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HIGHLIGHTS

e Tubular solid oxide electrolysis (SOE)
cell investigated with the metallic
support.

e Introduced a metasurface-patterned
anode  structure  for  enhanced
performance.

e Simulations are performed for the 1/
16th sector model of the short tubular
cell.

o Current density evaluated for four types
of the porous anode metasurface.

e Net-structure metasurface of the porous
anode found to be the most efficient by
8.5 %.
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ABSTRACT

Solid oxide electrolysers (SOE) are a promising type of technology of hydrogen production with the potential to
be a part of the sustainable future of the energy sector. Advantageous efficiency of these devices is coming from
the combined use of the heat and electrical energy. The current research proposes to improve the electrical
efficiency of solid oxide electrolysers by fabricating a metasurface upon the standard porous anode layer of the
electrolysis cell. The study considers the tubular cell design with the thick metallic support and several types of
meta-elements, including squared shapes, lines parallel to the air flow and a net-structured surface.
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Computational fluid dynamics (CFD) analysis is performed for the 1/16 sector model of the tubular cell in
parallel flow conditions to evaluate current density characteristics of the considered metasurfaces. As a result of
this study, the net-structured metasurface is found to increase the current density by 8.5 %.

1. Introduction

On the landscape of hydrogen production technologies, solid oxide
high-temperature electrolysis is both an ecologically friendly method of
water splitting and also a way to utilise the waste heat and electricity,
with both stable and periodical availability [1,2]. Solid oxide electrol-
ysis cells (SOECs) have all the potential to become a critical technology
in the sustainable future of the energy sector, due to their high efficiency
[3,4], multiple integration possibilities, and use of solid materials for
functional layers. Applications of solid oxide electrolysers already
include the onshore and offshore energy infrastructure [5], transport
(aviation, submarines, buses) [6], space (in-orbit and deep space)
[7-10], with the potential to be a part of the further space exploration
activities [11-16].

Solid oxide electrolysis (SOE) is one of the stepping stones of building
both the hydrogen economy and the Net Zero [17] vision of the future.
In this strategic vision, hydrogen becomes a widely used clean energy
carrier, fully replacing or accompanying fossil fuels, the process which
implies growth and development of new production, transportation,
storage and utilization facilities [18-20]. The SOE production technol-
ogy belongs to the green hydrogen direction of development in the
hydrogen economy, where the hydrogen production can be integrated
with renewable energy systems. Importance of the SOE in the economy
may grow, as the technology matures [4], building on its strengths,
including exceptional purity of hydrogen and oxygen produced, high
efficiency and controllability of reaction rates with temperature,
compatibility with a wide range of systems, possibility to consume waste
heats and suitability for an intermittent operation. The list of current
challenges for the technology includes high costs, material degradation
problem, choice of materials, making the cell fabrication process more
environmentally friendly, and some lack of commercialization and
manufacturing innovation.

Research on solid oxide electrolysers dates back to as early as 1940s
([21,22] and mainly focuses on experimentally found properties of
ceramic materials at a high temperature, - conditions, when the elec-
trochemical reaction begins. The studies of material properties, fabri-
cation and use of SOEC continued in later years [23-30] and were
expanded towards other materials used as electrolysers and also towards
the concept of co-electrolysis of water and carbon dioxide [31-33].
Experimental research of that time explored many available solid ox-
ides, one-by-one, to map their properties, including elements of nickel,
lanthanum, cobalt, zirconium, yttrium, which are currently in use for
the cell fabrication.

Simulation approaches for solid oxide electrolysis developed around
the mass and energy conservation equations [34], reaction kinetics [35]
and eventually branched into 0D, 1D, 2D, 3D modelling approaches
[36]. The 3D simulations are used for the detailed examination of spe-
cific problems, and the related time costs lead to a trade off with the
accuracy. 0D models work with the largest number of empirical and
semi-empirical expressions, assumptions and process simplifications.
These models are applicable, where effects of the geometry do not have
to be evaluated. Kupecki et al. [36] recommend the 1D and 2D models as
an extension of 0D models, to take into account boundary conditions and
the geometry.

