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A B S T R A C T

Ceramic Membrane Reactors offer an opportunity towards the transition to renewable energies and defossilized
economies by efficiently coupling chemical reactions and heat utilization. To identify viable processes,
mathematical models are needed that allow a straightforward assessment. In this study, a generalized model is
presented that can be applied to membrane reactor concepts using a mixed oxygen transport membrane. The
model assumes chemical equilibrium which is realized by minimizing the Gibbs free energy in the individual
reaction chambers. Both reaction chambers are coupled by the Wagner equation to account for the oxygen ion
flux through the membrane. Experimental data from the literature were used to validate the model for water
splitting, partial oxidation of methane, and the coupling of these two processes. The model allows to investigate
various process parameters such as oxygen flux and gas compositions, making the model particularly suitable
for feasibility studies and initial design iterations for new reactor developments.
. Introduction

The implementation of oxygen membranes into reactors opens up
ew possibilities for chemical processes, but it also poses new chal-
enges regarding the mathematical modelling of these processes. First
omputational fluid dynamics (CFD) models have been developed mod-
lling the reactions on the membrane surface using rate equations [1–
]. The oxygen partial pressure in this case is a function of the reaction
ates. While this may be the most accurate approach it relies on a
itting to experimental data as the reaction kinetics on the surface
f a membrane are usually not known and depend on the catalytic
ctivity of the membrane. In particular, the water splitting reaction
as not modelled, but a mixture of hydrogen and oxygen was used

nstead [2,4].
Besides using reaction rates, the oxygen partial pressure may also

e estimated from the chemical equilibrium. This has been done in
revious works by calculating the chemical equilibrium for the assumed
eaction to determine the thermodynamic limit of a specific membrane
eactor concept [5,6]. While this approach does not take into account
ossible limitations of the reactor performance due to slow reaction
inetics as the reactions are assumed to be infinitely fast, it simplifies
he mathematical modelling. The equilibrium constant depends on the
emperature only [7] and therefore requires no fitting to experimental
ata. The assumption of infinitely fast reactions is followed within this

∗ Corresponding author at: Central Institute of Engineering, Electronics and Analytics (ZEA), Forschungszentrum Jülich GmbH, Jülich, Germany.
E-mail address: k.bittner@fz-juelich.de (K. Bittner).

work by calculating the gas components and oxygen partial pressure on
both sides of the membrane using the Gibbs free energy minimization
method (non-stoichiometric approach). The advantage of this method
is that no stoichiometric equations have to be set up and the model can
therefore be theoretically applied to any gas mixture without modifying
it. It was in previous studies for example applied to steam reforming,
partial oxidation and gasification processes [8–13]. This approach is
then coupled with a transport equation for the oxygen ion flux through
the membrane and the resulting effect on the gas components and
oxygen partial pressure. For this purpose, the Wagner equation is used,
applicable to materials consisting of ion and electronic conductors
(e.g. mixed ionic-electronic conducting membranes) if the ambipolar
conductivity is known. For dual phase membranes, this value can be
estimated in a first approximation from the proportions of the electron
conducting and ion conducting phases, as well as their partial conduc-
tivities. Furthermore, geometrical factors such as the tortuosity of the
phases should be taken into account. Such a model was developed for
ceramic-carbonate dual-phase membranes by Rui et al. [14].

The input parameters of the model are temperature, operating
pressure, flow rates, inlet gas compositions, membrane area, membrane
thickness and ambipolar conductivity of the membrane. It allows to
estimate various process parameters helpful for designing experiments
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(provided the ambipolar conductivity of the material is known before-
hand) such as the oxygen partial pressure in both reaction chambers,
the resulting oxygen transport through the membrane, outlet flow rates
and outlet gas compositions. The model is validated against experi-
mental data from the literature for three frequently studied membrane
reactor configurations. For this purpose, a range of ambipolar con-
ductivity of the membranes used in the respective experiments was
estimated from material data in the literature and used as an input
parameter in addition to given experimental parameters.

