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Abstract. Satisfying the industry's growing demand for sustainable hydrogen requires the
rapid development of a diverse mix of hydrogen production technologies. The membrane tech-
nology is capable of shifting the thermodynamic limits of water splitting to lower temperatures
and thus into a technically feasible range. This thermodynamic limit was determined with re-
spect to possible molar flow parameters and temperature, where biomethane is considered as
reducing agent on the permeate side of the membrane or a purge gas dilutes the permeated
oxygen concentration. In the second part of this study, a developed thermal model is used to
analyse the integration of real solar flux distribution into a membrane stack reactor. To avoid
failure of the joined membrane modules, a homogeneous temperature distribution (< 50 K)
along the reactor body is required. However, the solar flux distribution from a solar system is
characterised by a Gaussian-shape with a peak in its centre, which results in the generation
of hot spots. Our model consists of a cavity, the reactor and a set of plates, which are used to
enhance the temperature distribution in the reactor. It was found that parameters such as the
aperture diameter of the cavity, the distance of the cavity to the focal point and the material of
the irradiated plates influence the temperature distribution on the reactor stack. An aperture
diameter of 55 mm and a distance of 135 mm to the focal point met the temperature require-
ments of the membrane stack reactor.
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1. Introduction

The world-wide demand of the industry for hydrogen and also syngas, as a precursor for many
chemicals such as methanol or dimethyl ether, is expected to rise in future to i.e. 140 Mt/a
hydrogen [1]. One promising sustainable solution for hydrogen or syngas production are solar-
powered catalytic membrane reactors, which can split H.O using oxygen transport membranes
(see Figure). This oxygen transport membrane is a dense ceramic membrane with a mixed
ionic-electronic conductivity where oxygen ions diffuse through the crystal lattice. One promis-
ing membrane material candidate is Fe-doped strontium-titanate, which provides a good com-
promise of mechanical stability an ambipolar conductivity for the respective temperature and
oxygen partial pressure range.
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Figure 1. Concept of a countercurrent membrane reactor for water splitting.

In contrast to electrochemical approaches, this membrane-based process only requires
heat and no electricity. Consequently, more cost-effective thermal energy storage systems can
be used instead of electrical energy storage systems to ensure 24-7 operation [2]. The coupling
of membrane technology with concentrating solar systems combined with thermal energy stor-
ages thus ensures a perspective of continuous operation based on renewable energies. The
driving force of the water splitting reaction in the membrane reactor is the difference of oxygen
partial pressure across the membrane. When (bio)methane is used as reducing agent on the
permeate side, the temperature demand drops to around 850 °C. Even though the overall re-
action equation is the same as for steam reforming, membrane technology enables a more
flexible response to the requirements of downstream processes. The syngas ratio can be ad-
justed by mixing the two product gases, or pure Hz and syngas (with a relevant 2:1 ratio) can
be produced separately without WGS or separation processes. Alternatively, one can omit
carbon and use a sweep gas to dilute the oxygen concentration on the permeate side. In this
case, the membrane technology allows for a continuous isothermal production compared to
the typical temperature swing of the two-step thermochemical cycle and thus it avoids potential
energy loss due to the required heat recuperation step.

In this work, we firstly identify the thermodynamic limit of such a reactor depending on the
operation conditions and secondly design the solar heat integration for a biomethane-sup-
ported operation of a membrane-stack reactor. Thermal simulations are carried out with differ-
ent solar flux distributions as input to identify a suitable reactor and cavity geometry and to
allow for a homogenous temperature distribution in the membrane-stack reactor (< 50 K differ-
ence). The design of the membrane-stack reactor is based on the planar solid-oxide-fuel cell
geometry developed by FZJ [3] due to its scalability potential.

2. Simulation of Thermodynamic Limit

2.1 Method

The thermodynamic limit of steam and methane conversion in countercurrent-operated mem-
brane reactors is a crucial factor to identify their potential and to define boundary conditions
for operation. The model assumes an ideal membrane, which does not inhibit any transport
resistance regarding oxygen ions. The premise for operation is, that there is always an oxygen
partial pressure gradient across the membrane. This is fulfilled as long as the oxygen partial
pressure on the sweep side pOzs is < the pressure on the feed side pO.+. The procedure for
determining the thermodynamic limit is based on the work and code provided by Bulfin [4],
which applies the Gibbs minimization approach using Cantera [5] with the gri30 reaction mech-
anism.