At the present time, development of solid oxide electrolysers widely
uses capabilities and accumulated research experience of Multiphysics
models ([37]; [38-40]) and computational fluid dynamics (CFD)
approach [41-44], applied of the cell level. During the past twenty
years, CFD method has integrated the solution of the Navier-Stokes
system with the electro-chemistry models, energy transfer, species

transport, - all components of modelling that are essential for a detailed
consideration of electrolysers. CFD is used in several directions of the
SOEC development: (a) assessing performance for a new cell design
[45], (b) investigating transient operating conditions [46]; (c) finding
optimal operating conditions [47], (d) evaluating long- and short-term
impacts of structural changes (including the electrode degradation)
[48], (e) forecasting the lifetime of a cell or a stack, (f) investigating the
design, amount and direction of flow channels [49-52], (g) investigating
design of the current collection, (h) studying the optimal support types
for the cell, (i) evaluating performance of a stack ([53]; [54]), a plant
[55] or a larger integrated system [56].

Analysis of the CFD studies in the literature suggests that there is still
a room for the design improvement of available SOECs in terms of
changes to the structural geometry and the general layout of the cell.
Similar to the modelling approaches [38], structural changes may be
distinguished by the level, from nanoscale to macroscale advancements.
Engineered changes to the microscale structure, relevant to the thin
functional layers of solid oxide electrolysers, belong to the area of
metamaterials. Metamaterials already play a pivotal role on the pathway
to sustainable energy production in Earth environment and in harsh
conditions of other celestial bodies. Metamaterials and metasurfaces
offer unprecedented opportunities to enhance efficiency and scalability
across various energy sectors, including hydrogen production.
Metamaterial-based solutions already improve performance of solar
energy harvesting with ultra-efficient photovoltaic cells, harvesting
mechanical energy [57], batteries and thermal emitters. The opportu-
nities come with the challenge of the precise fabrication and large-scale
manufacturing of 3D metasurfaces, as discussed in Ref. [58]. Here, the
thermal sprayed and plasma-sprayed thin coatings deposited on the
substrate are studied experimentally, with potential applications for a
range of opto-electronic, electromagnetic and electrochemically active
devices.

In [59], fabrication of pillar-structured Ni-YSZ electrode is consid-
ered for the solid oxide electrochemical reactor in the fuel cell and
electrolysis modes. Cylindrical pillars are manufactured using 3D
printing technology in 30, 60 and 90 layers of the material, identical
with the electrode. The paper reports the performance enhancement by
a factor of 3 in the steam electrolysis mode, when the surface with cy-
lindrical pillars consists of all the functional layers for a planar cell
design. The research focused on temperatures of 700 °C-800 °C. The
work is based on the previous advancements in the 3D printing tech-
nology for cylindrical structure on the electrode layers [60,61].

CFD analysis for the conical, cylindrical pillars and a plain cell is
performed in Ref. [62] for the closely (63 pm apart) positioned elements.
Here, metasurface is formed by all the functional layers, including the
anode, electrolyte and cathode. The paper used COMSOL software and
obtained 14 % improvement in the current density for the electrolysis
mode. Cylindrical pillars were found more efficient as well. The study
also explored the dependence between the height and the diameter of
the metasurface elements and recommended to apply increased height
with an increased diameter together, and vice versa.

Following these works [58,59,62] and the design proposed in
Ref. [2], the current research is investigating the potential of applying
metasurface elements at the porous anode layer in the tubular solid
oxide steam electrolyser, while using alternative configurations. In this
setting, the metastructure of the porous anode layer comes in the direct
contact with the air, surrounding the tubular cell. Following the increase
in the electrochemically active area, achieved for each subsequent layer
of a tubular cell design, the expectation from implementing the meta-
surface is in increasing the active area of the anode even further and,
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therefore, in enhancing the overall electrical efficiency of the electrol-
ysis. The current study employs the CFD approach to evaluate the cur-
rent density characteristics of the SOEC with and without the
metasurface.