2. Modelling approach

The model presented here refers to a continuous reactor in which
two reaction chambers are separated by an oxygen membrane. The as-
sumptions made are similar to the assumptions made by Akin et al. [5].
These are:

• Constant temperature, constant pressure, ideal gases
• Perfect mixing i.e. the composition of the effluent gases is equal

to the gas composition on the membrane
• Infinitely fast reactions, i.e. reactions are assumed to be in state

of equilibrium

ue to these assumptions there are some limitations to the model.
ince perfect mixing is assumed and the driving force for oxygen
ermeation is therefore calculated from the effluent gas compositions,
he membrane geometry and configuration is not considered explicitly.
his allows for a generalized modelling. However, it should be noted
ere that the partial pressure of oxygen at the outlet of the membrane
eactor may differ from the partial pressure of oxygen at the membrane
urface. This difference could potentially lead to a discrepancy between
he predicted oxygen flux and the actual measured data. For example,
oncentration polarization at the membrane surface may cause the
riving force for oxygen permeation to be overestimated by the model.
n the other hand, the series connection of several membranes or the
tilization of a long tubular membrane may result in an underestima-
ion. This is because the driving force decreases in flow direction and
s calculated from the outlet conditions by the model.

The assumption of chemical equilibrium allows to model new re-
ctor concepts without requiring an extensive study of the reaction
echanism and provides insight into the thermodynamic limits. Depen-
ent on the reaction rates and residence time, the gas mixture at the
eactor outlet may not be in chemical equilibrium which for example
an lead to an overestimation of CO species and underestimation of
O2 species [10,11,13]. In addition, since this study examines mem-
rane reactors in which oxygen permeation depends on oxygen partial
ressure, it should be noted that this may lead to an overestimation
f the oxygen flux if it is limited by the rates of oxygen-releasing and
xygen-consuming reactions.

For the calculation of the equilibrium state, the Gibbs free energy
inimization approach is used in this work. This approach makes use

f the property that a mixture at constant temperature and constant
ressure is in chemical equilibrium when the Gibbs free energy reaches
ts minimum [15]. The total Gibbs free energy can be written as the sum
f the Gibbs free energies of all species 𝑖,

=
∑

𝑖
𝑁𝑖𝐺𝑚,𝑖, (1)

here 𝐺𝑚,𝑖 is the molar Gibbs free energy and 𝑁𝑖 is the number of
oles of species 𝑖. For a mixture of ideal gases, the partial pressure
ependency can be expressed as

=
∑

𝑖
𝑁𝑖

(

𝐺0
𝑚,𝑖(𝑇 ) + 𝑅𝑇 ln

𝑝𝑖
𝑃 0

)

, (2)

here 𝐺0
𝑚,𝑖(𝑇 ) is the molar Gibbs free energy at standard state pressure,

is the universal gas constant, 𝑇 is the temperature, 𝑝 is the partial
2

𝑖

ressure and 𝑃 0 is the standard state pressure. The partial pressure is
elated to the static pressure 𝑃 as

𝑖 =
𝑁𝑖

∑

𝑖 𝑁𝑖
𝑃 . (3)

In order to find a physical feasible solution for the minimization
of Eq. (2), constraints must be added. Firstly, the number of atoms
in the mixture in its equilibrium state must be equal to the number
of atoms in its initial state. Furthermore, the number of moles cannot
be negative. For the minimization problem, the molar Gibbs energy at
standard state pressure may further be replaced by the Gibbs energy of
formation at standard state pressure 𝛥𝐺0, which can be taken from ther-
modynamic property tables [16]. Given that and substituting Eq. (3),
the chemical equilibrium of a mixture at constant temperature and
pressure can be found by solving a constrained minimization problem
in the form:

min
𝑵

𝑓 =
∑

𝑖
𝑁𝑖

(

𝛥𝐺0(𝑇 )
𝑅𝑇

+ ln 𝑃
𝑃 0

+ ln
𝑁𝑖

∑

𝑗 𝑁𝑗

)

s.t.
∑

𝑖
𝒂𝒊(𝑁𝑖 −𝑁𝑖,0) = 𝟎

𝑵 ≥ 𝟎

(4)

𝒂𝒊 is a vector with length of the number of occurring atom types, that
contains the number of the respective atom of one molecule of species
𝑖 in its row and 𝑁𝑖,0 is the number of moles in the initial state.

