
Citation: Kim, Y.; Lim, K.; Salihi, H.;

Heo, S.; Ju, H. The Effects of Stack

Configurations on the Thermal

Management Capabilities of Solid

Oxide Electrolysis Cells. Energies 2024,

17, 125. https://doi.org/10.3390/

en17010125

Academic Editors: Bahman Shabani,

Željko Penga and Lei Xing

Received: 31 October 2023

Revised: 6 December 2023

Accepted: 13 December 2023

Published: 25 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

The Effects of Stack Configurations on the Thermal Management
Capabilities of Solid Oxide Electrolysis Cells
Youchan Kim, Kisung Lim, Hassan Salihi , Seongku Heo and Hyunchul Ju *

Department of Mechanical Engineering, Inha University, 100 Inha-ro Michuhol-gu,
Incheon 22212, Republic of Korea; kyc1129@inha.edu (Y.K.); kisung0510@inha.edu (K.L.); salihi@inha.edu (H.S.);
heo@inha.edu (S.H.)
* Correspondence: hcju@inha.ac.kr; Tel.: +82-32-860-7312

Abstract: In this study, we analyze the impacts of various stack configurations of a solid oxide
electrolysis cell (SOEC) that includes U-type and Z-type stack structures as well as co-flow and
counter-flow configurations. The primary focus of this study is to analyze the impact of these SOEC
stack configurations on the temperature distribution within the stack and the temperature variations
of key components. Furthermore, by predicting the thermal stress and thermal deformation of
individual SOEC components, the study can provide design guidelines for enhancing the durability
of the SOEC stack. Among various SOEC stack configurations, the counter-flow design outperformed
others in temperature uniformity and component temperature variation. The Z-type stack structure
slightly surpassed the U-type in flow uniformity, while both had a minimal influence on thermal
management. Besides conventional flow-field configurations, such as the parallel flow field, we
introduce a metal-foam-based flow-field design and analyze the effects of using metal foam to ensure
flow uniformity within the stack and achieve temperature uniformity. The metal foam design has
a lower average temperature (2–5 ◦C) and ∆T (4–7 ◦C) compared to the parallel flow field in each
cell, but this improvement is accompanied by a substantial pressure-drop: 2359.3 Pa for vapor flow
(11.7 times higher) and 4409.0 Pa for air flow (4.6 times higher). Additionally, structural analysis was
performed using CFD temperature data. The co-flow configuration induced higher thermal stress at
the front of the stack, whereas the counter-flow configuration mitigated thermal stress in the front
cells. The metal foam structure consistently demonstrated a reduction in thermal stress across all
cells by about 1 MPa, highlighting its potential to alleviate thermal stress in SOEC stacks. This study
presents a novel CFD analysis approach for a 10-cell SOEC stack, enabling the development of an
optimized stack design with improved heat and flow distribution. The integrated CFD–FEM analysis
provides reliable thermal stress data that elucidates the correlation between temperature and stress
distributions within the stack.

Keywords: solid oxide electrolysis cell; stack configuration; fluid–structure interaction (fsi) simulations;
thermal management

1. Introduction

Over 80% of the world’s energy production is derived from fossil fuels, which has
resulted in significant environmental challenges, such as air pollution, climate change, and
global warming. Remarkably, fossil fuel consumption accounts for 65% of the greenhouse
gas emissions which directly exacerbate global warming [1,2]. While the adoption of
renewable energy sources like hydropower, biomass, and wind power is seen as a potential
solution for curtailing greenhouse gas emissions, they currently meet only 14% of global
energy needs, due to technological and economic constraints [3].

Hydrogen is emerging as a promising avenue for sustainable energy production and
storage. It can serve as an energy carrier, a storage solution, and fuel for fuel cells, offering a
carbon-emission-free electricity generation method [4]. The broader adoption of hydrogen
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as a sustainable energy vector necessitates ongoing research to enhance the efficiency
and cost-effectiveness of hydrogen electrolyzers and fuel cells. Such advancements in
electrochemical technologies are anticipated to play a pivotal role in harnessing hydrogen
as a clean energy supply [5].