2. Methodology
2.1. Model set-up

The considered system represents the sector of a tubular SOEC
model, which is 1/16 of the full cell design, cut along the length of the
cell. The general view of the sector model is given in Fig. 1. Short 5 mm
long cell design is considered, and the principal sizes are summarized in
Table 1. The total thickness of the cell wall is 2.332 mm, including the
thick supporting titanium substrate layer. Design porosity of 30 % is
assumed for simulations for all layers of the cell. While a dense elec-
trolyte is needed for high ionic conductivity, some controlled porosity
can relieve thermal stress and cracking, enhancing the overall durability
of the SOE for either fabrication method. A well-designed porosity en-
sures that reactants and products move efficiently, reducing concen-
tration polarization losses. It can also help maintain a balance between
ionic conductivity and gas diffusion. The electrolyte projected area is
1.02855e-5 m?. The open circuit voltage (OCV) is set to 1.1 V in this
work for majority of the simulations. The current density is reported at
the interface between the cathode and the porous cathode layer, because
the electrochemical reactions primarily occur at this triple-phase
boundary (TPB), where the electron-conducting cathode, ion-
conducting electrolyte, and gaseous reactants meet. Calculations are
performed in this study with the computational fluid dynamics (CFD)
approach for a steady state, for 1 atmospheric pressure in the internal
fluid channel and for the parallel flow conditions in the channels. The
mesh model is shown in Fig. 1(a), while functional layers and a belt-like
current collector are detailed in Fig. 1(b). Inlets and outlets of the two
fluid channels are illustrated in Fig. 1(c), all other boundaries of the fluid
dynamics model are assumed to be walls. Mass flow rates are 1e-6 kg/s
for the air inlet and le-5 kg/s for the steam inlet. Simulations also as-
sume 10 % portion of hydrogen and 90 % portion of steam on the steam
inlet. Anode exchange current density is assumed to be 2000 A/m?, and
cathode exchange current density is set to 7500 A/m?, following the
research in Ref. [49]. The operating temperature considered is 1073 K
(800 °C).

Materials used for layers of the model are given in Table 2, with the
final properties listed in Table 3 for the three layers, composed of the
material mixture. Substrate or metal support is composed of titanium
(Ti), anode/cathode current collector — of silver (Ag), cathode — of nickel
oxide (NiO) and gadolinia-doped ceria (GDC), electrolyte — of gadolinia-
doped ceria (GDC) and yttria-stabilized zirconia (YSZ), anode - of
gadolinia-doped ceria (GDC) and lanthanum strontium cobalt ferrite
(LSCF). Metasurface elements, considered further, are deposited upon
the porous anode layer and consist of the same material, as this layer.
Sample of the model geometry with the metasurface applied to the
porous anode is shown in Fig. 2. CFD model in ANSYS Fluent for the
electrolysis with the resolved electrolyte interprets the substrate layer
and the thin functional layers as a fluid zone with a porous medium,
current collectors are solid bodies, and fluid channels are plain fluid
zones.

2.2. Governing equations

The algorithm in ANSYS Fluent combines the solution of the Navier-
Stokes fluid dynamics equations, with the species transport, chemical
reactions model, current conservation, charge transport, energy equa-
tion, which are all essential in order to model the electrolysis process
with sufficient details [49,63]. In the current simulations, the resolved
electrolyte model is applied, and the 3D numerical model of the cell is
created.
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The continuity equation is defined for this process as follows:

V- (pU) = Sn, 6

where p is the fluid density, S, is the source term, which is 0, except for
the triple phase boundary (TPB) with S, = ",Sm;. Equation (1) applies
for three dimensions and for all materials and phases in the flow.

The momentum equation is used with the laminar flow viscosity:

V- (pUU) = — VP + V-(uVU) + Sy, 2

where P stands for the fluid pressure, y is dynamic viscosity, and the
source term S; = 0 applies to the fluid channels, while S; = —‘E‘ U cor-
responds to the TPBs and diffusion layers, and k is the kinetic energy.

The energy balance equation includes the heat capacity C,, absolute
temperature variable T and the source term Sy:

V- (pC,UT) = — V(kVT) + Sr, (3
The source term in Eq. (3) is Sy = ]; for the diffusion layer, electrodes,
metal support and interconnects, and Sy :j;z +j (ﬂaa +%) is used for

TPBs. Here, j is the volumetric current density, 7, is the activation
polarization, F is the Faraday constant, S is the value of entropy, o stands
for the electric conductivity.

The species transport equation defines motion and diffusion of the i
th component in the mixture:

V- (pUY;) = — V- J; + Smy, )

where the source terms are Sy,; = 0 everywhere, except Sp,; = n%FMi for
TPBs, and Y; is the molar fraction of the i th species. Here, the total
number of species in the mixture is N.

The charge transport equation establishes the link between the input
current and voltage and the potential ® across the cell, which reads as:

where the source term is S, = 0 for all layers, except TPBs, where S;, =j.

The current conservation equation applies to the electrolysis cell
model, in order to represent the balance in the volumetric current
density on the anode j,, and the cathode j4 sides:

V= [ jud?, ©
anode cathode

where V is the volume.

