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H I G H L I G H T S

∙ Presents novel model for solid oxide cell integrated module.

∙ Model covers both fuel cell and electrolysis modes.

∙ Comparison with experimental results shows very good agreement.

∙ Provides a tool for accurate representation of integrated systems.

∙ Contributes to the advancement of the technology for industrial applications.
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A B S T R A C T

This study presents an advanced numerical modeling approach for analyzing a 10/40 kW reversible solid oxide 

cell Integrated Module designed by Forschungszentrum Jülich GmbH. The present authors extend the distributed 

resistance analogy method using OpenFOAM to comprehensively simulate the complex physical processes within 

the sub-components of the Integrated Module. The model incorporates numerical techniques, including the arbi-

trary mesh interface for sub-component interpolation, a radiative heat transfer model for inter-component heat 

exchange, and a region-to-region coupling approach for surface and volume temperature coupling. Numerical pre-

dictions demonstrate good agreement with experimental measurements in both fuel cell and electrolysis modes, 

with maximum temperature deviations of 10–15 K observed in the middle parts of the sub-stacks. The model 

successfully captures the uniform performance across sub-stacks and the high efficiency of the heat exchangers. 

Analysis of species and current density distributions confirms that the design ensures uniform sub-stack operation, 

which is crucial for long-term performance. While discrepancies between predicted and reference temperatures 

in the heating plates are within acceptable limits, the study highlights the potential limitations of simple models 

in representing real-world systems. This research provides valuable insight into the Integrated Module behavior, 

enabling informed design optimization and operational strategies. The developed methodology offers a powerful 

tool for rapid and accurate characterization of reversible solid oxide cell systems, contributing to the advancement 

of reversible solid oxide cell technology as it scales up for industrial applications.

1. Introduction

The global energy landscape is experiencing a significant transfor-

mation as efforts to combat climate change and enhance energy security

intensify. A central aspect of this transition is the move towards cleaner, 

more sustainable energy resources. In this regard, low-emission hydro-

gen has emerged as a key solution for decarbonizing sectors where 

emissions are particularly difficult to reduce. Additionally, recent global
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Nomenclature

Abbreviations

AMI Arbitrary mesh interface

CFD Computational fluid dynamics

DRA Distributed resistance analogy

HEX Heat exchanger

HPL Heating plate

IM Integrated Module

PID Proportional integral derivative

SOC Solid oxide cell

English

𝑨 Coefficient matrix (-) 

𝒃 Source term vector (-) 

𝑭𝐷 Resistance term (N −3 

  m )
′′𝒊 E External current density due to Nernst 

−2potential  

 (A m )

𝒓 Diffusion or conduction vector (-) 

𝒖 Superficial velocity (m s−1 

 ) 

𝐴 Matrix coefficient (-)

𝑏 Source term (-)

𝐶𝑝 Specific heat (J kg−1 K−1)

𝑑 Distance (m)

𝐷eff Effective diffusion coefficient (m2 s−1)

𝑘 Thermal conductivity (W m−1 K−1)

𝑝 Pressure (Pa)

𝑄 Heat source/sink (W m−3)

𝑞 r 

Radiative heat flux (W m−2)

𝑅 Mass source/sink (kg s−1 m−3)

𝑇 Temperature (K)

𝑉 Electric potential (V)

𝑦k  

Mass fraction of species k (-)

Greek 

𝛼 Heat transfer coefficient (W −3 −1 

    m K )

𝛾 Volume fraction (-)

𝜌 Mixture density −3 

 (kg m )

𝜎 Electric conductivity (S m−1 

 ) 

𝜎 B 

−2 −1 Stefan-Boltzmann  constant (W m K )

𝜀 Emissivity (-)

energy issues have further emphasized the role of low-emission hydro

gen in strengthening energy security [

-

1]. Despite increasing awareness 

of environmental concerns, fossil fuels such as coal, oil, and natural gas 

continue to dominate the global energy mix, contributing substantially 

to overall energy consumption. This reliance on carbon-intensive sources 

has resulted in numerous critical challenges, including climate change, 

air pollution, resource depletion, and environmental degradation. In re-

sponse, there is a growing global commitment to shift towards clean and 

renewable power production [1]. As part of the broader goal of achiev-

ing carbon-neutral or even carbon-free energy systems, the role of clean 

alternatives, such as solar and wind energy, has become increasingly 

apparent. Additionally, electrochemical devices that facilitate the con-

version of electricity to chemical energy in various energy carriers, and 

vice versa, are gaining prominence in the energy transition [2]. These 

devices play crucial roles across various sectors, including energy stor-

age, grid flexibility, high-efficiency energy conversion, fuel flexibility, 

road transportation, heavy-duty vehicles, and auxiliary power units.

Solid oxide cells (SOCs) are notable among electrochemical devices 

for their versatility and high efficiency, primarily due to their relatively 

high operating temperatures, ranging from 600 

o C to 1000 

o C. Their abil-

ity to operate in multiple modes (fuel cell, electrolysis, and reversible) is 

critical in the transition to clean energy [3]. Key characteristics of SOCs 

include:

1. High electrical efficiency, typically between 60–65 % (based on

lower heating value) in fuel cell mode, with combined heat and 

power efficiencies reaching 85–90 % [4]

2. High-efficiency potential in electrolysis mode, since part of the

energy can be supplied in the form of heat to reduce the electrical 

input, e.g., utilizing excess heat from industrial processes [5]

3. Flexibility in fuel use, allowing the use of hydrogen, natural gas

[6], ammonia [7], and biogas

4. Water management is not an issue as it is in low-temperature

proton exchange membrane fuel cell systems

5. The potential for cogeneration, which enhances overall system

efficiency

6. Scalability, making SOCs suitable for applications ranging from

small portable units to large-scale power plants [5], for example, 

grid balancing and energy storage: when operating in fuel cell 

mode, the SOC generates electricity from hydrogen, natural gas, or 

other fuels, making it ideal for power generation. When operating 

as an electrolyzer, the SOC can convert excess electrical energy

into hydrogen or other fuels, providing a solution for energy 

storage and grid balancing.

