Tarbiat Modares
University

Modares Mechanical Engineering

ISSN: 2476-6909; Modares. Mech. Eng. *;*(*):*-* 1)

DOI:
journal homepage: mme.modares.ac.ir

Three-Dimensional Multiphysics Modeling and Analysis of Mass Transport and
Electrochemical Reactions in a Solid Oxide Electrolysis Cell with Realistic

Geometry

Ghasem Arab®”

! Department of Mechanical Engineering, Yadegar-e-Imam Khomeini (RAH) Shahre Rey Branch, Islami¢ Azad, University, Tehran, Iran.

ARTICLEINFO

ABSTRACT

Article Type
Original Research

Article History
Received; **** **
Revised: **** ** %
Accepted: *** ** *
ePublished; **** ** *

A three-dimensional multiphysics model was developed to investigate the coupled transport and electrochemical
behavior of a solid oxide electrolysis cell (SOEC)hwithya 45 cm? active area and a realistic geometry based on an
experimentally established cell configuration. The medel simultaneously accounts for ionic and electronic charge
transport, Butler—VVolmer electrochemigal kinetics, /multicomponent gas transport using the Maxwell-Stefan
formulation, and gas flow through freeiand perous regions using the Brinkman approach. The main contribution of this
study lies in combining full-areajthree-dimensional modeling of a realistic 45 ¢cm? cell, coupled multicomponent
transport on both electrode sides, and independent consistency checks of current, species, and total-mass conservation
with Faraday-law consistency. The’ results show that increasing current density intensifies steam consumption and
hydrogen production on the fuel-electrode side while increasing oxygen enrichment on the oxygen-electrode side. The
three-dimensional fields reveal pronounced spatial non-uniformities in gas velocity, species distribution, and
electrochemiCalyreaction rate‘across the active area. At 0.9 A cm2, the predicted cell voltage agreed with the reference
value within about 4% while current, species, and total-mass balances showed deviations below 0.5%. Agreement
between outleticompositions and Faraday-law predictions further confirms the physical consistency of the model.
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Fig. 1 Simplified schematic of a solid oxide electrolysis cell (SOEC).

Steam inlet

H,0 + 2¢” — H, + 0>
H,0 (+ Hy) Y

=

8 el 35 (ily Sladshe sl 4y awain uala (a5 2
oAl e el sad A (JUlICh/EIFER) /g s sladal
G gl glapse )l O b ad el 2004 duw 3 Yile 34 i)
9000 G 1000 252x 28 )\ slagke ) b sk 25 B 5 slacsiul 5 ad s S5
Shon s 245 cm2 Jled o L (5o s (slad shus (iman £ il cie s
Jud 5 YY) wad Gilel el skas 1A em? Ky
5ol 11000 3 e 2SS Gl S 5 Al i ca il Gl Glaidcad 5 Sl

Volume *, Issue *, ** *



OISwes 5 Ak Gsinan 38 oy sl 5 65,80 5 B 1
23S (5 g 1) s3d ) A 55 e e 0w g aldlu S [T]
Al sladilalis s lringr 5 53,581 s 308 il 3 5a L g 55 ol
BN A.\.\SGA 4_‘1\)\ JJMJ}L_\: Glallas 4 G ‘;.AS\.A oggj Adj)d‘ dgd.ﬂ 9
brandi s i) sla Sy 5 Wi 8 JEE) (lan s @i oo «Jilda
AL 25 (58 305 ¢l e Aneia 48 2a3 e Gl 034 ) 5 30 Cilalldae
e s S (slacdl dadi & 558 5 (cage (8 ¢ Sllee Lo 5 5 L5 i)
Ohos @)l wasind Jlab mha b (adshe 52 0 s S35
e 458 QB gl Con g ) i pesa el 3 Jaglae S i it 5 8
sLohe ghejar st o0l ) a5d Jsle Jawfie gy 5 (omidn ga 3 Slae
28 dee slagadld JUS 5o (olandis S8 (ES15 5 0 JES) (Ol sam
daslia loal w5 (S 58 Loy (s Jludae Ui ettt (e B3 1

S

cos el ¥

3 g S S lSa oy 5 o s SN ) (e w2 5 B3 ()0
Lad ccalale 9 ddia )3\ 5db15d5~.&4.u4.ugl.ub);uu\)15~.4§ 5 55 _[V\]
LYY] il Gl 1 ) G s s B

slghue 5 Jlalug, L)) 5 4%, b Jsle Gdie 5) ol sl
|J u%}ﬂ SOEC <& u\)&a& B &.ﬂj Lilsala J\)E Caa \J Gi:l):\am?
il apdi s i) 5 438 JWE e il eSS cam ol Jabd samrtas J2a by
5 il [YY] 2l gl 2 Sdae 3 1y et s (s tulnd A agas 5 3 S
$15a) dae 5 FIB-SEM (sanrius (53l «0asa i Jae € 55 s o) o
21013 355 s S oy 0l S a4y 1y IS5 palin €5 i 3 520
ANSYS Fluent )0 gz Jae S ) o) S 5 oanlia alal 5 AAd|
A< dialy L& 5 i S saldin) a¥aia cpdila Jae Cdle g sala ad g (gl
81 () T 45 (s Jna 4S ol Kl 85y e 4] 180 il
) 5 Alh (Bl agh () (5 i AU a3 Sinie Bl Sl
s anilSa