Three primary technologies exist for hydrogen production via electrolysis: alkaline
electrolysis, polymer electrolyte membrane (PEM) electrolysis, and solid oxide electrolysis
cell (SOEC). While both alkaline and PEM electrolysis are well-developed and available
commercially, their associated production costs are relatively high, which impacts their
economic viability. In contrast, SOEC is a newer technology that operates at elevated
temperatures ranging from 700–900 ◦C and is seen as a promising alternative. It presents
enhanced performance, reduced energy requirements for hydrogen production, and a
greater economic appeal [6,7]. The operation at such high temperatures provides ther-
modynamic benefits and accelerated electrochemical reactions in the electrodes, both of
which result in decreased operating voltages compared to other electrolysis methods [6,7].
This leads to reduced electricity usage for hydrogen generation, positioning SOEC as a
technology with superior efficiency and economic benefits [8]. However, to commercialize
SOECs, certain challenges need to be addressed, including long-term durability concerns
due to thermal stress and deformation, electrode degradation due to chemical interactions,
and issues related to gas sealing. Many researchers are actively working to resolve these
challenges in the domain of SOEC advancement [9].

Solid oxide cells have the capability to operate bidirectionally, functioning in both
electrolysis and fuel cell modes. The performance of reversible solid oxide cells (R-SOCs)
hinges on their ability to efficiently transition between these modes, with effective heat
management being vital for longevity [10,11]. The ceramic components in both SOECs
and solid oxide fuel cells (SOFCs) are inherently brittle and susceptible to damage from
tensile stress, which can result in cracks and mechanical breakdowns due to thermal
disparities. As such, a combination of adept thermal management and ongoing material
development is pivotal to counteract these thermally induced damages [12]. Effective
thermal management for sustained operations emphasizes the importance of maintaining
uniform temperatures within the stack and minimizing temperature variations within
individual cell components [13,14]. An extensive number of studies have utilized numerical
analyses grounded in theoretical modeling to explore the internal heat distribution within
the stack [13–17]. For instance, Kim et al. [13] delved into the thermal attributes and heat
transfer patterns in a planar SOFC stack using 3D simulations, underscoring the significance
of the gas inlet temperature and the thermal properties of interconnectors. In a subsequent
study, Kim et al. [14] put forth innovative designs for manifolds and interconnects, aiming
to bolster heat transfer efficiency. Bao et al. [15] crafted a 3D model to gauge the fluid
dynamics in a unit cell of a planar SOEC stack, employing the temperature profiles from
their simulations to evaluate the risk of mechanical cell failures. In a two-part series,
Nakajo et al. [16,17] assessed mechanical stress in SOFC components, using 3D modeling
to forecast thermal stresses and examining the factors influencing these stresses and the
subsequent mechanical wear over extended operational cycles. Cui et al. [18] constructed
a comprehensive 3D model for a planar SOEC stack and employed it to analyze thermal
stress in stack components. Their research integrated the numerical strengths of both
computational fluid dynamics (CFD) and the finite element method (FEM) to ascertain the
impacts of various operational parameters on temperature and stress distribution. There
have also been dedicated efforts by some scholars to understand how gas composition
affects the performance and lifespan of SOEC cells [19,20].

Kim et al. [19] investigated how varying reactant gas compositions influence the
performance and durability of high-temperature SOEC cells. Their observations revealed
that the steam fraction had a negligible effect on ohmic resistance. However, there was a
marked increase in charge transfer resistance when the steam volume fraction descended
below 25%. In the pursuit of enhanced SOEC cell performance and durability, there have
been strides in innovative stack design. Specifically, Choi et al. [20] introduced a novel
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hybrid flat-tubular stack encompassing a 100 cm2 active area. This was assembled using
metallic elements in a cassette-like arrangement. These configurations not only safeguarded
the cells against potential fractures from external forces but also ensured a completely sealed
gas flow system, one comparable to planar stacks. This innovative approach paved the way
for the successful creation of a kilowatt-class, reversible flat-tubular stack functioning at
700 ◦C. With 30 cells integrated, this stack demonstrated a power output of 1 kW at 43.7 A
in fuel-cell mode and a hydrogen production rate of 500 L/h at 40 A during electrolysis. In
the field of lithium-ion batteries, various studies have been conducted to improve cooling
efficiency through the design of channel shapes for thermal management in situations
where high heat generation occurs [21–24].

CFD analysis of 3D SOEC or SOFC has traditionally been limited to individual cells.
However, we applied the actual 10-cell stack geometry and conducted a CFD analysis of
the complete stack. This larger-scale analysis enabled the development of a model that
closely simulates the actual heat and flow phenomena within the stack.

While numerous SOEC simulation studies have been undertaken, a noticeable gap
exists in the literature addressing the essential design elements of stack configurations and
particularly focusing on the SOEC stack’s structure (both U-type and Z-type configura-
tions) and their flow dynamics (co-flow vs. counter-flow). Furthermore, a comprehensive
analysis is lacking that would delve into the variations in internal temperature compared
to the inlet temperature, as well as the temperature changes across different components.
When a solid oxide electrolysis stack is operated through low-temperature inlet gas,
the resistance of the cell increases due to the low temperature, and a large amount of
irreversible heat occurs, an amount which exceeds the reversible heat of the endothermic
reaction. This study conducted simulations of operating conditions which demonstrated
high heat output because low-temperature inlet conditions were applied. Due to the
ceramic composition of their cells, solid oxide electrolysis cells are susceptible to thermal
expansions induced by temperature variations. Consequently, this study aimed to mini-
mize the temperature differences within the cells during stack operation. Additionally,
FEM structural analysis was conducted based on CFD results to validate the generated
heat stress, corroborating the significance of the minimizing the internal temperature
difference as a heat-management strategy.