2.2 Operation Conditions

The use of a reducing agent such as (bio)methane, can drastically lower the oxygen partial
pressure on the permeate side of the membrane and consequently also the optimal tempera-
ture of the reaction. This effect is so significant that, from a thermodynamic point of view, full
conversion of the steam could even be expected below 500 °C with a corresponding me-
thane/steam ratio (see Figure 1). However, this is excluding any kinetic considerations and
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oxygen transport effects through the membrane, which influence the obtainable conversion
extent [6]. Since (bio)methane is also to be converted into valuable syngas as a by-product, it
is worth taking a look at the methane conversion on the permeate side (Figure 2). An optimum
range of molar flow ratio and temperature to maximize the methane conversion can be ob-
served. The temperatures should reach at least 750 °C for a conversion above 90%, or 900 °C
for up to 98% conversion of methane. Ideally, the molar material flow ratio of methane/H.O
should be as low as possible. Our analysis of the conversion at the thermodynamic limit shows
an optimum ratio of around 1. If this value is undercut, both the steam and methane conversion
drop significantly.
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Figure 1. Conversion of Steam to Hydrogen on the feed gas side as a function of temperature and
molar flow ratio (CH4+/H-0).
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Figure 2. Methane conversion in the sweep gas as a function of operation temperature and molar flow
ratio (CH«/H>0).

An alternative way to reduce the oxygen partial pressure on the permeate side is to use a
sweep gas. Here, an inert gas is introduced to dilute the gas composition on the permeate side
to such an extent that the partial pressure gradient across the membrane is maintained. The
maximum thermodynamically achievable conversion of steam as a function of the molar flow
ratio of sweep to feed gas and the temperature is shown in Figure 3 for an approximately pure
sweep gas (assuming pO of 10%° Pa). Compared to the case with methane, the temperature
must increase significantly to at least 1500 °C to enable water splitting. The molar quantity of
sweep gas introduced has a decisive influence on the conversion, e.g. a conversion of 10%
can be achieved from a ratio of 5000 at 1500 °C. The oxygen impurity effect for an exemplary
ratio of 10° is depicted in Figure 4, which highlights the importance of decreasing the oxygen
partial pressure in the sweep gas to at least 0.1 Pa.
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Figure 3. Steam conversion in a countercurrent membrane reactor with sweep gas (pOz: 10%° Pa) at
thermodynamic limit. Variation of molar flow ratio and temperature.
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Figure 4. Steam conversion in a countercurrent membrane reactor with sweep gas at molar flow ratio
of 10%. Variation of oxygen impurity in sweep gas and temperature.

3. Simulation of Solar Heat Integration

The experimental demonstration of the technology is envisaged at DLR's solar simulator in
Cologne with its specific flux distribution [7]. The design of the solar heat integration is based
on the approach by Kadohiro et al. [8]. The aim of the solar simulation is to ensure that the set
temperature is reached (average reactor temperature between 800 °C and 900 °C) and that
the temperature difference in the reactor is < 50 K. The latter is a measure to reduce the risk
of membrane-joining failure do to different chemical expansion in the reactor. Figure 5 shows
the coupled system of 1D model (to calculate the convection heat losses in the cavity) and the
3D cavity heat transfer model, which integrates ray-tracing and heat transfer methods (con-
duction, convection, radiation). The convection losses inside the cavity are estimated using the
procedure described by Clausing [9]. These convection losses are then assigned as an inlet
parameter of the 3D cavity heat transfer model. The average wall temperatures of the two
models are compared and the iterative process is performed until the solution converges (de-
viation < 1%).
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Figure 5. Coupled system of 1D model (convection heat losses calculation) and 3D cavity model (con-
duction, convection, radiation).
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3.1 Method

Figure 6 describes the modelled geometry, where the cavity consists of six insulation thermal
bricks (Altraform® KVS, wall thickness of 100 mm, emissivity of 0.8), which are configurated
to form an inner cubical shape (280 x 280 x 220 mm). The aperture through which the solar
radiation enters the cavity is located in the front wall, and its diameters was varied between 40
and 100 mm in this numerical study. The reactor is modelled as a stainless-steel block (25 x
220 x 120 mm, emissivity of 0.5), and three plates (thickness of 10 mm, emissivity of 0.5) are
placed at the bottom, front and top of the reactor to homogenise the temperature distribution
in this component. Materials with high thermal conductivity in the temperature range of interest
800 — 900 °C are analysed as candidates for the irradiated plates. The emissivity values cor-
respond to the thermal emissivity of oxidised metals and refractory materials in the temperature
range between 850 and 1100 °C [10]. The distance from the irradiated plate to the inner side
of the front wall corresponds to 165 mm.