235 aladl (55,508 W5 5 2els 2 slaailel@ie 5 SR Osinet
EVENIKICY g S\ IR TV PTG P DUPCIR S | 1) PO BN T g
s G 53 oBls 5 SOEC dilad 5 (s e dize ) S8t Cilallas G dulia Y Jgaa

Table 1 Comparative review of selected studies on SOEC modeling and analysis and the position of the present study:

Navasa et

2018

3D, planar cell

COMSOL

Momentum, species, heat

al. [17] Multiphysics transfer, electrochemistry
Jangetal. = 2022 | 3D, 3D-printed COMSOL 5.6 Brinkman flow, mass
[18] geometries transport, Butler—\VVolmer
kinetics, ohmic
conduction
Zhaoetal. 2022 3D, metal-foam COMSOL Flow, steam transport,
[19] flow field Multiphysics electrochemistry
Chietal. 2023 3D+ Multiphysics Flowtheat transfer,
[20] segmented-cell model + ANN electrochemistry
experiment
Limetal. 2024 3D, ~100 cm? CFD-FEM Species, charge, heat
[21] transfer, stress
Tuetal. 2024 3D, three Multiphysics Concentration,
[22] channel model temperature, flow, stress
configurations
Zhanget = 2024 3D, metal- Multiphysics Mass, momentum, energy,
al. [23] supported model species, reaction
SOEC
Jiaoetal. = 2024 3D MATLAB + Phase-field,
[24] microstructure + = COMSOL/FE electrochemistry,
cell transport
Salihi et 2025 3D +surrogate =~ ANSYS Fluent Multiphysics +
al. [29] model + MLP optimization
Present — Full-area 3D, COMSOL Two-sided Maxwell—
study realistic 45 cm? Multiphysics Stefan transport,
cell 6.1 Brinkman flow, charge

transport, Butler—Volmer
kinetics

Reconstruction of local
partial pressures and
overpotentials
Effect of geometry on
performance and transport
resistance

Steam conversion
increased from 72.2% to
76.2% at1 A cm™
Higher steam utilization
intensified current non-
uniformity
Linked electrochemical
performance with thermal
stress
Effect of channel shape on
uniformity and stress

Separated activation and
ohmic losses at 2.4 A cm™2

Explained Ni migration
through the potential
gradient
Trade-off between
performance and cost of
functional layers
3D field analysis +
current/mass/species
closure + Faraday
consistency check

Different geometry;
focus on
degradation
Novel geometrical
cells, not the 45
cm? platform

Focus on metal
foam and one-sided
transport
Primary focus on
optimization and
surrogate modeling
Primary focus on
thermo-mechanical
behavior
Different geometry
and materials

Metal-supported
architecture and
lower operating
temperature
Focus on
microstructure and
durability
Primary focus on
multi-objective
optimization
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Table 2. Main ieometrical and structural iarameters of the model.

Active area 45 cm? Full active area of the cell
Equivalent r_adlus 3785 _
of the active mm Circular geometry
region
Gas-region helght 3mm H2/H20 and O-/N- channels
on each side
Ni-GDC electrode
thickness 30 um Steam/hydrogen electrode
LSCEF electrode
thickness 30 pm Oxygen electrode
CGO layer . .
thickness (each) 10 um Barrier/adhesion layer
6Sc1CeSZ
electrolyte 130 pm Oxygen-ion conduction
thickness

Electrode porosity 0.40 Effective porous-medium

parameter
. 1x1071° . .
Permeability Darcy/Brinkman resistance
m2
Effective
. 465 S .
electronic - Electronic charge transport
conductivity
Effective ionic 82S .
L - lonic charge transport
conductivity m!
- . Conversion of surface
Specific active 1x10° ;
current density to a
surface area m!

volumetric source term
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Table 3. Operating conditions and inlet gas compositions athe reference

oieratini ioint.

Cell temperature 847 °C
. 0.9A cm™
Target current densit
g y (9000'A m2)
Corresponding total current 405 A
H2O/H: inlet mole compasition 75/ 25%
O2/N: inlet mole composition 21/79%

H/H-0O-side mass flow rate
02/N:-side mass flow rate
Experimental reference voltage
at0O A cm™2

Reference steam conversion 51%

7.69x10° kg s™!
1.59x10-5 kg s~
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Fig. 2 Relationship between the operating scale and model geometry:

(a) representative real SOEC system illustrating the scale of laboratory
equipment,

(b) three-dimensional full-area geometry of the 45 cm? cell used in the
present model,

(c) enlarged side cross-section showing the arrangement of gas channels
and cell layers. The layer thicknesses in panel (c) are not drawn to scale.
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(a) Full-domain computational mesh

(b) Magnified view of cell edge and swept layers
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Fig. 3 Computational mesh of the model: (a) full three-dimensional mesh;
(b) magnified view of the cell layers and swept mesh through the thickness.
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Table 4. Summary of model performance and numerical consistency

checks at 0.9 A cm™.

Total current 405 A JXA
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Cell voltage 123V reference: 1.185 V
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