Since the use of a membrane leads to oxygen transport from the
side with high oxygen partial pressure to the side with low oxygen
partial pressure, the oxygen flux through the membrane will influence
the equilibrium state. Therefore it has to be included into the model.
For this purpose, the simplified Wagner equation was used to couple
the two gas compartments. Here oxygen transport through the crystal
lattice is assumed to be the rate-determining step [17]. However, for
very thin membranes with high oxygen transport rate, it may be rea-
sonable to also consider the surface exchange reactions, for example by
including a characteristic length [18] or replacing the Wagner equation
by the Xu-Thomson model [19]. Another factor not taken into account
here is the performance reduction observed with asymmetric mem-
branes, due to concentration polarization in the porous region [20].
This effect has been modelled for oxygen membrane modules with inert
gases in previous studies by including the binary friction model to
calculate the oxygen partial pressure in the porous region [21,22]. A
similar approach may also be used to extend the model presented here,
e.g. by distinguishing between the gas composition in the porous region
and the gas composition at the outlet of the reactor. However, further
experiments would be needed for validation.

Due to the oxygen partial pressure dependence of the ambipolar
conductivity and the different partial pressures on both sides of the
membrane, an average ambipolar conductivity is assumed. For well-
studied materials, the ambipolar conductivity can also be modelled
as a function of partial pressure, but this was not done here due to
the limited data available. For the sake of convention, oxygen flux is
referred to oxygen molecules O2 and molecular oxygen partial pressure
here. The oxygen flux in mol m−2 s−1 can then be modelled by the
Wagner equation as

𝑗O2
=

𝑅𝑇𝜎𝑎𝑚𝑏
16𝐹 2𝐿

ln
𝑝O2 ,𝑓

𝑝O2 ,𝑠
(5)

where 𝑝O2 ,𝑓 and 𝑝O2 ,𝑠 denotes the oxygen partial pressure on the feed
and sweep side, respectively, 𝜎𝑎𝑚𝑏 is the average ambipolar conduc-
tivity (material parameter), 𝐹 is the Faraday constant and 𝐿 is the
thickness of the membrane. Inserting Eq. (3), the Wagner Equation can
be transformed into

𝑗O2
=

𝑅𝑇𝜎𝑎𝑚𝑏
16𝐹 2𝐿

(

ln
𝑁O2 ,𝑓

𝑁O2 ,𝑠
+ ln

∑

𝑖 𝑁𝑖,𝑠
∑

𝑖 𝑁𝑖,𝑓
+ ln

𝑃𝑓

𝑃𝑠

)

, (6)

where the index 𝑓 denotes the feed and the index 𝑠 denotes the sweep

side.
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Fig. 1. Validated reactor concepts.

Given an expression for the oxygen flux through the membrane, the
Gibbs energy minimization problem introduced in Eq. (4) can now be
extended to be applicable for an oxygen membrane reactor. As in the
general case the oxygen can be involved into reactions on both sides of
the membrane, the Gibbs free energy needs to be minimized on the feed
as well as the sweep side. Furthermore, as continuously gas flows are
considered here, we replace the number of moles 𝑁𝑖 by the molar flow
rate 𝑁̇𝑖. Including the oxygen flux into the atomic balance the complete
model then reads:

min
𝑵̇𝒇∕𝒔

𝑓𝑓∕𝑠 =
∑

𝑖
𝑁̇𝑖,𝑓∕𝑠

(

𝛥𝐺0(𝑇 )
𝑅𝑇

+ ln
𝑃𝑓∕𝑠

𝑃 0
+ ln

𝑁̇𝑖,𝑓∕𝑠
∑

𝑗 𝑁̇𝑗,𝑓∕𝑠

)

s.t.
∑

𝑖
𝒂𝒊(𝑁̇𝑖,𝑓∕𝑠 − 𝑁̇𝑖,𝑓∕𝑠,0) ± 𝒋𝐴𝑚𝑒𝑚 = 𝟎

𝑵̇𝒇∕𝒔 ≥ 𝟎

with 𝑗𝑘 =
{

2𝑗O2
, 𝑘 = 𝑂

0, 𝑘 ≠ 𝑂

𝑗O2
=

𝑅𝑇𝜎𝑎𝑚𝑏
16𝐹 2𝐿

(

ln
𝑁̇O2 ,𝑓

𝑁̇O2 ,𝑠
+ ln

∑

𝑖 𝑁̇𝑖,𝑠
∑

𝑖 𝑁̇𝑖,𝑓
+ ln

𝑃𝑓

𝑃𝑠

)

(7)

The term ±𝒋𝐴𝑚𝑒𝑚 which is negative on the feed side and positive
on the sweep side includes the oxygen flux through the membrane
into the atomic balance. For this study, the problem was solved using
Cantera [23] coupled with the root finding algorithm from SciPy [24]
in order to find the oxygen flux that satisfies the Wagner equation in
the equilibrium state. The thermodynamic data was taken from Gri
Mec 3.0 [25], which includes 53 species. The model can be extended
to include further species by inserting additional thermodynamic data
(e.g., from the NASA polynomial database [26]).
3

3. Validation of the proposed model

The introduced model was validated against experimental data
taken from the literature [27–29] for three different frequently studied
membrane reactor configurations.

3.1. Validated concepts and general approach

The considered configurations are shown in Fig. 1 and are briefly
described below. Furthermore the assumed main reactions are also
briefly discussed in order to explain deviations from experimental data
to our model.

The first configuration used to validate the model is the thermal
decomposition of water vapour on the feed side using hydrogen as the
reducing gas on the sweep side (cf. Fig. 1 a)). Since two hydrogen
molecules remain for every oxygen molecule removed from the feed
side, the production rate of hydrogen generation can be expressed as

H2 rate = 2𝑗O2
. (8)

On the sweep side, the oxygen is consumed by the hydrogen. This is
required to produce reasonable amounts of hydrogen on the feed side
as the oxygen partial pressure in the steam is very low (in the order of
0.1–1 Pa between 900–1000 ◦C according to chemical equilibrium [23,
25]). While this concept does not yield to a net hydrogen production,
it can be used to produce high purity hydrogen on the feed side by
consuming a low purity hydrogen mixture on the sweep side [30].

The second concept, shown in Fig. 1 b), is the partial oxidation of
methane (POM) using air as feed gas. In this case, the membrane is used
to feed pure oxygen from air to methane in order to produce synthesis
gas. The oxygen is therefore not involved into any relevant reaction
with another species on the feed side. The POM reaction mechanism is
still not completely understood, and involves several different reaction
paths including a combustion of CH4 and reforming reactions of H2O
and CO2 [31,32]. To quantify how much of the reacting methane is
converted to CO, the

CO selectivity =
𝑁̇CO

𝑁̇CH4 ,0 − 𝑁̇CH4

(9)

is used here. Usually a catalyst is used to increase the CO selectiv-
ity [33]. The stoichiometry of the partial oxidation shows that a H2∕CO
ratio of about 2:1 is reachable. Besides the exothermic nature of the
process, this may be one reason to use the POM as an alternative to
steam reforming, as a different H2∕CO ratio in the synthesis gas can be
reached (3:1 for steam reforming) [32,34].