The Fick’s law is a simple diffusion model and establishes the
dependence of the mass diffusion flux J; from temperature T and size of
the spatial grid VY;:

vT

Ji= —pDI VY, - Dri—r s %)

where Dr; is defined as the thermal diffusion coefficient of the i th

component in the transported mixture, foi is the effective mass diffu-
sion coefficient for the i th component.
The Stefan-Maxwell equations used for simulations extend the Fick’s

law for N number of components in the mixture:

N ﬁ(}"_£>:vyi_ﬂ XN: ﬁ(lﬁ_%> (8)
J=1 A Dij i Py T J=1 A Dij Pj Pi

where Dj is the binary diffusion coefficient used to approximate the
equation. Here, the pressure diffusion is neglected, and the external
force is assumed equal to all species.
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Fig. 1. General view of the SOEC sector model: (a) full meshed model of the tubular cell sector; (b) breakdown of the thin functional layers; (c) inlet and outlet
boundary conditions.
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Table 1
Characteristic sizes and layers’ properties.
Structure Internal Wall Materials ~ Volume Design
diameter, thickness, proportion porosity,
mm mm %
Substrate 6.00 2.15 Ti 100 % 30
Cathode 10.30 0.02 Ag 100 % 30
current
collector
Porous 10.30 0.02 NiO, 60 %:40 % 30
cathode GDC
Cathode 10.34 0.06 NiO, 60 %:40 % 30
GDC
Electrolyte 10.46 0.022 GDC, 91 %:9 % 30
YSZ
Anode 10.504 0.06 GDC, 50 %:50 % 30
LSCF
Porous 10.624 0.02 GDC, 50 %:50 % 30
anode LSCF
Anode 10.624 0.02 Ag 100 % 30
current
collector
Table 2
Material properties.
Material Density, Specific Thermal Electrical
composition of  kg/m® heat, J/ conductivity, conductivity
the layer (kg*K) W/(m*K) calculated/
Referenced, S/m
Titanium 4850 544 7 2381000
Silver 10490 235 429 6300000
Nickel 6670 445 91 25000
LSCF 6000 340 58 6
YSZ 5900 620 2 2
GDC 7200 216 11 99

2.3. Benchmarking with SOFC

To ensure the accuracy of the developed model, benchmarking is
carried out using established reference data. Building on the previous

Table 3

Final material properties for the functional layers.

Journal of Power Sources 648 (2025) 237436

studies (e.g., Ref. [64-66]), benchmarking of the numerical method in
the current investigation is performed using the data from Ref. [67] for
the tubular SOFC model (as appears in Fig. 2). Obtained results are
shown in Fig. 3 below for the voltage range of 0.66-0.76 V. In the work
by Ref. [67], the fuel cell of 130 mm length is studied, with the 40 pm
thick electrolyte layer and the internal channel diameter of 4 mm. The
benchmarking study is performed assuming the cell temperature of 973
K at 1 atmospheric pressure, 20 % proportion of hydrogen and 80 %
proportion of water at the fuel inlet. The current study adopts the flow
rates in the range of 1.11e-4 to 2.50e-4 kg/s for the air and 5.56e-7 to
2.22e-6 for the fuel (through two fuel channels), as proposed by
Ref. [67], based on the utilization factors in Hagiwara et al. (1999) [68].
The SOFC module in ANSYS Fluent requires definition of the porous

0.85 T T T T T
—&— Hagiwara data
—&O— Sleiti data
0.8 - =&~ Current data |

075

Voltage, U (V)
]
~1

0.65 [

0.55 \ \ \ \ .
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Current density, / (A/mz)

Fig. 3. Benchmarking with SOFC: Comparison of the current simulations with
published simulation data by Ref. [67] and experimental data by Hagiwara
et al. (1999) [68].