Our study comprehensively assesses the interplay between flow variations among
cells, heat removal efficacy, and the ensuing component thermal stress and deformation.
Notably, the utility of metal foam as a gas distributor, which aims to supersede the
traditional land/channel flow-field designs in fuel cells and electrolysis devices, has been
rigorously explored, a testament to its exemplary thermal and electrical conductivity
levels [25–27]. This paper delves into the intricacies of a metal-foam-based flow-field
design, meticulously examining its advantages and potential drawbacks. By delving into
its impact on flow distribution and thermal management, we contrast it with conventional
channel-based flow-field designs, paving the way for a comprehensive comparison of
stack configurations.

2. Numerical Model

In this study, a 3-D, coupled CFD-and-FEM-based SOEC thermal-fluid model was
developed to analyze thermal-fluid and mechanical behaviors of SOECs within various
channel designs and flow directions. The SOEC thermal-fluid model considers all sub-
components of a SOEC, namely, current collectors (CCs), diffusion layers (DLs), functional
layers (FLs), buffer layers (BL), electrolyte layer (EL), sealant, frame, and interconnector.
Figure 1a presents a schematic diagram of the SOEC cell. The assumptions considered
while developing the model are summarized in the following text.
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Figure 1. (a) Schematic representation of a 10-cell planar SOEC stack and (b) initial temperature
distribution inputs, along with boundary conditions, for mechanical SOEC analysis.

2.1. Model Assumptions

1. The gas mixture is assumed to behave as an ideal gas due to the low-operating-
pressure conditions.

2. Gas flow is considered to be laminar and incompressible.
3. The influence of gravity is considered to be negligible, a reasonable assumption given

that the bond number—defined as the ratio of gravitational force to surface tension— is
typically small for SOECs (<0.1)

4. Effective porosity and permeability are utilized to characterize the porous components,
namely, DL, FLs, and CCs.

5. The electrochemical reactions occur uniformly in the FLs; consequently, the current
density is uniformly distributed in the EL, BL.
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2.2. Conservation Equations and Source Terms

The 3-D SOEC model was formulated according to the principles of conservation of
mass, momentum, and energy, and taking into account the model assumptions mentioned
in Section 2.1. The conservation equations are as follows:

Mass conservation : ∇·
(
ρ
→
u
)
= Sm (1)

Momentum conservation :
(

1
ε2

)
∇·
(

ρ
→
u
→
u
)
= −∇P +∇·τ + Su (2)

Energy conservation : ∇·
(

ρ
→
u Cg

pT
)
= ∇·

(
ke f f∇T

)
+ ST (3)

The source terms of the conservation equations (Sm, Su, ST) are identified in the various
components of a SOEC and summarized in Table 1. In addition, transport properties are
summarized in Table 2. The source term in the momentum equations, Su, represents
Brinkman–Forchheimer–Darcy drag for flow through a porous media. Mass and energy
equations are mainly caused by the electrochemical reaction.

Table 1. Source/sink terms for individual SOEC components.

Description Expression

Mass In FLs Sm =
[

si Iair FL
nFδFL

]
Mi (4)

Momentum For porous media Su = −
(

µ
K
→
u − ερCr

∣∣∣→u ∣∣∣→u) (5)

Energy In FLs, BL, EL ST = I
δFL

(
Vcell − U0 − T

(
dU0
dT

))
(6)

Electrochemical reactions

∑i si Mz
i = ne−, where


Mz

i = chemical formula of species i
si = stoichiometric coefficient

n = number of transferred electrons

(7)

Hydrogen evolution reaction (HER) : H2O + 2e− = H2 + O2− (8)

Oxygen evolution reaction (OER) : O2− = 1
2 O2 + 2e− (9)

Reversible Voltage [V] U = U0 − 1
nF
∫ T

T0
S(T)dT − RT

nF In
(

PH2O

PH2×
√

PO2

)
(10)

In Equations (1) and (2), ρ and
→
u represent the gas mixture density and superficial

velocity for porous SOEC components (CCs, DL, FLs), respectively. The gas mixture density
can be expressed as

ρ =

(
P

RT

)
1

∑i
m fi

MWi

(11)

The momentum source term, denoted as Su in Equation (8), represents the resistance
encountered by a fluid as it flows through porous components. K represents the effective
permeability of the porous media, following the Kozeny–Carman relationship, signifying
the resistance due to viscous effects. Cr denotes the constant for inertial effects. These
parameters can be expressed as

K =

(
2rp
)2 × ε3

72τ × (1 − ε)2 (12)

Cr =
ε

K0.5 × 1.8

(180ε5)
0.5 (13)
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Table 2. Transport and mechanical properties for individual SOEC components.

