gas impurity are shown in
Fig.3 for both load scenarios. While the reversible cell
voltage at atmospheric conditions is around 1.2V at a sys-
tem temperature of 60°C, the operation at a pressure of
9bar significantly increases this value to approximately
1.27V due to the higher energy demand for gas bubble
formation. Obviously, the low load scenario also requires a
lower cell voltage compared to the high load case in Fig. 3a.
In general, the calculated cell voltages are in agreement with
expected values of around 1.6 and 2.1V [2].

ena correctly [13]. However, tran-
sient kinetic approaches are not a)u_
available at the moment.
The reactor is designed for the 20k
steady-state operation with con-
straints, such as a pressure drop
below 0.4 barm™", a hot spot tem-
perature below 550°C, and a
methane concentration in the dry
exhaust gas above 90vol%, to
fulfill the German gas net regula-
tions for low calorific gas (L-gas) 12F
quality. The model of the micro- | |

1.8

cell voltage / V

1.4

reversible cell voltage

—— high load b) . o
50 % lower explosion limit
low load 20—t e e e e e e m =

15

1.0

HTO / vol%

0.5

low load
= high load
1 1 1

! L 0.0

structured reactor is imple-
mented in gPROMS and solved

15 20 0 5 10 15 20
time / h

time /h

with a Runge-Kutta method.

Figure 3. Results of the empirical model for both load scenarios. a) Cell voltage of the AEL and

b) H, content in anodic O, (HTO) at a system temperature of 60 °C and a pressure of 9 bar.
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The difference in cell voltage for atmospheric and pres-
surized operation is negligible since the increase of the
reversible cell voltage is compensated by lower ohmic losses
of gas bubbles due to decreasing bubble diameters at ele-
vated pressures. The resulting gas contamination of H, in
O, is shown in Fig.3b. While the gas impurity is always
higher for the low load scenario, both profiles show similar
results. When the AEL is operated in the part-load range
significantly below 20 % of its nominal load, the safety limit
of 2.0 vol % is reached and suitable safety strategies are nec-
essary [6,7,11]. However, this simulation study does not
include the event of a safety shutdown since only small
overruns of the safety limit occur. While the low load sce-
nario shows a gas impurity between 1.2 and 2.1vol %, the
H, content is in the range of 0.7 to 1.7 vol % for the high
load case. Therefore, an operation above the part-load range
is favorable since fewer safety problems may occur.

As the H, production is directly proportional to the
applied current density, it is also directly proportional to

the wind profile as well (see SI). Hence, the fluctuations are
not damped by the AEL and the small losses due to the oxi-
dation of H, with O, in the oxidizer can be neglected.

3.2 Methanation

The steady-state concentration of methane in the dry
exhaust gas for the designed operation point is 90.97 vol %,
which is close to the equilibrium value at these conditions
of 91.99 vol %, and the maximum gas-phase temperature is
431°C. Fig.4a shows the signal of the H, and CO, inlet
volumetric flow rate for the applied wind profile. The oscil-
lations of the H, inlet signal are identical to the wind veloci-
ty profile, with the same minimum and maximum load. A
low volumetric flow rate and a low H,/CO, ratio are present
at the beginning of the signal and for Casel. The reactor is
operated at an increased load between 7 and 19h, with a
maximum load of 182 % at 9.2 h.
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Temperature and concentration changes occur almost
instantaneously compared to the time scale of the fluctua-
tions, which means that the input frequency and the output
frequency are nearly equal. A new steady-state is reached
within 155, as a consequence of the low thermal inertia of a
single channel [8]. This would be different in a stack of sev-
eral hundreds of these channels, which cannot be described
by the model used in this study.