In the pursuit of optimizing SOC performance, multiphysics nu-

merical modeling has become an important approach to capture the 

complex interactions within these devices. While computational fluid 

dynamics (CFD) methods form the foundation for simulating flow and 

transport phenomena, modern SOC modeling often extends beyond clas-

sical CFD to incorporate coupled electrochemical, thermal, and mass 

transport processes, so that researchers can gain valuable insights into 

the behavior of these cells, facilitate innovation, and contribute to the 

development of more efficient and durable SOC technologies [8]. As 

computational power continues to increase, tools such as OpenFOAM, 

originally developed for CFD, have been adapted to solve such multi-

physics problems [9].

SOCs are generally implemented in stacks comprising numerous re-

peating units. For these stacks to function effectively, a range of auxiliary 

components must work in unison under specific control strategies. As a 

result, SOC stacks cannot be viewed as independent systems, as the per-

formance of a given system is often heavily influenced by the supporting 

components. Fig. 1 displays a reversible SOC (rSOC) system developed 

by Forschungszentrum Jülich GmbH, capable of providing a net power 

of up to 13 kW in fuel cell mode (including power consumption of all 

supporting components and inverter losses) and operating at a net power 

of up to 50 kW in electrolysis mode [10]. It has demonstrated overall 

performance exceeding the nominal (design) power targets of 10 kW in 

fuel cell mode and 40 kW in electrolysis mode. The system’s core el-

ement is an integrated module (IM) [11], which includes air and fuel 

heat exchangers (HEXs), baffle zones, insulation layers, electric heat-

ing plates (HPLs), and four sub-stacks (each consisting of 20 repeating 

units, with about 320 cm 

2 active cell area per repeating unit). Additional 

components, such as a diaphragm compressor, condenser, water sep-

arator, and steam generator (for electrolysis), are essential for proper 

system functionality. Several studies have analyzed the performance and 

operation of this system [12–16]. While experimental research gener-

ally evaluates the overall system performance, numerical simulations 

can offer deeper insight into stack and system behavior. Previous CFD 

studies have mainly focused on individual repeating channels [17,18], 

repeating units, or single stacks. However, comprehensive modeling of 

complete systems remains a challenge due to computational demands. 

A number of studies [19–21] have utilized multiphysical modeling to
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Fig. 1. The 10/40 kW reversible solid oxide cell (rSOC) system as described by Ref. [10] and the computational domain used in this study. The integrated module is 

approximately 970 mm tall. Each pair of components is separated by a specific gap and supported by mica gaskets. The sub-stacks and HPLs are numbered sequentially 

from the bottom (air side) to the top (fuel side) below.

examine full-scale SOFC systems, employing supercomputers for time-

intensive calculations. However, these simulations did not explicitly 

model electrochemical reactions. Recent numerical studies [22–29] have 

utilized ‘volume-averaging’ approaches or a distributed resistance anal-

ogy (DRA) [30–33,35] to model SOC stacks under various operating 

conditions. While these studies have improved the understanding of the 

multiphysical aspects of SOC stacks, they often simplified or omitted the 

role of other system components.

Given the complexities of system-level modeling [19–21], this study 

aims to introduce a numerical method that enables quicker and more 

accessible stack/system-level analysis. The computational domain in-

cludes the same components as the experimentally monitored IM, as 

illustrated in Fig. 1. The research here builds upon previous work [33] 

by incorporating all these components simultaneously, expanding the 

scope of earlier studies that focused only on sub-stacks and HPLs. To 

enhance computational efficiency, this study also introduces additional 

numerical methods, such as arbitrary mesh interface (AMI) interpo-

lations between meshes from different components, a simple thermal 

radiation model, and a region-to-region coupling approach. Numerical 

simulations of SOC operations in both fuel cell and electrolysis modes 

were performed, and the results were compared with other numerical 

simulations and experimental data.

SOCs are sensitive to spatial and temporal thermal variations, which 

influence ionic conductivity within the electrolyte, electrochemical 

reaction kinetics at the electrodes, and overall energy conversion effi-

ciency. To maintain optimal operating conditions and prevent thermal

variations such as overcooling or overheating, a proportional-integral-

derivative (PID) controller is employed to regulate the temperature of 

the SOC stacks and ancillary components. This control mechanism is in-

formed by multiple thermocouples strategically positioned throughout 

the IM, providing localized temperature feedback to enhance regula-

tion accuracy. As an initial step toward a comprehensive understanding 

of the 3-D thermal, electrochemical, and fluid-dynamic behavior within 

the IM, this study focuses on steady-state operations. Accurately predict-

ing temperature distributions is fundamental not only for validating the 

numerical model against experimental data but also for identifying effec-

tive strategies to mitigate thermal gradients in regions that are otherwise 

inaccessible to direct measurement. Therefore, this study prioritizes pre-

cise temperature modeling to enhance the reliability of computational 

frameworks.

2. Numerical procedure 

2.1. Assumptions

1. The simulations are for steady state operations.

2. Fluid flow is in the laminar regime, and the gas mixtures are

incompressible and ideal.

3. Fick’s law is used for multi-component species transfer.

4. Thermal/mechanical deformation is not considered.

5. Internal thermal radiation is negligible; however, external thermal

radiation between sub-components is important.
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Table 1 

Governing equations.

Description Equation

Continuity ∇ ⋅ (𝜌𝛾𝒖) = 𝛾𝑅 

 

Momentum
( )

∇ 1
 ⋅ 𝜌𝒖𝒖 = −𝜀∇𝑝 + ∇

𝛾
  ⋅ (𝜇∇𝒖) + 𝛾𝑭 D

Species transfer ∇ ⋅ (𝜌𝒖𝑦k ) = ∇ ⋅ (𝛾𝒓𝐷eff 

 ∇𝑦k  

) + 𝛾𝑅 k
Heat transfer 

∑

∇ ⋅ (𝜌𝐶𝑝  

𝒖𝑇 ) = ∇ ⋅ (𝛾𝒓𝑘eff 

 ∇𝑇 ) − 𝛾
 

 𝛼j  

(𝑇 − 𝑇 j 

) + 𝛾𝑄
Charge transfer ∇ ⋅ (𝜎∇𝑉 ) = ∇ ⋅ 𝒊′′ E

2.2. Governing equations

The governing equations have been presented in several prior publi-

cations [31,33,34]. For further details, readers are encouraged to refer 

to these sources. The relevant equations are provided briefly in Table 1.