Description Value Ref.

Viscosity coefficient of H2/H2O/N2/O2 at 298.15 K,
(
µ0,H2 /µ0,H2O/µ0,N2 /µ0,O2

) 8.91·10−6/1.04·10−5

/2.06·10−5/1.77·10−5 kg/(m·s) [28]

Exponent value in H2/H2O/N2/O2 relation of Equation (15), m 0.65/1.06/0.69/0.68 [28]

Effective thermal conductivity of CC/vapor DL/vapor FL/electrolyte/BL/air FL/BP,
(k e f f

CC /ke f f
Fuel DL/ke f f

Fuel FL/ke f f
EL /ke f f

BL /ke f f
Air FL/ke f f

BP )
10.0/11.0/11.0/2.12 /2.12/6.0/25
W/(m·K)

[29]

Thermal conductivities of H2/H2O/N2/O2,
(k H2

/kH2O/kN2 /kO2

) 0.2040/0.0237/0.0293/0.0296 W/(m·K) [30]

Porosity of CC/vapor DL/vapor FL/air FL/metal foam,
(ε CC/εvapor DL/εvapor FL/εair FL/εmetal

) 0.5/0.38/0.2/0.27/0.8 [14,25]

Tortuosity of CC/vapor DL/vapor FL/air FL, (τ CC/τvapor DL/τvapor FL/τair FL
)

1.5/3.0/5.0/5.0 Assumed

Pore radius of CC, vapor DL, vapor FL, air FL,
(
rp,CC/rp,vapor DL/rp,vapor FL/rp,air FL ) 2.4/0.35/0.15/0.2 (µm) [31]

Permeability of metal foam, (Kmetal ) 3·10−9(m2) [25]

Thermal expansion coefficients of vapor electrode, (α ) 1.237·10−5 (1/◦C) [32]

Young’s modulus, (E) 119.9 (GPa) [32]

Poisson’s ratio 0.32 [32]

The parameters rp and τ represent the pore radius and tortuosity, respectively, of
different porous SOEC components, as summarized in Table 2. The dynamic viscosity
coefficient of the gas mixture, denoted as µ, varies with the gas composition and can be
calculated as follows:

µ = ∑n
i

xiµi

∑n
j=1 xiΦij

(14)

where

Φij =
1√
8

(
1 +

MWi
MWj

)−0.5
1 +

(
µi
µj

)0.5(
MWi
MWj

)0.25
2

(15)

µi = µ0,i

(
T
T0

)m
(16)

where µ0,i, T0, and m are as reported by Hilsenrath et al. [28] and listed in Table 2.
The energy conservation equation in Equation (3) can be derived by analysis of the

heat balance, where Cg
p represents the specific heat of the gas mixture, and ke f f indicates

the effective thermal conductivity, expressed as follows:

ke f f = εk f + (1 − ε)ks (17)

where k f and ks are the thermal conductivities of the fluid and solid in the porous region,
respectively. Here, the thermal conductivity of the fluid, k f , is defined as follows:

k f = ∑i

(
k f ,i × Xi

)
(18)

The thermal conductivity of each chemical species, represented as k f ,i, is denoted by i,
where Xi stands for the molar fraction of the species. In SOEC operations, the reversible
heat term leads to heat absorption, while the irreversible heat terms cause heat release.

2.3. Solid Mechanics Model for SOEC

In this study, it was assumed that all the SOEC component materials have elastic
mechanical properties. According to Hooke’s law, the strain that occurs in the compo-
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nents due to both mechanical loading and differing thermal expansions can be expressed
as follows:

{ε} =
{

εth
}
+ [D]−1{σ} (19)

{σ} is the stress in the cell and [D]−1 is the inverse of the stiffness matrix, which we call
the compliance matrix. The term

{
εth
}

is the rate of expansion due to the thermal gradient
and is stated as {

εth
}
= ∆T

[
αx αy αz 0 0 0

]T (20)

∆T is the temperature difference, and α is the coefficient of thermal expansion for each
degree of freedom. The term [D]−1 consists of a 6 × 6 matrix and is expressed as

[D]−1 =



1/Ex −νxy/Ex −νxz/Ex 0 0 0
−νyx/Ex 1/Ex −νyz/Ex 0 0 0
−νzx/Ex −νzy/Ex 1/Ex 0 0 0

0 0 0 1/Gxy 0 0
0 0 0 0 1/Gyz 0
0 0 0 0 0 1/Gxz

 (21)

where E and ν denote the elastic modulus and Poisson’s ratio, respectively. G is the
transitional number. The values for the SOEC cell vapor electrode are summarized in
Table 2.