Material Proportion of Density, Specific heat, Thermal Electrical conductivity Default suggested Function of
composition of the materials kg/m?® J/(kg*K) conductivity, W/ calculated/Referenced, S/m electrical conductivity, S/  the layer
layer (m*K) m

NiO, GDC 60 %:40 % 6882 353 59 15040 5000 Cathode
GDC, YSZ 91 %:9 % 7083 252 10 91 le-16 Electrolyte
GDC, LSCF 50 %:50 % 6600 278 35 53 5000 Anode

Fig. 2. SOEC model with the metasurface deposited on the porous anode layer (without the air channel).
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electrode in addition to the catalyst layer for both anode and cathode
sides, so that in the present research, the proportion of 90:10 of the
catalyst thickness to the porous electrode thickness is used to obtain the
SOFC results. Therefore, the cell design considered includes porous
cathode, cathode, electrolyte, anode and porous anode. This may be one
of the reasons to some observed discrepancy in the results in Fig. 3.
Another reason is likely linked to the exact material properties of the
LSCF, GDC, cermet and the dense ceramics used to manufacture the
SOFC, according to Ref. [67]. The current study uses properties in
Table 4. Results in Fig. 3 are also obtained on the grid of 648 000 ele-
ments, based on the mesh independence study for 0.7 V and the mass
flow rates of 1.8e-4 kg/s for the air and 1.39 kg/s for the fuel, as pre-
sented in Table 5.

The current study uses SIMPLE algorithm with the least squares cell-
based method for the gradient for the steady-state benchmarking sim-
ulations. Second order schemes are used for the pressure, density, mo-
mentum, species and energy, while first order schemes are selected for
potentials, water saturation and content. Advanced solution controls use
Flexible cycle type for the pressure and momentum, water saturation
and content, and F-cycles with BCGSTAB method — for the energy,
species and potentials. Selection is based on minimised residuals, which
are set at le-4 for the simulation.

2.4. Mesh verification of the SOEC sector model

The main mesh independence study is conducted on the SOEC sector
model without the metasurface and with the focus on the current den-
sity, as indicated in Fig. 4. The mesh size was determined through mesh
independence tests, ensuring that further refinement would not signifi-
cantly affect the accuracy of the results. The selected mesh resolution
aligns with previous studies in similar computational domains. Based on
this investigation, the mesh of 1 837 632 cells is selected, with the main
size of the element of 5e-5 m, and 1.2e-5 m element size assigned to the
functional layers. All metasurface cases, discussed in the next section,
have the same mesh generation settings, so that processes in the thin
functional layers are resolved with a comparable accuracy.

Here and in all simulations presented in the following section,
advanced solution controls use V-cycle for pressure, F-cycle for energy
and Flexible cycle for all other variables, based on the minimised re-
siduals. Other solution settings are the same as used in the bench-
marking case in Subsection 2.3 of the paper.

3. Results and discussion

Four types of metasurface elements considered in this study are
shown in Fig. 5 and include square-shaped elements, line-elements and
net structure. The net structure is comprised of parallel- and cross-flow
line-elements. Some details of these geometrical configurations are
given in Table 6 along with the principal current density for the oper-
ating voltage of 1.5 V, OCV of 1.1 V for comparison. These results of the
CFD analysis indicate that the Metasurface 1 (small squares) leads to 3.7

Table 4
Material properties used in the benchmarking study.
Zone Density, Specific Thermal Electrical
kg/m® heat, J/ conductivity, W/ conductivity, S/
kg*K m*K m
Porous 6000 871 10 33333
anode
Anode 6000 871 10 33333
catalyst
Electrolyte 6000 600 5 le-16
Cathode 7200 871 10 7937
catalyst
Porous 6210 871 10 7937
cathode

Journal of Power Sources 648 (2025) 237436

Table 5
Mesh independence study for 0.7 V.

Mesh number Cell count Element size, m Current density, A/m?
Mesh 1 93 852 0.00055 6679
Mesh 2 213 516 0.00040 5579
Mesh 3 609 356 0.00027 3707
Mesh 4 648 000 0.00026 2463
Mesh 5 713 440 0.00025 2953
Mesh 6 928 806 0.00023 2576
1800 T il T T T T
1600 1
< 1400 |
< 1200 . 1
#1000 - i
=
o 800 71
= L ]
g 600 1 1
= L
_—P
O 400 1
200 g
0 o i | ! | | |
0 0.5 1 1.5 2 2.8 3 3.5
Number of cells «10%

Fig. 4. Mesh independence test results for the base case without the
metasurface.

% improvement in the current density, compared for the no-metasurface
(base case). Here, width of the squared element (in the direction of
circumference), length (in the direction of the flow/length of the cell),
offsets (distances in between the elements in the direction of width and
length) are assumed to be 0.1 mm, the elements’ height is 0.05 mm.