reactor

irradiated plates

aperture

distance from aperture to Focal
Point (FP) of solar simulator

insulation walls
Figure 6. Model geometry used for the simulations. The side wall is not shown to visualise the compo-
nents inside the cavity. The focal point of the solar simulator is represented with the red point.

The cavity was modelled in 3D using the thermal module of the Ansys® Academic Re-
search Workbench 2022 R1 software. To generate the solar heat for the model, the measured
flux distribution obtained with one (2.04 kW) and two lamps (3.09 kW) of the solar simulator in
Cologne is used. The measured data is modelled with the tools FEMRAY and SPRAY, which
are combined with Ansys mechanical APDL for assigning the heat flux to the geometry mesh.
For simulating the heat losses to the environment, radiation and convection boundary condi-
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tions are assigned to the outer surfaces of the cavity. Natural convection (5 kW/m?) is consid-
ered in this calculation. A heat sink condition (-100 W) is assigned to the reactor body to rep-
resent the heat demand of the thermochemical process inside the reactor. To represent the
heat losses by convection inside the cavity (calculated with the 1D model), a heat flow condition
was defined for the surface areas that would come in contact with the air mass flow entering
through the cavity aperture.

A mesh analysis with element sizes of 0.005, 0.010, 0.012, 0.020 and 0.030 m was carried
out to study the mesh dependency of the model. From this analysis, the mesh with an element
size of 0.012 m was selected because the deviation of the average temperature of the reactor
(which is defined as the target value of the simulations) was less than 1.5% compared with the
finest mesh (0.005 m). The simulation times for the 0.005 and 0.012 m meshes were 1326 and
19761 s, respectively.

3.2 Results
3.2.1 Effect of Plate Material

Thermal simulations were performed with the thermal power of one lamp (2.04 kW) of the solar
simulator to analyse the effects of the material plates on the temperature distribution of the
reactor. The ray-tracing analysis for an aperture of 60 mm reveals, that 0.53 kW is reflected by
the cavity and 1.51 kW enters through the aperture. Figure 7 shows the temperature distribu-
tion results from the 3D cavity model with Cu as irradiated plate material.
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Figure 7. Temperature distribution in the cavity (a) and reactor (b) for an aperture diameter of 60 mm
with the power of one lamp of the solar simulator (2.04 kW) and irradiated plates made of copper.

The region around the aperture has the highest temperature in the system (1080 °C),
which is due to the heating of the thermal insulation by the reflected incident power. A hot spot
can be observed in the central area of the reactor which is caused by the peak of the incident
radiation. The temperature gradient and the maximum temperature of the reactor are 799.2 °C
and 53 K, respectively.

The main function of the irradiated plates is to improve the temperature distribution along
the reactor body, which is essential due to the high temperature homogeneity requirements.
Therefore, materials with high thermal conductivity in the temperature range of interest
(800 — 900 °C) must be selected. We analysed the suitability of copper (thermal conductivity
of 350 W/(mK) [11, 12], melting point 1084 °C) silicon carbide (SiC, thermal conductivity of
83 W/(mK) ) [11, 12] ) regarding the achievable temperatures of the reactor and plate. As ex-
pected, the higher the thermal conductivity of the irradiated plates, the more homogeneous is
the temperature in the reactor (see orange bar in Figure 8 depicting the maximum temperature
difference). While the average temperature of the reactor was the same in all three cases, the
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maximum temperature in the irradiated plates was different. This effect is related to the ability
of the plate material to conduct and transfer heat. For the planned experimental demonstration,
copper was chosen as the material for the irradiated plates and is thus also used for the sim-
ulations presented in the next sections.
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Figure 8. Simulations results for different irradiated plates materials. Aperture diameter: 60 mm.
3.2.2 Effect of Cavity Diameter