2.4. Boundary/Operating Conditions and Numerical Implementation

The 3D SOEC model for thermo-fluid analysis was applied to the SOEC stack geometry
shown in Figure 1a. The dimensions of individual SOEC components and boundary
conditions are summarized in Table 3. Non-slip and impermeable boundary conditions
were enforced on all external surfaces of the computational domain except for the inlets
and outlets of the gas channels. Even though air is not required for the operation of SOEC,
an air-supply rate proportional to the operating current was considered for SOEC stack
cooling. The side walls of the SOEC have been insulated to suit the stack environment,
allowing the heat generated during the operation of the SOEC to be removed by the vapor
airflow supplied to the vapor and air electrode sides.

As shown in Figure 1b, following the CFD analysis, a structural analysis was conducted
by applying the temperature profiles obtained from CFD simulations as loading conditions
in the FEM simulations. Since it is a vapor-electrode supported cell structure, we focused
on the vapor electrode, which experiences the highest stress levels, and used it as the
structural analysis domain to assess the stress caused by thermal expansion. To minimize
the influence of boundary conditions, a weak spring boundary condition was applied.
Thermal stresses in each layer of each cell were then determined. Given that the electrode
material, nickel/yttria-stabilized zirconia with 8 mol% (Ni/YSZ), is brittle and susceptible
to tensile stresses, we analyzed the structural results of the vapor electrode using the
maximum principal stress.

The CFD model utilized a mesh consisting of a total of 24.3 million grid points,
approximately distributed as 460 × 230 × 230 grid points in the x, y, and z directions,
respectively. This CFD-based SOEC thermo-fluid model was implemented in a commercial
CFD software, ANSYS Fluent (v21.1). A convergence criterion of 10−6 was set for the
residuals of all governing equations. For the structural analysis model, a grid independence
test was conducted, utilizing grid sizes of 12.1, 24.3, 36.7, and 48.6 million grid points to
verify mesh suitability. The final mesh consisted of 24.3 million grid points. The FEM-based
structural analysis, which incorporated fluid–structure interaction (FSI), was performed
using the commercial FEM software ANSYS Mechanical (v21.1).
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Table 3. Cell dimensions and boundary/operating conditions.

Description Value

GC

Width, WGC (vapor
electrode/air electrode) 2.0/2.0 mm

Depth, dGC (vapor
electrode/air electrode) 1.0/1.0 mm

Thickness

CC, δcc (vapor electrode/air
electrode) 0.8/0.1 mm

Vapor DL, δvapor DL 0.2 mm

FL, δFL (vapor electrode/air
electrode) 0.03/0.015 mm

EL, δEL 0.005 mm

BL, δBL 0.005 mm

Active area, Aactive (air FL, EL) 100/144 cm2

Inlet area, Ain (vapor electrode/air electrode) 5.6/4.8 cm2

Operating cell voltage 1.4 V

Operating current density, IEL 0.6944 A/cm2

Inlet temperature, Tin 650 ◦C

Inlet pressure, Pin (vapor electrode/air electrode) 101.325/101.325 kPa

Mole fraction, Xi
(vapor electrode (H2:H2O)/air electrode (O2:N2)) 0.2:0.8/0.21:0.79

Gas flow rate (H2O/H2/Air) 27.86/6.96/16.58 slpm

Thermal boundary, except for the inlet and outlet regions ∂T
∂n = 0

3. Results and Discussion

Figure 2 shows four stack-flow configurations with different inlet and outlet positions
and flow directions. In the U-type, both the inlet and outlet are located at the first cell.
Conversely, in the Z-type, the inlet and outlet are located at the first cell and tenth cell,
respectively. Additionally, each flow direction can be categorized as co-flow, where steam
as fuel and air enter in the same direction, or counter-flow, where they enter from opposite
directions. Figure 3 shows the temperature distribution when vapor fuel and air flow
in the co-flow direction within a U-type stack structure. From the inlet, due to the heat
generation during SOEC stack operation, the temperature of the stack can be observed to
increase gradually, the increase moving diagonally towards the exit direction. In Figure 3b,
the contours representing temperature distribution in the EL cross-section from the first,
fifth, and tenth cells are illustrated. Within the EL, there is a noticeable trend of the
temperature increasing diagonally in the direction of the vapor and air flow’s exit. As the
cell number increases, the peak temperature rises, but the temperature difference inside
the EL, represented as (∆TEL), decreases. This trend can be attributed to the vapor and air
streams flowing from the inlet to the end. The heat generation gets transferred through
the stack components to the manifold, leading to cells at the rear end being introduced to
pre-heated fluid, thereby resulting in a higher minimum temperature for the cell.
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Figure 2. Schematic diagram of four SOEC stack configurations with different inlet and outlet
locations and flow directions.