In these equations, 𝒖 is the superficial velocity, 𝛾 represents the vol-

ume fraction of each sub-region, and 𝒓 denotes a diffusion vector due to 

geometric configurations. The interphase heat and mass transfer terms 

are also explained in detail in previous publications [36,37] and will 

not be repeated here. Radiative heat flux from the presumed diffuse-

grey boundaries is specified as a boundary condition, rather than a heat 

source or sink. This will be discussed further in the following sections.

2.3. Computational subdomains

The IM, illustrated in Fig. 1, is composed of several sub-components 

that ensure proper system operation. These include,

• Sub stacks (4 ×): Each consisting of 20 repeating units with an active

area of 4 × 9 cm × 9 cm.

• Heating plates (5 ×): Utilized to heat the stacks, especially in electrol-

ysis mode (on both sides of each sub-stack). They are also employed 

during start-up and when operating at lower partial loads in fuel cell 

mode.

• Heat exchangers (2 ×): Facilitate heat transfer between the cold

influent and hot effluent (on both the air and fuel sides).

• Baffle zones (2 ×): Redirect the stack outflow (on both the air and

fuel sides).

• Insulation layers (2 ×): Prevent unnecessary heat transfer from the

HPLs to the baffle zones (on both the air and fuel sides). 

2.3.1. Sub-stacks

The IM incorporates the current stack design [10], which has a fuel 

electrode supported planar configuration, known as Mark-H2020. The 

assembly consists of four 20-layer sub-stacks, including components 

such as cells, interconnector plates, sealant material, wire mesh, and 

frames. Following the methodology from a previous study [33], it is as-

sumed that local temperature variations within a single repeating unit 

are uniform in the through-plane direction, while the differences in the 

in-plane directions have to be taken into account in the model.

The surface area of the stack can be divided into distinct subzones 

based on their physical and geometrical properties. Fig. 2(a) illustrates 

this simplification process. A multiply shared space method was used 

in this modeling approach, allowing for the representation of differ-

ent functional regions (air, fuel, electrolyte, and interconnect) within 

a common domain, such as the reaction zone. Within this framework, 

heat, mass, and charge transfer processes occur both within and between 

these regions. This approach significantly reduces the need for detailed 

geometrical representation, effectively transforming the complex stack 

structure into a series of simplified blocks. As a result, the computa-

tional mesh is greatly simplified, substantially reducing computational 

requirements while maintaining the essential physics of the system.

Fig. 2(b) illustrates the real stack design implemented in the sub-

stacks. This configuration follows a window design, where each re-

peating unit consists of four cells. During the process of geometrical 

simplification, these four cells are represented by a single reaction zone.

Based on the geometrical configuration, the simplified domain consists 

of solid zones, manifolds, transition areas, and the reaction zone. In 

this representation, the physical domains, namely air, fuel, interconnect, 

and electrolyte, are assembled from these sub-zones. The sub-stacks are 

generated by extruding the two-dimensional surface geometry along its 

normal direction with specified thicknesses.

2.3.2. Heat exchangers

Fig. 3(a) shows the air and fuel HEXs used in the IM. These HEX 

assemblies consist of 3 layers for the fuel side and 13 layers for the air 

side. Each layer is made up of two channel plates with a separation plate 

in between. The channel plate design includes 64 individual channels, 

with alternating layers having inverted orientations to enable counter-

flow between hot and cold fluids. The dimensions of the flow ducts are 

also shown in the figure.

Due to the high computational resources needed to resolve all ge-

ometrical details, the authors use the DRA to improve computational 

efficiency. This method, first proposed by Patankar and Spalding [38] for 

shell-and-tube heat exchangers, as an alternative to so-called ‘presumed 

flow methods’, assigns flow resistance and heat transfer coefficients 

to the ducts while solving for superficial flow within them. The DRA 

method involves a local volume averaging approach, where the flow 

ducts are treated as resistance zones [34]. The surface heat transfer be-

tween the flow and the solid can therefore be treated as volumetric or 

interphase heat transfer, with detailed information available in previ-

ous publications [22,31,33,39]. These zones allow bidirectional flow in 

a counterflow setup. By applying these simplifications to all domains ex-

cept for fluid/manifolds where detailed equations of motion are solved 

and solid zones in the through-plane direction, a significant reduction in 

computational complexity is achieved. This approach maintains all the 

essential physics of the HEXs while greatly reducing the computational 

resources needed for simulation.

2.3.3. Other components

The geometric simplifications in this model mainly apply to the 

sub-stacks and HEXs, largely due to their complex designs, which pose 

challenges for detailed simulations. For other components, as shown in 

Fig. 3(b), this study has retained the original detailed designs in the 

numerical calculations.

The baffle zones, present in both air and fuel pathways, redirect the 

outflows from the sub-stacks to the HEXs. This design enhances heat 

transfer from the hot exhaust gases to the cold inlet gases, improv-

ing thermal efficiency. The system was developed to minimize parasitic 

losses and maximize efficiency. Therefore, the flow resistance in these 

regions is minimal, resulting in negligible pressure losses. Given the 

straightforward flow characterization in these areas and their impact 

on heat transfer calculations, the authors have retained the original ge-

ometrical configuration of the baffle zones in this model. It should be 

noted that further simplifications could be applied to the baffle zones, 

provided their primary function is flow redirection.

The heating plates serve two purposes: they help warm up the sys-

tem from a cold start and provide additional heating during electrolysis 

operations below the thermoneutral voltage. These plates contain elec-

trical heating wires within the heating zone. The assembly consists of 

alternating layers, specifically 5 HPLs interspersed with 4 sub-stacks. 

This multi-layered configuration integrates heating elements and elec-

trochemical units, facilitating thermal interactions while maintaining 

optimal stack performance.

Insulation layers are strategically positioned between the baffle zones 

and HPLs to minimize heat transfer and maintain thermal stability. 