Very similar, 4.2 % improvement in the current density is demon-
strated by the Metasurface 4 (with twice large squares). Here, the width/
length/offsets of 0.2 mm and the height of 0.05 mm of the square-shaped
elements is used. The Metasurface 2 (lines, parallel to the flow) with
line-elements of the width/distance between the elements of 0.1 mm
and height of 0.05 mm in Fig. 5 and Table 6 provides the 7.6 %
improvement in the current density. Finally, application of the net
structure in the Metasurface 3 in Table 6, with line-elements of 0.1 mm
in width/distance between the elements leads to 8.5 % improvement in
the current density.

Following these results, Fig. 6 provides the view on the meshed
porous anode layer with the four metasurfaces applied. Fig. 7(a) dem-
onstrates the current density metrics for the range of voltage from 1.2 V
to 2.0 V (high voltage typically considered to drive the steam reduction
reaction efficiently) for five types of surfaces, starting with the plain
porous anode without the metasurface. Here, the net-structured meta-
surface confirms its’ advantageous current density characteristics over
the full range of the considered operating voltage, given the 1.1 V OCV.
This is likely linked to the recirculation (encouraging the air to swirl or
loop around within those voids, rather than simply passing through) of
the air flow in the pockets of space between the net structure elements.

The air circulation in the external air channel, where fluid is in a
direct contact with the anode, is presented in Fig. 7(b)-7(f) for the case
without a metasurface at 1.5 V voltage. The pressure and velocity fields
here are projected on a plane slicing the channel at 10° deep into the
22.5° sector model (close to the midsection of the sector). Fig. 7(b)
demonstrates a gradual decrease in the pressure in the air channel along
the length of the cell, which comes together with the gradual increase in
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Twice larger squares

Metasurface 4

Net structure

Metasurface 3

Fig. 5. Schematics of four considered metasurface design.

Table 6
Metasurface characteristics.

#  Metasurface types No. of metasurface No. of mesh No. of Current density”, A/ Current density”, A/ Current density, A/
elements cells iterations m? m? m?

0 Without metasurface (Base 0 1837632 1000 641 647 476

case)

1 Small squares 11 x 20 square elements 5028 880 200 665 668 492

2 Lines, parallel to the flow 11 line-elements 5558 873 200 690 691 510

3 Net structure 11 x 20 line-elements 5938 371 200 696 698 512

4 Large squares 5.5 x 10 square elements 4 636 929 200 668 670 493

4 At 1.5V operating voltage & the OCV of 1.1 V.
> At 1.8V operating voltage & the OCV of 1.4 V.
¢ At 1.1V operating voltage & the OCV of 0.84 V.

(@

(©

(b)

(@

Fig. 6. Meshed porous anode layer with metasurfaces: (a) small squares; (b) line-elements, parallel to the air flow; (c) net structure; (d) twice large squares.

the flow velocity U = U(u,v,w) along the centreline towards the outlet in
Fig. 7(c). The air inlet is on the right side of each plot in Figs. 7 and 8.
The velocity field U is dominated by the w velocity component, shown in
Fig. 7(f), which leads to almost straight, smooth streamlines in Fig. 7(c).
Two zones of increased positive and negative flow velocity u and v are
observed in Fig. 7(d) and (e) respectively near the inlet, however, these
local velocity fluctuations have a small effect on the downstream flow
field.

This air circulation in the external gas channel is presented in detail
in Fig. 8 for the same slicing plane, but for the net-structured metasur-
face. Fig. 8(b) illustrates the generally decreasing pressure in the air
channel towards the place of transition from the metasurface level to the
current collector, but not towards the outlet (as previously seen in the

no-metasurface case). This decrease in pressure develops alongside the
increase in the overall flow velocity U near the border of the anode
metasurface in Fig. 8(f), which is a porous medium filled with fluid in
contact with the solid body of the anode current collector. This localised
increase in the flow velocity stimulates the formation of two major
vortices of air circulation between the channel wall and the metasurface
layer, as seen in Fig. 8(a) and (e). These vortices coincide with two
elongated zones of decreased flow velocity U in Fig. 8(f). Formation of
these major vortices is the first distinctive effect of all metasurfaces on
the circulation in the air channel, as seen from Figs. 7 and 8 (additional
results provided in the Supplementary Material).