In order to meet the requirement of a temperature gradient in the reactor of less than 50 K, the
diameter of the cavity aperture is optimised. The simulations were carried out using i) one lamp
of the solar simulator, ii) irradiated copper plates and iii) aperture diameters of 40, 55, 60, 70
and 100 mm. The obtained results are shown in Table 1. Increasing the aperture diameter led
to a higher power inside the cavity. However, this did not result into a higher temperature in
the reactor, since the thermal losses also depend on the aperture diameter. The highest aver-
age temperature in the reactor (787 °C) was achieved with the aperture diameter of 70 mm.
The temperature gradient in the reactor decreases with the aperture diameter. The lowest
temperature gradient was 32 K for the geometry with 60 mm aperture diameter, but due to the
power reflected by the cavity (27.19% of the thermal power of the lamp), high temperatures in
the insulation material (1262 °C) and low average temperatures in the reactor (669 °C) are
obtained. A cavity with a diameter of 55 mm allows a temperature gradient below 50 K, but to
achieve higher temperatures in the reactor, the incident thermal power must be increased.

Table 1. Simulation results obtained by changing the aperture diameter of the cavity.

aperture (power inside re- | power in- average AT max. T max. T in
diameter / ceiver / Total side cavity | T reactor | reactor reactor insulation
mm power of I kW /°C I K material
lamp)*100
100 82.93 1.69 746 69 785 892
70 78.52 1.60 787 61 823 985
60 74.10 1.51 767 53 799 1072
55 71.16 1.45 752 49 781 1129
40 62.81 1.28 669 32 688 1262

3.2.3 Effect of Distance to Focal Point

In this section, the effect of defocusing the cavity (aperture diameter: 55 mm) from the focal
point is used to analyse the effects of changing the incident thermal power in the system while
keeping the thermal flux of the lamps constant (2 lamps, thermal power of 3.93 kW).

When the cavity is placed at the focal point of the solar simulator, about 72.72% of the
thermal power of the two lamps enters the cavity (Figure 9). However, the 2.86 kW entering
the cavity results in a reactor temperature of about 1071 °C, which is very close to the melting
point of the copper plates and higher than the required temperature of the reactor. By moving
the cavity away from the focal point, the power entering the cavity is reduced, e.g. to 2.85 kW



Neumann et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

at a distance of 135 mm resulting in an average temperature of 838 °C. As the distance in-
creases, a reduction in the maximum temperature gradient in the reactor is also observed. This
effect is due to lower flux distribution hitting the plate surface when the cavity is defocussed.

1100>K2,86 50
O
s~ 1050 2.77 40
S 1000 %
*g e
© 950 30 =
“ 265K £
— 900 P 20 §
) 2.5 s
g 259K 10 <
> 800 2 48K

750 0

0 20 40 60 80 100 120 140

distance to FP / mm

Figure 9. Results from simulations using two lamps (thermal power of 3.93 kW), a cavity aperture of
55 mm diameter and varying the distance between the aperture and the focal point of the solar simula-
tor. The numbers at the data points refer to the power entering the cavity in kW.

4. Conclusion and Outlook

The thermodynamic limit analysis showed a high potential for the case of biomethane acting
as reducing agent. The operation temperatures need to be at least at 800 °C to ensure a high
methane conversion into syngas above 90%. In contrast, for the H>O splitting with nitrogen as
purge gas, the temperatures need to rise at least up to 1500 °C and the requirement of high
molar flow rates with low oxygen concentration (< 0.1 Pa) needs to be fulfilled. For the planned
experiments at 800 °C to 900 °C with biomethane as reducing agent, a model was developed
to design a cavity system that fulfils the temperature requirements for a proof-of-concept mem-
brane reactor. The solar thermal heat is implemented as an inlet boundary condition of the
system using measurement data from the solar simulator at the DLR in Cologne. With the help
of the model, the geometrical and material parameters of the system were optimised in order
to determine both the average temperature and the maximum temperature gradient of the re-
actor. For the analysed geometry, an aperture of 55 mm and a distance between cavity aper-
ture and the focal point of the solar simulator of 135 mm results in an average temperature of
838 °C with a temperature gradient of about 28 K. Optimising the thermal efficiency of the
system was not the focus of this study. However, the reflected power of the system can be
used to preheat the educts of the thermochemical process, e.g. by positioning a spiral pipe
system around the aperture.
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