The insulation material is divided into four separate blocks, effectively 

limiting thermal exchange between baffle zones and HPLs. This config-

uration plays a critical role in sustaining the stack temperature within 

an optimal range by mitigating radiative heat losses, particularly during 

endothermic electrolysis processes.
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Charge transfer Heat and mass transfer Heat transfer

Stack geometry

Cross section of one repeating unit (RPU) 
Multiply shared space method

Heat, mass, and charge transfer between regions

Shared spaceRPU

(a) Volume averaging approach employed in sub-stacks. Readers can refer to Ref. [33] for further infor-       

mation about the methodology.

Air flow Fuel flow

Air Inlet Air outlet Fuel Inlet Fuel outlet

Air Fuel

Interconnect Electrolyte

Inlet

Inlet

Outlet Inlet

Outlet

Outlet

Reaction zone

Transition zone

Steel

air

air

fuel

air
fuel

fuel

Stack 1

Stack 2

Stack 3

Stack 4

Steel

Transition zone 
Reaction zone

Co-flow direction

(b) The stack design incorporates the actual geometry of the flow domains for both air and fuel. In the

simplified representation, distinct regions are designated for air, fuel, interconnects, and electrolytes. The

simplified stack model comprises four sub-stacks, encompassing a total of 80 repeating units.

Fig. 2. Sub-stacks to be considered in the present study.

2.3.4. Assembly

The sub-components are integrated in a compact configuration, as 

shown in Fig. 1. This design allows for scalability in applications re-

quiring higher power output. During assembly, the components are 

positioned with minimal direct contact to reduce stress from thermal 

expansion and unnecessary heat conduction. As depicted in Fig. 1, an 

intercomponent spacing of approximately 1 mm is maintained. Mica 

gaskets are used at the manifold zones to ensure gas-tight sealing 

and provide structural support for the sub-components. These mica 

gaskets, with their low thermal conductivity, act as thermal barriers. 

The gaps make radiative heat transfer between components an im-

portant factor in the thermal behavior of the IM that should not be 

neglected.

By employing the geometrical symmetry of the IM, the computa-

tional domain has been reduced by half to improve numerical efficiency. 

Fig. 4 shows all regions included in the current numerical simulations. 

The flow directions of air and fuel are also indicated. The sub-stack zones 

have a complex physical structure with the cell zone numerically shared 

by air, fuel, electrolyte, and interconnect regions. The ‘HEX’ zones 

feature air and fuel alongside component regions. The computational 

domain in this study consists of 0.39 million elements, significantly re-

ducing mesh complexity compared to previous studies [20,21], which 

used meshes with about 12 million elements for a smaller SOFC sys-

tem with lower power output. This substantial decrease in element 

count highlights the enhanced computational efficiency achieved in the 

current study.
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Flow redirection

Flow redirection

(b) Components in the IM remained as the original designs for the present numerical simulations. The

thickness of each component is given.

Fig. 3. Components in the IM to be considered in the present study.

2.4. Numerical treatment

2.4.1. Geometry and meshing

The methodology proposed in the previous study [33] used a mesh 

generation technique that first created a 2-D surface mesh in the in-

plane direction, then extruded it normally to the surface to achieve a 

prescribed thickness, as also shown by Fig. 2(b). While this method was 

effective for representing sub-stacks, applying it to an IM with various 

sub-components and diverse geometrical configurations presents signif-

icant meshing challenges. Recognizing that each component within the 

IM is physically separated by a finite space, in this study, an alternative 

meshing strategy was employed. The approach involves generating in-

dependent meshes for each sub-component, avoiding the complexities 

associated with creating a unified mesh across different geometries. The

simplified geometries and corresponding meshes are generated using the 

open-source platform SALOME 9.9.

To facilitate field interpolations between different components 

within the manifolds, the AMI technique, introduced in OpenFOAM, is 

used. This method allows for various interpolation schemes; this study 

uses a surface area-weighted scheme. Preliminary results indicate that 

this interpolation method performs well, with negligible discrepancies 

observed between different mesh configurations. For other zones, par-

ticularly those where heat radiation and heat balance are critical, the 

authors propose using a 1-D model (introduced below). This simplified 

approach aims to address the computational challenges associated with 

these complex thermal phenomena while maintaining an acceptable 

level of accuracy.
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Air Fuel Electrolyte Interconnect Aux. Components

92.4 k 62.0 k 3.6 k 48.1 k 185.4 k

HEX

HEX

Fig. 4. The computational regions in the present study. The number of computational elements in each region is also shown. The total number of computational 

elements is 391,500.

component 1 component 2gap 

Fig. 5. A simple heat transfer description between components 1 and 2 through 

a gap.

2.4.2. 1-D thermal model

Thermal radiation is a critical factor in the operation of rSOC IMs 

and related systems [8]. The current design includes a 10 cm thick silica 

insulation layer around the IM, which effectively minimizes heat loss 

to the environment. Therefore, radiative heat losses to the surroundings 

are considered negligible for this model. The IM assembly has 1 mm 

thick gaps between all sub-components, with manifold zones separated 

by mica gaskets. Due to the high operating temperatures of SOC systems, 

radiative heat transfer is a very important mechanism of thermal energy 

transport between sub-components.

Traditional methods for modeling radiative heat transfer, such as 

the surface-to-surface approach and the discrete ordinates method, offer 

high accuracy but require significant computational resources. To op-

timize computational efficiency while maintaining model accuracy, the 

authors propose a pseudo-1-D radiative/conductive heat transfer model. 

This 1-D approximation captures the essential physics of radiative/con-

ductive heat transfer, aiming to balance computational efficiency with 

model accuracy and providing a practical solution for analyzing thermal 

radiation in SOC IM systems. The 1-D model is proposed below.