Using the velocity components u, v, w in X, Y, Z directions, the
process of major vortex formation and smaller scale recirculation in the
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for the no-metasurface case.

metasurface caves of the net structure could be further broken down in
details. Fig. 8(g) indicates a localised increase in the velocity u, trans-
versal to the length of the cell, in the first quarter of the length of the cell
from the inlet boundary, followed by the vortex core and the area where
fluid moves in the opposite direction. Zones of increased positive and
negative velocity u also repeat further downstream, near the transition
from the metasurface layer to the anode current collector. Fig. 8(i) re-
veals the localised increases in the velocity v, where the air flow accel-
erates up and down, especially around each vortex eye. Contour of the
velocity component w in Fig. 8(k) is relatively consistent with the con-
tour of the resulting velocity U, indicating the dominance of this lon-
gitudinal velocity component.

Fig. 8(D) further explains a gradual decrease of the longitudinal ve-
locity w in the caves of the net-structured metasurface. This decrease
develops together with relatively average values of the transversal ve-
locity u and vertical velocity v in Fig. 8(h) and (j), respectively. Inter-
action of the air flow with the metasurface also leads to a local small-
scale decrease in the pressure field past each metasurface element, as
shown in Fig. 8(d), followed by an increase in pressure closer to the edge
of each next metasurface element. These pressure fluctuations are

consistent with the local fluctuations of the vertical velocity v in Fig. 8
(j), marking the fluid coming in and out of each cave. Separated fluid
further circulates inside each cave, as illustrated in Fig. 8(c) with local
streamlines.

According to the results for all metasurface cases, the improved
electrical efficiency is, first of all, directly linked to the major vortices
developing in the external air channel. Research into the fluid dynamics,
developed in the air channel with line-elements metasurface, reveals
patterns in the velocity U field, like the net-structured and square-
shaped metasurfaces. In the presence of longitudinal caves only, the
electrical efficiency of parallel line-elements alone is coming from the
couple of major vortices in the air channel and does not rely on the
small-scale recirculation. Based on this observation, the success of the
net-structured metasurface is explained by harvesting the full efficiency
of major vortices (like line-elements), and an additional efficiency is
coming from the small-scale recirculation in the anode caves (like square
elements). For the square elements, as provided in the Supplementary
Material, the cave recirculation process along the length of the cell is
observed to be weaker, and the surface in contact with the major
vortices is lower, which may explain their comparatively reduced
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streamlines of the air circulation over the full velocity U contour of the air channel; (f) full velocity U contour of the air channel; (g) full contour of velocity
component u; (h) enlarged contour of velocity component u in proximity to the metasurface; (i) full contour of velocity component v; (j) enlarged contour of velocity
component v in proximity to the metasurface; (k) full contour of velocity component w; (1) enlarged contour of velocity component w in proximity to the metasurface.



V. Kurushina et al.
electrical efficiency in Fig. 7(a).
4. Opportunities

The fundamental electrochemical and thermodynamic principles
governing SOFC and SOEC operations are inherently linked. Many
studies in the field successfully use SOFC-mode calibration to predict
SOEC performance with high accuracy. The model’s parameter adjust-
ments account for reversible electrochemical reactions, ensuring its
applicability across both operational modes. The model was initially
calibrated in SOFC mode, and comparative analysis with published data
reinforces the model’s accuracy. The predictions align with experi-
mental trends from SOEC studies, confirming its validity. The study
acknowledges variations and provides a rational explanation for any
differences, considering factors such as operating conditions, material
properties, and measurement uncertainties. Refinements or additional
calibration steps can be implemented in future work. While further
refinement with direct SOEC-mode calibration can enhance precision,
the current model provides a valuable predictive tool for SOEC perfor-
mance analysis.

The best performance curve is found to belong to the net structure,
among the studied options, with up to 8.5 % improvement compared to
the case without the metasurface. Use of metamaterials for solid oxide
electrolysers opens a space of opportunities for improving the device
performance by the geometry optimisation. First opportunity comes
from using various regular elements deposited on the porous anode layer
or porous cathode layer, for either tubular or planar SOEC: metasurface
elements of a different cross-section (squared, rectangular, round,
triangular, hexagonal, etc.), tandem elements vs. staggered elements,
equally spaced elements vs. non-evenly spaced elements, elements of
varying height, length or width across the metasurface, or other type of a
metasurface pattern. In many engineering and materials science appli-
cations, even modest performance gains can result in substantial long-
term benefits, especially when considering scalability, energy effi-
ciency, and operational stability. The study provides measured gains
that reinforce the feasibility of metasurface structures in practical
applications.