Figure 4 compares the average temperature (Tavg,EL) and temperature deviation (∆TEL)
in the EL across four distinct SOEC stacks, each differentiated by their flow patterns, and
plotted by cell number. As depicted in Figure 4a, in the co-flow configuration, both vapor
and air enter in the same direction into the first cell. Consequently, the front of the stack
exhibits a temperature that is relatively lower than what is observed in the counter-flow
cases. However, as one moves towards the stack’s rear, the temperature rises, resulting in a
significant temperature differential between the cells. In contrast, within the counter-flow
configuration, the inflow directions of the vapor fuel and air are reversed, leading to a more
uniform temperature difference across cells. In Figure 4b, in which ∆TEL is illustrated, stacks
with a counter-flow configuration exhibit a lower ∆TEL compared to those with the co-flow
SOEC stacks. In the same figure, stacks with a counter-flow configuration exhibit about 6 ◦C
lower ∆TEL in the first cell compared to the co-flow SOEC stacks. Particularly, the counter-
flow design exhibits about 6 ◦C lower ∆TEL in the first cell compared to that of the co-flow.
As highlighted in Figure 2, given the opposing flow of air and vapor fuel in the counter-flow
setup, the first cell has a low fuel temperature and a high air temperature, with the inverse
being observed in the tenth cell. This complementary temperature interplay between the
two gases results in a reduced ∆TEL when compared to the co-flow configurations. The U-
type and Z-type stack configurations exhibit a comparatively minor impact on temperature
rise and temperature deviation when contrasted with the effects of co-flow and counter-
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flow setups. For co-flow, both U-type and Z-type structures demonstrate similar trends
in Tavg,EL and ∆TEL. However, the U-type records marginally elevated values for both
temperatures. This difference stems from the co-flow design wherein both air and fuel
gases flow in the same direction. Specifically, in the U-type with co-flow setup, the design
ensures that gases are released after circulating from the warmest rear section, which results
in a lengthier flow path relative to the Z-shaped configuration. Owing to these design
intricacies, the U-type consistently presents higher Tavg,EL and ∆TEL values, compared to
its Z-type counterpart. Conversely, within the counter-flow arrangement, the Z-type shows
marginally increased Tavg,EL and ∆TEL values. In this flow, air and fuel gases move in
opposing directions. This causes the cold gas at the inlet and the hot gas, which flows in the
reverse direction, to constantly exchange heat through the stack components. The flow path
in the U-type structure is longer than that in the Z-shaped one, promoting a more efficient
heat exchange. Consequently, the U-type structure, combined with counter-flow, exhibits
lower Tavg,EL and ∆TEL values than does the Z-type in a counter-flow configuration.
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Figure 3. Temperature distribution contours for (a) the complete SOEC stack, and (b) the mid-plane
of EL in the first, fifth, and tenth cells. The SOEC stack is configured as a U-type structure, with vapor
and air supplied in a co-flow direction. The cell operates at a voltage of Vcell = 1.4 V and a current
density of IEL = 0.6944 A/cm2.
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Figure 4. Comparison of (a) average temperature and (b) temperature deviation within the EL of
individual SOEC stack cells under operating conditions Vcell = 1.4 V and IEL = 0.6944 A/cm2.

Figure 5 depicts the vapor and air flow rates entering each cell within the stack, as
normalized by the average flow rates. Firstly, both U-type and Z-type stacks demonstrate
excellent flow-distribution performance, with less than 1.5% flow deviation, wherein the
Z-type stack, in particular, exhibited a relatively superior flow-uniformity. For the vapor
fuel flow, the U-type stack shows a trend in which the mass-flow rate ratio is relatively
large at the front, and as the cell number increases, the mass-flow rate ratio gradually
decreases. On the other hand, the Z-type stack generally displays a uniform mass-flow
rate ratio. This is because the U-type stack has both its inlet and outlet at the front, leading
to a concentration of flow there, whereas the Z-type stack releases the vapor flow from
the rear outlet, preventing flow concentration at the front. The co-flow and counter-flow
configurations were found to have little impact on the distribution of vapor flow. As
illustrated in Figure 5b, the air-mass flow rate ratio for both U-type and Z-type stacks is
relatively high at the front and rear parts of the stack. The distribution of the air flow rate
ratio is different from that of the vapor fuel, showing a distinct trend. This is because, on
the vapor side, heavier vapor fuel is electrochemically consumed and lighter hydrogen
is produced, whereas on the air side, oxygen continues to be produced. The air velocity
distribution depicted in Figure 5c indicates that in certain areas, there is an outward speed
distribution due to the production of oxygen.