The heat transfer through a gap between two components, labeled 1 

and 2, can be simplified as shown in Fig. 5. The heat transfer is defined 

as a boundary condition for each side. In this scenario, the heat flux can 

be expressed as,

𝑇 1,p − 𝑇 1

𝑑 1
𝑘 1 = − 

𝑇 2,p − 𝑇 2

𝑑 2
𝑘 2 = 

𝑇 2,p 

− 𝑇 1,p

𝑑 g
𝑘 g 

+ 𝑞 r (1)

where 𝑇 is a localized temperature, 𝑑 is the distance, 𝑘 is thermal con

ductivity, 𝑞r refers to the normal heat flux due 

 

to radiation, and the

subscript p represents the values on the boundaries. This equation can 

be rearranged to obtain an expression for 𝑇 1,p 

,

-

𝑇 1,p = 𝜔𝑇 1 + (1 − 𝜔)𝑇 ref (2)

with,

𝜔 =

𝑘 1
𝑑 1

𝑘 1
𝑑 1

+ 

𝑘 g
𝑑 g 

− 𝑞 r
𝑇 1,p

, (3)

𝑇 ref =

𝑘 g
𝑑 g

𝑘 g
𝑑 g

− 𝑞 r
𝑇 1,p

𝑇 2,p (4)

The formulation corresponds to a ‘mixed’ boundary condition de-

fined in OpenFOAM. The expression of 𝑇 2,p can be calculated similarly. 

A simplified form is employed here to describe the radiative heat transfer 

from component 2 to component 1 [40],

𝑞 r =
𝜀

2 − 𝜀 

𝜎 B(𝑇 4
2,p − 𝑇 

4
1,p) (5)

where 𝜀 represents the emissivity of ‘visible’ surfaces, and 𝜎 B 

is the

Stefan-Boltzmann constant.

This simplified approach significantly reduces computational de-

mands compared to more complex radiation methods. Additionally, this 

method addresses an issue in radiation modeling where mesh inconsis-

tencies between adjacent surfaces can lead to non-conservative radiative 

heat flux 𝑞 r calculations, causing thermal imbalances. This study uses a 

radiation model along with the AMI interpolation algorithm. It is espe-

cially suitable for large-scale SOC system simulations, such as the present 

configuration, where radiative effects are present but can be sufficiently 

captured using a lower-dimensional model.

2.4.3. Region-to-region coupling

Given the numerous sub-components in the current IM, heat transfer 

becomes crucial and slows down the overall numerical calculations. The
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solution to the conjugate heat transfer problem between fluid (air and 

fuel) and solid parts (interconnect and auxiliary components) can be 

numerically accelerated by using a surface coupling approach between 

different regions,

{

[𝑨 f 

][𝑻 f 

] = [𝒃 f 

] 𝜕Ω f

[𝑨 s 

][𝑻 s 

] = [𝒃 s 

] 𝜕Ω s
⇔ 

[

𝑨 f 

𝑩 fs 

𝑩 sf 𝑨 s

] [

𝑻 f 

𝑻 s

] 

= 

[

𝒃 

o
f

𝒃 

o
s

] 

𝜕Ω f 

∪ 𝜕Ω s (6)

where 𝑨 is a coefficient matrix, 𝑻 represents the variables to be solved, 

𝒃 is the source term, and the subscripts, 𝑓 and 𝑠, refer to fluid and 

solid domains, respectively. In the coupled matrix, the off-diagonal sub

matrices, 𝑩 𝑓𝑠 

and 𝑩 𝑠𝑓 

, result from the heat transfer between different 

domains via their interfaces/boundaries.

-

In the DRA algorithm, a multiply-shared-space method is used. This 

means that some volumes may be shared by different components/parts. 

In this simulation, the electrolyte region is numerically shared by air, 

fuel, and interconnect, while the HEXs in the components region are nu

merically shared by air and fuel regions. Interphase heat transfers occur 

between these shared zones, described by the heat transfer equation in 

-

  

Table 1 

∑

as 𝛾
 

 𝛼j (𝑇 − 𝑇j ). To address the  

 

temperature coupling issues, a 

region-to-region coupling approach introduced in a previous study [41] 

is used here. Assuming the indices i and j represent the physically shared 

points from two overlapping regions, and their meshes are compatible 

in the overlapping zones,

⎡ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎣

𝐴 11 

⋯ 𝐴 1𝑖 ⋯ 0 ⋯ 0
⋮ ⋱ ⋮ ⋱ ⋮ ⋱ ⋮
𝐴 𝑖1 

⋯ 𝐴 𝑖𝑖 + 𝛼 

eff
𝑖𝑗 ⋯ −𝛼 

eff 

𝑖𝑗 ⋯ 0
⋮ ⋱ ⋮ ⋱ ⋮ ⋱ ⋮
0 ⋯ −𝛼 

eff
𝑗𝑖 ⋯ 𝐴 𝑗𝑗 + 𝛼 

eff
𝑗𝑖 ⋯ 𝐴 𝑗𝑚

⋮ ⋱ ⋮ ⋱ ⋮ ⋱ ⋮
0 ⋯ 0 ⋯ 𝐴 𝑚𝑗 ⋯ 𝐴 𝑚𝑚

⎤ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎦

⎡ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎣

𝑇 1
⋮ 

𝑇 𝑖
⋮ 

𝑇 𝑗
⋮ 

𝑇 𝑚

⎤ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎦

=

⎡ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎣

𝑏 1
⋮ 

𝑏 𝑖
⋮ 

𝑏 𝑗
⋮ 

𝑏 𝑚

⎤ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎦

(7)

where the off-diagonal coefficients, 𝛼eff
 andij  𝛼eff

ji , arise from the inter

phase heat transfer coefficients. Typically, these inserted coefficients do 

not affect the symmetry of the original matrices. However, in cases with 

incompatible meshes, additional coefficients are introduced, resulting in 

an asymmetric coupling matrix. By using the surface and volume cou

pling approaches, the overall coupling matrix for temperature can be 

expressed as,

-

-

⎡ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎣

𝑨 a 0 [𝛼 ae 

] 𝑨 ai 𝑨 ac
0 𝑨 f [𝛼 fe 

] 𝑨 fi 𝑨 fc
[𝛼 ea] [𝛼 ef 

] 𝑨 e [𝛼 ei] 0
𝑨 ia 𝑨 if [𝛼 ie 

] 𝑨 i 

𝑩 ic 

𝑨 ca 𝑨 cf 0 𝑩 ci 𝑨 c

⎤ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎦

⎡

⎢

⎢

⎢ 

⎢

⎢ 

⎣

𝑻 a
𝑻 f
𝑻 e
𝑻 i 

𝑻 c

⎤ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎦

=

⎡ 

⎢ 

⎢ 

⎢ 

⎢ 

⎢ 

⎣

𝒃 a
𝒃 f 

𝒃 e
𝒃 i 

𝒃 c

⎤ 

⎥ 

⎥ 

⎥ 

⎥ 

⎥ 

⎦

(8)

where the diagonal submatrices, 𝑨, represent the contributions from the 

energy transfer equation without the interphase heat transfer terms. The 

off-diagonal submatrices, 𝑨, 𝑩, and [𝛼], represent the coupling coeffi-

cients from surface and volume coupling, surface coupling, and volume 

coupling, respectively. The subscripts a, f, e, i, and c denote the regions 

of air, fuel, electrolyte, interconnect, and components, respectively.