Consideration of the conical and cylindrical pillars have already been
explored in Ref. [62]. This work studied both the fuel cell and elec-
trolysis modes of operation for the 3D-structured metasurface design,
with three functional layers of the cathode, electrolyte and anode being
patterned, while deposited upon a porous substrate. Designed solid
pillars had a height of up to 150 pm (against 50 pm in the present study)
and diameter up to 50 pm (against the 100 pm side of the square in the
present work for the first metasurface). This research also considered
porous pillars of up to 190 pm height and up to 30 pm in diameter. This
study reported the 1.14 times increase in the level of the current density
in the electrolysis mode, and 1.93 times increase — in the fuel cell mode.
The present work expands the available research data on the impact of
metasurfaces on the electrical performance in terms of the current
density towards alternative design patterns (squares, line-elements, net
structure).

The second, related, opportunity is in introducing a flexible degree of
irregularity in the metasurfaced layer, such as randomization of the
characteristic element sizes and inter-element distances across the sur-
face. Irregular shape of the element could come together with a different
density of elements per unit surface area and/or a randomized height,
which has a great potential to alter the fluid-structure interaction and
the electrochemistry of the selected layer.

Several challenges also come from introducing the micro-
functionality of the metasurface in SOECs. The first challenge of depo-
sition of thin metasurface layers has been discussed in Ref. [58], where
precision of the geometry of separate elements is found to require
additional improvement. Introducing custom geometries, including
increasing irregularity among the meta-elements would require fabri-
cating custom-made precise meshes for the material deposition. Hence,
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the manufacturing costs are likely to increase, as the regular, available
meshes cannot be used in the process.

Another challenge comes from the high-temperature operating con-
ditions, where electrodes and thin coatings are already known to
expand, degrade, debond, delaminate and crack. Structural stability is
one of the design priorities for SOECs, and introduction of complex
shapes for either layer changes the short-term and long-term degrada-
tion scenarios. This question requires additional research for each design
concept.

5. Conclusions

The current research is undertaken in the pursuit of improving the
performance of the tubular solid oxide electrolysis cell, operating at a
high temperature of 1073 K. The study considers parallel flow condi-
tions, and the porous anode layer in contact with the air flow is equipped
with the metasurface of several various configurations. Metasurface el-
ements change the fluid-structure interaction and intensity of electro-
chemical reactions, by increasing the surface area in contact with the air.
Line-elements parallel to the length of the tubular cell, net structure and
square-shaped metasurface elements are designed to be compared in
terms of the current density characteristics. The best performance curve
is found to belong to the net structure, among the studied options, with
up to 8.5 % improvement compared to the case without the metasurface.

This design can be recommended for the practical implementation in
the tubular and planar SOEC. Metasurface elements applied for solid
oxide electrolysers open a new design space of potential cell improve-
ments. By optimising current density, the metasurface may allow for the
creation of smaller, more efficient devices with greater functionality.
Opportunities come with several challenges, especially linked to
possible irregularities in the meta-elements’ geometry, which require a
custom fabrication process. However, the potential gain in the micro-
scale functionality, confirmed by the present work, and innovations in
the rapidly developing additive manufacturing technology are likely to
overcome these challenges in the future. The metasurface innovation is
one of the promising changes to the SOEC, which could allow the
technology to eventually mature and become an important part of the
sustainable energy sector.
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Fig. A. Contours of the air circulation in the external channel for the case of line-elements
metasurface, projected on the plane at 10° inclination inside the tubular cell sector: (a) full view
on the air circulation streamlines over the pressure contour of the air channel; (b) full pressure
contour of the air channel; (c) streamlines of the air circulation over the full velocity U contour of

the air channel; (d) full velocity U contour of the air channel; (e) full contour of velocity component
u; (f) full contour of velocity component v; (g) full contour of velocity component w.
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Fig. B. Contours of the air circulation in the external channel for the case of large-squares
metasurface, projected on the plane at 10° inclination inside the tubular cell sector: (a) full view
on the air circulation streamlines over the pressure contour of the air channel; (b) full pressure
contour of the air channel; (c) enlarged view on the air circulation streamlines over the pressure
contour of the air channel in proximity to metasurface; (d) pressure contour in proximity to the

metasurface; e) streamlines of the air circulation over the full velocity U contour of the air
channel; (f) full velocity U contour of the air channel; (g) full contour of velocity component u; (h)
full contour of velocity component v; (i) full contour of velocity component w.
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