Metal foam, known for its superior electrical and thermal conductivity, is seen as a
potential replacement for the conventional channel-type BP flow field. This study examines
the effectiveness of metal foam as a flow field in enhancing the thermal management of
the SOEC stack. Figure 6 illustrates the design of a stack that incorporates metal foam in
the air and vapor BP flow fields, juxtaposed with a stack that uses the traditional parallel
flow-field design. The flow direction of the chosen vapor fuel and air was configured as
co-flow within the U-type stack.
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Figure 5. Mass-flow rate ratio comparisons for individual cells of the SOEC stack with
Vcell = 1.4 V, IEL = 0.6944 A/cm2: (a) fuel vapor flow rate ratio, (b) air flow rate ratio, and
(c) air velocity vector profile in the U-type stack.

Figure 7 shows the flow distribution performance of vapor fuel and air in the metal-
foam-based SOEC stack in comparison to the traditional parallel-flow-field-based stack. The
metal foam structure exhibits a markedly superior flow distribution capability compared
to the traditional parallel flow-field structure, ensuring a flow uniformity of less than 0.5%.
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Figure 7. Comparison of mass-flow rate ratios for individual cells of the SOEC stack, with
Vcell = 1.4 V, IEL = 0.6944 A/cm2: (a) fuel vapor flow rate ratio and (b) air flow rate ratio. The
SOEC stacks utilize a U-type and co-flow configuration and are equipped with either metal foam or a
parallel flow field.

Figure 8a compares the temperature distribution on the EL for both metal foam and
parallel-flow-field-based stack structures. Due to the superior thermal conductivity of the
metal foam, the maximum temperature within the EL decreases and the minimum tempera-
ture increases, leading to a reduction in ∆T when compared to the parallel-flow-field-based
stack. Additionally, Figure 8b compares the contour of the temperature gradient in the in-
plane direction on the EL. In the parallel-flow-field structure, the influence of the thermal
conductivity of the land is evident, revealing the channel and land shapes. In contrast, in the
metal foam structure, a continuous temperature gradient distribution is observed without the
influence of the channel/land. Moreover, in the metal foam structure, the area with a high
gradient near the air inlet is reduced compared to the parallel flow-field structure. Figure 8c
compares the average temperature and temperature difference (∆TEL) between the metal
foam structure and the parallel flow-field stack structure for each cell. Overall, the metal
foam structure has a relatively lower average temperature compared to the parallel flow-field
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structure, and the ∆T also decreases by about 4–7 ◦C. This indicates that the metal foam
structure has the advantage of facilitating thermal management during SOEC operation.
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Figure 8. Comparison of (a) temperature distribution, (b) local temperature gradient on the EL of
the first cell, and (c) average temperature and temperature deviations within the EL of individual
SOEC stack cells. The SOEC stacks are equipped with either metal foam or parallel flow fields which
operate at Vcell = 1.4 V, IEL = 0.6944 A/cm2.
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In Figure 9, the pressure-drop caused by the flow of air and vapor in metal foam
and parallel-flow-field-based SOEC stacks is compared through contours. The metal foam
structure has a greater flow resistance, as the flow passes through the porous area, rather
than a channel structure. The pressure-drop when vapor flows through the metal foam
is 2359.3 Pa, which is more than 11 times greater than the 201.2 Pa pressure-drop in the
parallel-flow-channel structure. For air flow, the pressure-drop in the metal foam structure
is 4409.0 Pa, which is more than four times greater than the 956.3 Pa in the parallel-channel
structure. This indicates that, while the metal foam provides advantages in terms of thermal
management for a SOEC stack, it has disadvantages in terms of the drop in pressure.
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Figure 10 presents the structural analysis results based on temperature distributions
derived from the CFD simulations of the SOEC stack. Most components of the SOEC
stacks are made from ceramic materials, which are inherently brittle. As a result, they are
more susceptible to tensile stress than to compressive stress. Therefore, we evaluated the
results based on the maximum principal stress. The predicted thermal-stress distributions
primarily appear near the edge, where gases enter the electrode. According to the results in
Figure 10a, for the U-type stack with a co-flow configuration, the vapor FL of the first cell
exhibits a thermal stress of 10.658 MPa. In contrast, the vapor FL of the tenth cell shows
a stress of 7.791 MPa. This indicates that there is a decrease in the maximum principal
stress that extends from the front to the rear of the SOEC stack, a trend which is consistent
with the decrease in ∆TEL from the front to the rear section (as referenced in Figure 4b).
Figure 10b presents the structural analysis outcomes for all SOEC stack configurations
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and flow directions. The stress in the SOEC cell is attributed to thermal expansion, with
temperature variations being the primary cause. Consequently, configurations with notable
temperature deviations, like the co-flow method, experience higher stresses. Conversely,
designs employing metal foam and a counter-flow configuration, and which exhibit a
comparatively lower ∆TEL, manifest reduced thermal stresses. Notably, the metal foam
structure stack, which consistently demonstrates a decreasing ∆TEL towards its rear, exhibits
the lowest principal stress. Also, the metal foam structure consistently demonstrated a
reduction in thermal stress across all cells about 1 MPa, emphasizing its potential to mitigate
thermal stress in SOEC stacks.
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4. Conclusions