2.5. Implementation

The model includes all major physical processes within the IM, 

such as conjugate heat transfer, thermal radiation, and electrochem

ical reactions. The governing equations are discretized and solved in 

a finite domain using OpenFOAM-v2312, an open-source CFD library. 

Numerical simulations  

 were performed on a computer ®
  with two AMD 

EPYC™ 

 75F3 32-core CPUs. Calculations were run in parallel, using 

3 cores. The average computational time for fuel cell operation sim

ulations was less than 50 minutes per case, while electrolysis mode 

simulations took a maximum of 90 minutes per case.

-

-

3. Results 

3.1. Model verification

The present model was first applied to simulate a smaller stack, re-

ferred to as F10, which has been studied in previous research [6,12,42, 

43]. This stack consists of 4 repeating units, each with an active area of 9

× 9 cm 

2 . Fig. 6 shows a schematic of this short stack, including support

ing endplates on both the top and bottom. The stack was operated in an 

oven with a controlled environment. During operation, air and fuel (H 2 

) 

were supplied at rates of 2.13 × 10-4 

 kg/s and 2.16 × 10-5 

 kg/s, respec

tively, with the fuel humidified to 20 % water vapor content. The flows 

of air and fuel were in a counterflow pattern. The oven temperature was 

maintained at 700 o 

 C, and the stack operated in fuel cell mode only for 

this experiment. Comparative simulations were conducted using both 

the present model and a detailed design model based on previous work 

[

-

-

-9,41]. To reduce computational resources, the detailed model consid

ered only one repeating unit, while the present stack model was applied 

to the entire stack.

Fig. 6 compares the voltage-current curves. The numerical pre-

dictions from both models show good agreement with experimental 

measurements, with only minor deviations. The discrepancies between 

the two numerical methods are minimal across the entire range of load. 

While voltage-current curves provide insights into overall performance, 

local distributions are crucial for model accuracy. Therefore, reactant 

distributions across the flow regions were also compared in Fig. 6 be-

tween the two numerical methods. The mass fractions of oxygen and 

hydrogen decrease along the flow directions due to electrochemical re-

actions. Although the present model does not resolve the flow paths 

seen in the detailed model predictions, the overall distributions show 

excellent agreement. These results indicate that the present model ac-

curately represents both the overall behavior of the stack and the local 

distributions of quantities, thereby validating its effectiveness for larger 

stack-level simulations.

3.2. Voltage-current relation of the integrated module

The system operates in dual modes, functioning as both a fuel cell 

and as an electrolyzer. During operation, various sub-components must 

work together to ensure optimal performance. A PID controller was used 

to regulate the air flow and the heating plate provides power. As a re

sult, the operational parameters change in response to different current 

loads and modes. For this investigation, the operating conditions and 

physical parameters were standardized based on current density loads of 

0.5 A -2
 cm  

 for fuel cell operation and −0.5 A cm-2 

 for electrolysis oper

ation. The specific values for these parameters are listed, respectively in 

-

-

Tables 2 and 3. The uncertainties associated with the experimental mea-

surements are summarized in the footnote and apply to all subsequent 

experimental results. 1 For a more detailed description of the experimen-

tal setup and procedures, we refer readers to our previous publications 

[10,11,13,14]. 

Fig. 7 shows the comparison between experimental results and nu

merical predictions. The operating parameters were set based on current 

density loads of 0.5 A cm-2 

 , excluding scenarios with much lower cur

rent densities. The data show good agreement between predicted and 

observed stack voltages at these current loads. For the input parameters 

given in 

-

-

Table 2, electrolysis mode exhibits higher temperatures at lower 

current loads, whereas fuel cell mode experiences lower temperatures at 

lower current densities, compared to the real operating conditions. Since 

area-specific resistance is inversely related to temperature, resistance is

1 Accuracy of thermocouples: Type N thermocouples, Class 2 according 

to  

 IEC 60584–1, operating in the temperature range of 40–1200 

◦C, have a 

deviation of ±2.5  

 

◦C or ±0.75 % (whichever is greater). Accuracy of flow con

trollers/meters: MFCs and MFMs: ±0.5 % of actual value plus ±0.1 % of full 

scale. Coriolis controllers (for deionized water): ±0.2 % of actual value plus 

±0.2 g/h.

-
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Fig. 6. Comparison between numerical results and experimental data for F10 stack design. Top: voltage-current relations of the detailed method, the present model, 

and the experimental results. Bottom: the mass fraction distributions of oxygen and hydrogen when the current density is 0.5 A cm 

-2 .

lower in electrolysis mode and higher in fuel cell mode. Therefore, stack 

voltages in both modes should be higher at lower current loads. It should 

be noted that these conditions do not represent actual stack operating 

parameters.

3.3. Fuel cell operation

In fuel cell operations, the HPLs are turned off due to the exothermic 

nature of the electrochemical reaction. Effective thermal management 

is essential to prevent the system from overheating. This is achieved by 

supplying sufficient ambient air, which acts as a coolant.