The last concept considered here, shown in Fig. 1 c), is a combina-
tion of water splitting and POM. For this purpose, methane is used as
the reducing gas on the sweep side, while steam is used on the feed
side. The process thus delivers both pure hydrogen and synthesis gas
as valuable products [35].

The experimental data for water splitting using hydrogen as sweep
gas (Fig. 1 a)), the POM using air as feed gas (Fig. 1 b)) and the
water splitting using methane as sweep gas (Fig. 1 c)) were taken
from Cai et al. [27], Kozhevnikov et al. [29] and Zhang et al. [28],
respectively. Apart from the ambipolar conductivity of the membrane,
all necessary parameters for the model are given in the experiments.
A range for this parameter, denoted as 𝜎𝑎𝑚𝑏,𝑙𝑖𝑡, was therefore estimated
for the respective membrane materials using literature data [27,36,37].
This is to show that the model can be used to estimate the performance
of processes without the need for experiments, provided that the am-
bipolar conductivity is known. Since the estimates of the ambipolar
conductivity are rather rough, the model was further fitted by varying
its value in order to show the impact on the results. The fitted value is
denoted as 𝜎𝑎𝑚𝑏,𝑓 𝑖𝑡. Further information on this estimation can be found
in Appendix B.

For the sake of convention, the molar flow rates were converted
to volumetric flow rates according to the ideal gas law by setting the
temperature equal to the reference temperature for the flow rates used
in the respective experiments. A summary of the model input data is
provided in Appendix A.
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Fig. 2. Comparison of the model to experimental data (dots) [27] for the concept of water splitting using hydrogen as sweep gas. The shaded areas refer to the results using
a range for 𝜎𝑎𝑚𝑏 estimated from the literature [27] (cf. Appendix B). The lines refer to the results using a fitted value for 𝜎𝑎𝑚𝑏. The sweep gas flow rate was kept constant at
100 ml∕min with a H2 concentration of 50%.
Fig. 3. Comparison of the model to experimental data (dots) [27] for the concept of water splitting using hydrogen as sweep gas. The shaded areas refer to the results using a
range for 𝜎𝑎𝑚𝑏 estimated from the literature [27] (cf. Appendix B). The lines refer to the results using a fitted value for 𝜎𝑎𝑚𝑏. The feed gas flow rate was kept constant at 200 ml∕min
and the H2 concentration in the sweep gas was kept at 50%.
3.2. Water splitting using hydrogen as sweep gas

Experimental data taken from Cai et al. [27] were used to validate
the model for the concept of water splitting using hydrogen as sweep
gas. A planar dual-phase membrane with a thickness of 500 μm and
an active membrane area of 0.85 cm2 was used in the experiments.
The hydrogen production rate given by Eq. (8) and the oxygen partial
pressure given by Eq. (3) were computed by the model and compared
with the experimental data. Except for the feed gas flow rate, the sweep
gas flow rate and the H2 concentration in the sweep gas, all model input
parameters were kept constant (cf. Appendix A).

The impact of the feed gas flow rate, the sweep gas flow rate and
the H2 concentration in the sweep gas on the results is shown in Fig. 2,
Fig. 3 and Fig. 4, respectively. The model is in good agreement with
the experimental data for both, the hydrogen production rate as well
as the oxygen partial pressure. This indicates that the water splitting
reaction and the hydrogen combustion on the membrane surface can be
modelled with a good approximation by assuming chemical equilibrium
under the operating conditions for the used catalyst, which is a porous
Ni/Sm-doped ceria layer on the membrane surface. The results further
show the importance of measuring the ambipolar conductivity as ac-
curately as possible to estimate the reactor performance, as the range
given in the literature results in a wide range of reachable hydrogen
production rates.