The temporal hot spot temperature profile is presented in
Fig.4b. For low flow rates and high CO, contents in the
feed, high temperatures of up to 500 °C are obtained when
the ratio is not adjusted. Some studies report a lower critical
catalyst temperature of 500 °C than the one assumed in this
study, which is already surpassed at the beginning for CaseI
[14, 15]. Although this temperature is specific for a catalytic
system and the simulation results are only qualitative, it still
clearly shows that the maximum steady-state temperature
can be exceeded during the transient operation. An increas-
ing flow rate and H, concentration result in a decrease in
the hot spot temperature due to the higher velocity. This is
amplified by the larger thermal conductivity of H, and the
improved overall heat transfer coefficient, respectively. It
has been confirmed for CaseI that the varying reactant ratio
does not violate the validity range, for which the kinetic
expression was developed (see SI). A nearly constant hot
spot temperature with a low value of 310 °C for Casel and
330°C for Casell is obtained between 8 and 15h of the
wind profile, despite large fluctuations in the H, inlet signal.
Comparing the temperatures at the beginning of the signal
for the variable and stoichiometric feed ratio, it can be seen
that the maximum temperatures are lower for the stoichio-
metric case. This is caused by the enlarged thermal conduc-
tivity of the mixture, despite the decreased overall heat
transfer coefficient due to the lower flow rate [8]. A higher
volumetric flow rate decreases the hot spot temperature by
increasing the heat transfer in the packed bed and a lower
conversion is the result because of a suppressed hot spot.

The temperature in the center of the catalyst is higher
because of the exothermic reaction and the limited heat
conductivity of the porous support (Al,O3). The maximum
temperature difference between the catalyst center and the
gas phase in the steady-state operation amounts to 10.7 K.
A maximum difference of 18.4K occurs for Casel and
13.8K for CaselIl. This clearly shows that a heterogeneous
model is required to accurately describe the transient
methanation, which is also pointed out by Fischer et al. [16].
This difference decreases with increasing volumetric flow
rate, which improves the heat removal from the catalyst
and, thereby, lowers the hot spot temperature and the reac-
tion rate.

Fig.4c shows the methane concentration in the dry
exhaust gas after the removal of water. With the variable
H,/CO, ratio, the methane concentration suffers from sub-
stantial variations. This is either caused by insufficient H,
supply in the under-stoichiometric regime or H, excess in
the over-stoichiometric composition. As a result, a purifica-
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tion step or a recycle loop [17] for the unconverted reac-
tants is required. The methane concentration meets the
specified value for the L gas quality during the first 6h for
CaseIl. After this time, the increasing volumetric flow rate
lowers the residence time in the reactor, which means that
the conversion decreases and methane is not produced in
the required purity. This effect is amplified by a decreased
thermal resistance in the catalyst bed, enabling a more effi-
cient heat transfer that reduces the hot spot temperature
and the reaction rate, respectively.

The simulation shows that a simple adjustment of the
CO,; inlet flow rate is not enough to ensure a constant L-gas
quality of the produced methane. Further control strategies
or an improved reactor design are required to achieve the
desired conversion over a broad range of operating condi-
tions. These technologies need to ensure safe operation in
terms of the maximum temperature at the hot spot and the
gas quality. Possible control methods are the adjustment of
the coolant temperature [14,16], the design of a tolerant
catalyst [15], or a tolerant reactor [18]. A tolerant reactor
refers to a reactor that can meet the required specification
even for varying operating conditions. Such reactors can be
designed by taking possible variations into account during
the optimization problem [18].

4 Conclusion

The effect of a real wind power signal on a PtG unit is
investigated through the coupling of an AEL model with a
model for a methanation reactor. While for the AEL, only a
simple model is used in this study, the microstructured
methanation reactor is described by a detailed 1D hetero-
geneous model.

The H, production by the AEL directly follows the oscil-
lations of the input profile, without any delay. Therefore,
the cell voltage and the gas impurity define the efficiency
during the transient operation. While a low load also results
in low cell voltages, the gas impurity is significantly in-
creased below 20 % of the nominal load. Suitable strategies
may be required to avoid safety shutdowns.

The simulation of the methanation reactor shows that the
modulation of the H, inlet signal leads to vigorous varia-
tions in methane concentration and hot spot temperature.
The temperature profile is nearly the same for both investi-
gated cases, with the profile of CaselIl showing a lower
amplitude. However, a product gas with L-gas quality is
produced for some hours with the stoichiometric inlet
composition. Deviations from the L-gas quality arise from
the low residence time and the low temperature at the hot
spot for too high flow rates. This study shows that it is
necessary to adapt the design of the PtG plant either by a
more tolerant reactor or by adding a purification step.

The transient operation of the PtG process will be further
experimentally investigated by combining a lab-scale AEL
with a fixed-bed methanation reactor. This can be used to
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investigate operation modes of the AEL to guarantee safe
operation even in a low load range and to study the tran-
sient kinetics of the CO, methanation experimentally.
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