The air and fuel HEXs are crucial for the IM. These components 

should ensure efficient heat transfer from the hot exhaust outflow to the 

cold feedstock, thereby improving the overall efficiency. Fig. 8 compares 

numerical predictions and experimental measurements of temperatures 

at the middle of the HEXs. The results show very good agreement, with 

maximum temperature deviations of less than 15 K. Notably, the fuel 

side shows higher temperatures compared to the air side, due to the 

much lower fuel flow rate. A temperature increase is observed along the 

cold flow inlet directions, consistent with the heat transfer mechanism 

between the cold and hot fluids. The temperature profile on the air side

is nearly linear, where the temperature distribution is predominantly 

governed by the high-velocity airflow and the larger thickness of the air-

side HEX. In contrast, on the fuel side, the temperature rise is initially 

steeper but tends to flatten near the outlet. Given that the flow within 

these mini-channels remains laminar and the Prandtl numbers of both 

air and fuel are around 1, the thermal entrance length remains relatively 

short compared to the overall channel length. Therefore, fully developed 

thermal conditions dominate most of the flow region. The heat transfer 

characteristics between the solid walls and the fluid are described using 

the Nusselt number, which depends on the cross-sectional geometry of 

the channels. As a result, the heat transfer coefficients remain nearly uni-

form along the channel length. On the air side, the presence of an excess 

air supply ensures that the heat capacity rates of the inflow and outflow 

remain approximately equal. This leads to a relatively constant temper-

ature difference between fluids and solids across the HEX and results in 

the observed linear temperature profile. On the fuel side, however, the 

heat capacity rate of the outflow is higher than that of the inflow. Hence, 

the solid temperature exhibits a steeper increase near the cold inlet and 

a more gradual rise toward the outlet. This effect is further amplified by 

the influence of the adjacent fuel baffle, whose temperature is higher at 

the fuel inlet side, thereby enhancing heat transfer in this region.
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Table 2 

Operating conditions.

Operations Fuel cell Electrolysis Units

Pressure Air 1.0 1.0 bar

Fuel 1.0 1.0

Temperature Air 289 379 K

Fuel 311 516

Inlet Air 750 77 NL min 

-1 *

Fuel 188.6 (H 2 

) 14.2 (H 2 

) | 127.5 (H 2 

O)

Heating power HPL1 0 880 W 

”

HPL2 0 943

HPL3 0 816

HPL4 0 807

HPL5 0 957

Heat loss Top 480 0 W 

◦

Side 716 780

Bottom 328 0

* Normal liter per minute
” Power obtained from the control system 

◦ Constant heat flux prescribed

Table 3 

Physical parameters.

Description Value Units

Thickness (RPU) 0.004 m

Thermal conductivity (steel) 20 

* W m-1 K-1 

Thermal conductivity (mica) 0.35 W m-1 K-1 

Radiative emissivity 0.816” –

ASR (fuel cell) 

( )

9.75 × 10 

−9 exp − 62715
 

𝑅𝑇 

Ω m2 

 

ASR (Electrolysis)
( )

6.9 × 10 

−9 exp − 69005
 

𝑅𝑇
Ω m2 

* Mean value considering possible thermal resistance
” Constant value over all radiative surfaces

Fig. 7. Relationship between current density and stack voltage for the IM. The 

IM  

 generally operates at a current load of 0.5 A cm 

−2. Other data points were 

obtained under identical operating conditions and physical parameters for both 

fuel −2cell and electrolysis operations at the current load of 0.5 A cm .

Fig. 9 compares temperatures across each sub-stack. The overall 

temperature distributions from inlet to outlet align well with experi-

mental data. The central sub-stacks (numbers 2 and 3) show slightly 

higher temperatures compared to the peripheral sub-stacks (numbers 1 

and 4) located at the bottom and top, respectively. A temperature in-

crease is observed from the air/fuel inlet to the outlet, consistent with 

the exothermic nature of the electrochemical reaction. Temperature 

profiles at the center of the sub-stacks reveal substantially higher tem-

peratures compared to the boundaries, due to heat transfer from the side

Fuel outlet

Fuel inlet

Thermocouples

Air inlet

Air outlet

Thermocouples

Fig. 8. Comparison of temperature profiles at air/fuel HEXs in the IM, 𝑖 = 0.5 A 

cm-2 

 . The positions of related thermocouples are marked. The numerical results 

are plotted along the line shown in the sketch.

Air inlet

Fuel inlet Center line

Thermocouples

Sub-stack

Fig. 9. Comparison of temperature profiles at 4 × sub-stacks in the IM, 𝑖 = 0.5 A 

cm-2 

 . The positions of related thermocouples are marked. The numerical results 

are plotted over the line shown in the sketch. The stacks are labeled starting 

from the bottom (air) to the top (fuel) sides.

wall surfaces. The temperature rise is more pronounced near the inlet 

zones and gradually slows down toward the outlet. This is attributed 

to the higher local current density near the inlets, due to higher re

actant concentrations. As a result, the heat generation rate is greater 

in this zone, leading to a more rapid temperature increase. The slight 

temperature reduction observed is due to heat losses through the bound

aries. Additionally, it is notable that the temperatures within the central 

zones of the stacks are 40–50 K higher than those recorded by the 

thermocouple measurements.

-

-

The close match between predicted and measured temperature pro-

files in both the HEXs and sub-stacks validates the accuracy of the 

present solution method. This computational approach demonstrates 

high fidelity in predicting 3-D temperature distributions across the IM, 

providing a valuable tool for further analysis in SOC systems.

The temperature distributions predicted by the current numerical 

model are shown in Fig. 10. The cold air and fuel streams are heated 

as they pass through the HEXs, using the thermal energy from the hot 

exhaust gases. It is important to note that the air and fuel HEX zones 

allow both incoming and outgoing flows. The temperature profiles are 

displayed separately for inflow and outflow. The small temperature dif-

ferences between the incoming and outgoing flows for both air and fuel 

sides indicate high thermal efficiency. As the air and fuel move through 

the sub-stacks, their temperatures rise due to the exothermic nature of
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Fig. 10. Temperature distributions in each component of the IM, 𝑖 = 0.5 A cm-2 

               . The comparisons of inflow and outflow temperature distributions are shown at the 

bottom.

the electrochemical reactions. Additionally, it is observed that when the 

heated air passes through the air baffle zones, the flow near the walls 

cools down, while the central flow remains hot. This can be attributed 

to the relatively high air flow rate.