3.3. Partial oxidation of methane using air as feed gas

Experimental data taken from Kozhevnikov et al. [29] were used to
validate the model for the concept of POM using air as the feed gas.
4

A planar membrane with a thickness of 1900 μm and an active area
of 1.6 cm2 was used in the experiments. The oxygen flux through the
membrane, the methane consumption and the CO selectivity calculated
by Eq. (9) were compared to the experimental data. Except for the
sweep gas flow rate, all model input parameters were kept constant
(cf. Appendix A). On the feed side, a constant oxygen partial pressure
of 0.21 atm was assumed, as the feed flow rate is unknown.

The impact of the sweep gas flow rate on the results is shown in
Fig. 5. The model shows good agreement for the course of the evalu-
ated data when the ambipolar conductivity is fitted. When using the
literature values for the conductivity, the oxygen flux is overestimated
which may be explained by the results obtained by Serra et al. [38]:
The final steps of the oxygen permeation process involve the desorption
and reaction of oxygen ions and molecules at surface active sites on
the sweep gas side. However, a part of the required active sites is
occupied/blocked by CO2 species. As a result, CO2 adsorption leads
to a reduction in the active sites available for the exchange reactions.
This effect is not represented by the simulation and results in an
overestimation of the oxygen flux by a factor of 1.5 at 900 ◦C, as
observed by Serra et al. [38]. Another deviation between experimental
and simulated data is shown in the methane conversion at the highest
considered sweep flow rate. This indicates that the CH4 conversion may
get overestimated for high sweep gas flow rates.

3.4. Water splitting using methane as sweep gas

Experimental data taken from Zhang et al. [28] were used to
validate the model for the concept of water splitting using methane
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Fig. 4. Comparison of the model to experimental data (dots) [27] for the concept of water splitting using hydrogen as sweep gas. The shaded areas refer to the results using a
range for 𝜎𝑎𝑚𝑏 estimated from the literature [27] (cf. Appendix B). The lines refer to the results using a fitted value for 𝜎𝑎𝑚𝑏. The feed and sweep gas flow rates were kept constant
at 100 ml∕min and 200 ml∕min, respectively.
Fig. 5. Comparison of the model to experimental data [29] for the concept of POM using air as feed gas. The shaded areas refer to the results using a range for 𝜎𝑎𝑚𝑏 estimated
from the literature [36] (cf. Appendix B). The lines refer to the results using a fitted value for 𝜎𝑎𝑚𝑏.
as sweep gas. A hollow fibre membrane with a length of 5 cm, an
inner diameter of 1.3 mm, an outer diameter of 1.8 mm and an active
membrane area of 2.41 cm2 was used in the experiments. The hydrogen
production rate given by Eq. (8), the methane consumption and the
CO selectivity calculated by Eq. (9) were computed using the model
and compared to the experimental data. Besides the feed gas flow rate,
the sweep gas flow rate and the H2O concentration in the feed gas, all
model input parameters were kept constant (cf. Appendix A).

The impact of the feed gas flow rate and the sweep gas flow
rate on the results is shown in Fig. 6 and Fig. 7, respectively. The
principal course of the experimental obtained values is well represented
by the model, but using the extrapolated range for the ambipolar
conductivity from the literature the H2 rate is overestimated. However,
this overestimation may be explained by uncertainties regarding the
extrapolation by the Arrhenius fit (cf. Appendix B) for which the
assumed temperature dependency may change significantly at higher
temperatures. The CH4 conversion and the CO selectivity tend to get
overestimated by the model even if the fitted value is used. This is
in agreement with previous studies which showed that the assumption
of chemical equilibrium tends to overestimate the production of CO
species and underestimate the production of CO2 species [10,11,13].
The achievable CO selectivity and CH4 conversion thus strongly depend
on the catalyst and only a tendency can be predicted by the model.