This study conducted 3D CFD analysis and FEM structural analysis of different flow
configurations and flow-field design variables in a SOEC stack. The following key findings
were observed:

1. A U-type stack with a co-flow configuration exhibits a gradual temperature increase
in the electrolyte, leading to a higher minimum temperature for cells at the rear end.
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2. Analysis of four different flow configurations revealed no significant differences be-
tween U-type and Z-type configurations, but the counter-flow configuration demon-
strated a more uniform temperature distribution compared to the co-flow configura-
tion. Specifically, the counter-flow exhibited an approximately 6 ◦C lower ∆TEL in the
first cell compared to that of the co-flow SOEC stack.

3. The metal-foam-based SOEC stack outperformed the traditional parallel-flow-field
design in terms of flow distribution and thermal management, with lower average
temperatures and reductions of about 4–7 ◦C in temperature differences across cells.
However, it incurred higher pressure-drops due to the increased resistance of the
metal foam structure. The pressure-drop for fuel flow in the metal foam structure is
particularly noteworthy, at 11 times that of the parallel flow channel structure.

4. Structural analysis showed that the co-flow configuration led to elevated stress at
the front of the stack, with the maximum value of 10.658 MPa being measured at the
first cell. Unlike the co-flow configuration, the counterflow configuration showed a
significant mitigation in stress imbalance in each cell, and this tendency is consistent
with the results of CFD temperature analysis. The metal-foam structure consistently
demonstrated a reduction in thermal stress across all cells of about 1 MPa, highlighting
its potential to alleviate thermal stress in SOEC stacks.
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Nomenclature

A Area, m−2

Cg
p Specific heat at constant pressure of the gas, J kg−1K−1

Cr Inertial effect constant, m−1

d Depth, m
F Faraday′s constant, 96, 487 C mol−1

G Shear modulus of elasticity, Pa
I Current density, A m–2

K Hydraulic permeability, m2

k Thermal conductivity, W m−1 K
mf Mass fraction
MW Molecular weight, kg/mol
n Number of electrons transferred in the electrode reaction
P Pressure, Pa
R Universal gas constant, 8.314 J mol−1 K–1

r Particle radius, m
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S Source term in the transport equation or Entropy, J mol−1 K
T Temperature, K
→
u Fluid velocity and superficial velocity in a porous media, m s–1

U Cell potential, V
V Voltage, V
W Width, m
X Mole fraction
Greek
δ Thickness, m
ε Volume fraction or expansion rate
η Overpotential, V
µ Dynamic viscosity, kg m−1s−1

ν Atomic diffusion volumes or Poisson’s ratio
ρ Density, kg m−3

τ Tortuosity or viscous shear stress, N m−2

Superscripts
air Air electrode
e f f Effective
vapor Vapor electrode
T Transposed matrix
th Thermal
Subscripts
0 Initial conditions or standard conditions, 298.15 K and 101.3 kPa (1 atm)
active Active
avg Average
BL Buffer layer
BP Bipolar plate
CC Current collector
cell Cell
DL Diffusion layer
EL Electrolyte layer
FL Functional layer
H2 Hydrogen
H2O Water
i Species or components of SOEC
in Inlet
j Species
k Knudsen
m Mass or particle diffusion
max Maximum
metal metal foam
min Minimum
N2 Nitrogen
O2 Oxygen
out Outlet
p Pore
ref Reference conditions
s Solid
u Momentum
vapor Vapor
x x direction
y y direction
z z direction
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