4. Conclusion

A generalized model for the estimation of the performance of oxy-
gen membrane reactors was proposed and validated against experi-
mental data from the literature for three different frequently studied
5

concepts. The model is able to approximately predict the oxygen flux
through the membrane before performing the experiments if the am-
bipolar conductivity of the material is known, which can be estimated,
for example, from literature data, as is done in this work. Values
for the expected deviations cannot be given here because the results
depend strongly on the accuracy of the estimation of the ambipolar
conductivity, but the values were always in the same order of mag-
nitude as the data from the experiments. Due to the implemented
non stoichiometric equilibrium approach, the model allows to quickly
generate data for arbitrary oxygen membrane reactor processes with-
out requiring knowledge of the reaction mechanism. However, the
formation of the species involved into reactions, that are rather slow
compared to the oxidation reactions, such as CO in the POM process,
can only be predicted by tendency and the reactor performance may
be overpredicted if it is limited by reaction rates. Other limitations are
that the flow characteristics such as the pressure/temperature field and
the influence of geometry cannot be studied with the proposed model.

From the features and limitations of the model, the possible ap-
plications can be derived. It is applicable for feasibility studies and
first design iterations for new reactor concepts as well as for sensitivity
studies on certain parameters like pressure, temperature, flow rates and
the ratio of certain gases on the feed and sweep side of the membrane.
Its main strength is the fast and simple algorithm that does not need
huge computational resources. However, it should be kept in mind that
it cannot replace a detailed design of a membrane reactor for more
complex processes and flow fields.

In future studies the influence of other factors not taken into account
in here, such as diffusion processes in the gas phase, reaction rates and
the porous support in asymmetric membranes should be investigated.
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Fig. 6. Comparison of the model to experimental data [28] for the concept of water splitting using methane as sweep gas. The shaded areas refer to the results using a range for
𝜎𝑎𝑚𝑏 estimated from the literature [37] (cf. Appendix B). The lines refer to the results using a fitted value for 𝜎𝑎𝑚𝑏. The H2O concentration in the feed gas was kept constant at
100% and the sweep gas flow rate was kept at 30 ml∕min.
Fig. 7. Comparison of the model to experimental data [28] for the concept of water splitting using methane as sweep gas. The shaded areas refer to the results using a range for
𝜎𝑎𝑚𝑏 estimated from the literature [37] (cf. Appendix B). The lines refer to the results using a fitted value for 𝜎𝑎𝑚𝑏. The feed gas flow rate was kept constant at 50 ml∕min with a
H2O concentration of 80%.
To study the effects of diffusion processes in the gas phase, as a next
step it is planned to implement the Wagner equation and chemical
equilibrium calculation of the oxidation reactions at the surface of
the membrane into a CFD model. This approach will provide insight
into the geometric effects on oxygen partial pressure at the membrane
surface and resulting potential deviations in predicted reactor perfor-
mance from the model presented here. It is furthermore planned to
conduct experiments using an oxygen membrane reactor with multiple
membranes to validate the applicability of the model to industrial
scale reactors. Finally, for promising processes, membrane materials
and catalysts, the reaction kinetics at the membrane surface should
be investigated experimentally to develop specifically tailored models.
This would allow a detailed investigation of these concepts that go
beyond initial design iterations and feasibility studies.
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Appendix A. Model input data

The model input data used for the validation are summarized in
Table A.1. H2O–H2 denotes water splitting using hydrogen as sweep
gas, O2–CH4 denotes POM using air as feed gas and H2O–CH4 denotes
water splitting using methane as sweep gas. 𝑇𝑟𝑒𝑓 is the temperature the
flow rates refer to according to the ideal gas law. 𝑋𝑖,𝑓 ,0 and 𝑋𝑖,𝑠,0 denote
the molar fraction of the reacting species in the initial mixture of the
feed and sweep side, respectively.
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Table A.1
Summary of the model input data based on literature values [27–29,36,37].

H2O–H2 O2–CH4 H2O–CH4

𝑇 (◦C) 900 900 950
𝑃𝑓 (atm) 1 1 1
𝑃𝑠 (atm) 1 1 1
𝑇𝑟𝑒𝑓 (◦C) 25 25 950
𝑄𝑓 (ml∕min) 30–420 → ∞ 10–70
𝑋𝑖,𝑓 ,0 (%) 90 21 80–100
𝑄𝑠 (ml∕min) 20–220 0–80 0–55
𝑋𝑖,𝑠,0 (%) 0–100 10 100
𝐴𝑚𝑒𝑚 (cm2) 0.85 1.60 2.41
𝜎𝑎𝑚𝑏,𝑙𝑖𝑡 (S∕m) 9.0–19.6 13.5–36.5 2–3
𝜎𝑎𝑚𝑏,𝑓 𝑖𝑡 (S∕m) 11.9 11.2 1.3
𝐿 (μm) 500 1900 250

Appendix B. Estimation of the ambipolar conductivities

B.1. SDC-SFM dual-phase membrane

For the experiments on water splitting using hydrogen as sweep
gas, Cai et al. [27] used a dual-phase membrane consisting of 70 wt %
Ce0.85Sm0.15O1.925 and 30 wt % Sr2Fe1.5Mo0.5O6−𝛿 (SDC-SFM). At 900 ◦C,
a range of about 10–20 S∕m was given for the ionic conductivity 𝜎𝑖
and a range of 96–944 S∕m for the total conductivity 𝜎𝑡. The resulting
estimated range for the average ambipolar conductivity calculated from
the ionic and electronic conductivity contribution as

𝜎𝑎𝑚𝑏 =
𝜎𝑖𝜎𝑒

𝜎𝑖 + 𝜎𝑒
=

𝜎𝑖(𝜎𝑡 − 𝜎𝑖)
𝜎𝑡

(B.1)

is 9.0–19.6 S∕m.

B.2. LSF membrane

For the experiments on POM using air as feed gas, Kozhevnikov
et al. [29] used a La0.5Sr0.5FeO3−𝛿 (LSF) membrane. This material has
been studied by Patrakeev et al. [36], who fitted an expression of the
form

𝜎𝑡 = 𝜎𝑖 + 𝜎◦𝑛

( 𝑝O2

atm

)−1∕4
+ 𝜎◦𝑝

( 𝑝O2

atm

)1∕4
, (B.2)

where 𝜎◦𝑛 and 𝜎◦𝑝 represent the n- and p-type contributions to the
electronic conductivity. The fitted values at 900 ◦C are 𝜎𝑖 = 36.6 S∕m,
𝜎◦𝑛 = 0.00561 S∕m and 𝜎◦𝑝 = 20200 S∕m. The electronic conductivity
reaches its minimum at about 𝑝O2

= 10−13 atm. By inserting Eq. (B.2)
into Eq. (B.1), a corresponding minimum ambipolar conductivity of
13.5 S∕m is obtained. The maximum reachable ambipolar conductivity
for 𝜎𝑒 >> 𝜎𝑖 is 𝜎𝑖. The range for the average ambipolar conductivity is
therefore given by these bounds.

B.3. LCF membrane

For the experiments on water splitting using methane as sweep gas,
Zhang et al. [28] used a La0.8Ca0.2Fe0.94O3−𝛿 (LCF) membrane. This
material has been studied by Bidrawn et al. [37] who investigated
the ionic conductivity in a temperature range of 650–800 ◦C. For the
estimate, the experimental values were extrapolated to the operating
temperature of 950 ◦C by assuming an Arrhenius behaviour as shown
in Fig. B.8. The resulting ionic conductivity is between 2 S∕m and
3 S∕m. As the impact of the oxygen partial pressure on the electronic
conductivity is unknown, 𝜎𝑒 >> 𝜎𝑖 is assumed here, so the average
ambipolar conductivity is set equal to the ionic conductivity. Note that
the estimate is only intended to be an order of magnitude due to the
limited data available.
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Fig. B.8. Extrapolation of the experimentally determined ionic conductivity of LCF
from Bidrawn et al. [37].
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