Further examination of the solid components within the sub-stacks, 

specifically the electrolyte and interconnect, reveals that these elements 

have the highest temperatures compared to other components, with peak 

temperatures in their central regions. The temperature distributions 

across the various components in the components region show finite 

discontinuities, due to the predominance of radiative heat transfer be-

tween them. The HPLs are at temperatures slightly lower than the 

interconnects, due to thermal losses from the side wall surfaces. Lower 

temperatures are observed in components farther from the stacks, such 

as the air/fuel baffle zones and air/fuel HEXs. This is due to the influence 

of insulation layers, cold air/fuel inlets, and radiative heat transfer from 

hot to cold objects. The presence of insulation layers on both sides helps 

reduce heat losses, maintaining very similar temperature distributions 

between sub-stacks.

Fig. 11 shows the distributions of additional parameters. The electro-

chemical reactions result in the consumption of reactants (oxygen and 

hydrogen) and the production of water on the fuel side. As the reactants 

flow through the reaction zones, their molar fractions decrease. This re-

duction in reactant concentration leads to a corresponding decrease in 

current densities, as the Nernst potential decreases. It is noteworthy that 

the current density distributions across each sub-stack are very similar. 

The volume-averaged distribution of the stack voltage is also presented, 

which corresponds to the overall voltage output from the IM. The spatial 

distributions of temperature, reactant concentration, current density, 

and stack voltage provide important data for elucidating the perfor-

mance and durability of the stack/IM. A uniform distribution of current

density across sub-stacks has the potential to mitigate the formation of 

localized thermal gradients, thereby reducing thermal stresses and con-

tributing to the prolonged longevity of stack components. Furthermore, 

the gradual depletion of reactants along the flow direction promotes 

efficient reactant utilization, minimizing the risks of concentration po-

larization and fuel starvation—phenomena that could otherwise impair 

operational efficacy. Collectively, these attributes may enhance over-

all stack efficiency, extend the operational lifespan of the system, and 

support the scalability of stack designs for applications requiring larger 

configurations.

3.4. Electrolysis operation

In electrolysis operations, the HPLs are activated due to the en-

dothermic nature of the electrochemical reaction when the cell voltage 

falls below the thermal neutral voltage. These HPLs, strategically placed 

around the sub-stacks, help maintain reasonable stack temperatures, re-

ducing ohmic and activation overpotential losses. The system uses an 

external steam generator to produce the water vapor necessary for elec-

trolysis. Unlike in fuel cell mode, the airflow is significantly reduced, as 

its main function shifts from temperature regulation to oxygen removal. 

Although both air and fuel inlets are preheated, inlet temperatures are 

relatively low compared to operating conditions. Nevertheless, the HEXs 

continue to play a crucial role in raising inlet flow temperatures and 

improving overall system efficiency in the current rSOC IM design.

Fig. 12 presents a comparative analysis of numerically predicted tem-

perature profiles and experimental measurements from thermocouples. 

The differences between numerical and experimental results are smaller 

in magnitude compared to fuel cell operations, due to the lower airflow 

rate. The fuel HEX shows lower temperatures than to the air HEX, due
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Fig. 11. Distributions of oxygen and hydrogen molar fractions, current density, and stack voltage, in the IM, 𝑖 = 0.5 A cm 

-2 . The colors in the HEX zones are mixtures 

of maximum and minimum. The voltage variation in each cell is minimal (within 10 mV), with slightly higher values observed in the middle layers.

Fuel outlet

Fuel inlet

Thermocouples

Air inlet

Air outlet

Thermocouples

Fig. 12. Comparison of temperature profiles at air/fuel HEXs in the IM, 𝑖 = 

−0.5 A cm-2 

 . The positions of related thermocouples are marked. The numerical 

results are plotted over the line shown in the sketch.

to the higher fuel inflow rate and heat capacity from increased steam 

content, in addition to lower inlet temperature. It is observed that the 

temperature profiles in the middle zones of both the air and fuel HEXs 

are similar to those observed during fuel cell operation. On the air side, 

the heat capacity rate at the outflow exceeds that at the inflow, leading to 

a slightly steeper temperature gradient near the cold inlet. Conversely, 

on the fuel side, the outflow heat capacity rate is lower than that at 

the inlet, suggesting a flatter temperature gradient near the cold inlet. 

However, due to the smaller thickness of the fuel HEX, its temperature 

profile is largely influenced by the adjacent fuel baffle, particularly given 

the high temperature at the inlet side, which influences the expected 

gradient.

The temperature distribution within the sub-stacks is crucial for 

accurately estimating temperature profiles and characterizing stack per-

formance. Fig. 13 shows the temperature profiles predicted by the 

current numerical methods alongside experimental measurements. The 

heating zones are marked by dashed green lines. A temperature in-

crease is observed from the inlet to the outlet due to heat generated 

by the HPLs. Compared to fuel cell mode, the temperature variation

Air inlet

Fuel inlet Center line

Thermocouples

Sub-stack

Heating zone

Fig. 13. Comparison of temperature profiles at 4 × sub-stacks in the IM, 𝑖 = 

−0.5 A cm-2 

 . The positions of related thermocouples are marked. The numerical 

results are plotted over the line shown in the sketch. The rightmost point of sub-

stack 3 from experimental results is due to minor leakage and possible hydrogen 

burning. The sub-stacks are labeled starting from the bottom (air) to the top 

(fuel) sides.

from inlet to outlet is more uniform, reducing thermal gradient-induced 

stress. This active thermal control strategy helps minimize temperature 

non-uniformity. Maximum deviations between numerical and experi-

mental results are observed in the central zones, possibly due to radiative 

transfer from the HPLs, and/or limitations in the simplified radiation 

model. Temperature profiles at the stack center show lower tempera-

tures, consistent with the endothermic nature of the electrochemical 

reaction. Given the assumption of uniform heat generation from the 

HPLs across the heating zones, the temperature profiles are expected 

to exhibit a rather linear trend from the inlets to the outlets. However, 

owing to the endothermic electrochemical processes, the temperature 

gradients are observed to be less pronounced near the inlet regions. 

Concurrently, thermocouple measurements indicate temperatures that 

are 10–20 K higher than those at the stack centers. A significantly high 

temperature was observed at the rightmost thermocouple of sub-stack

Applied Energy 401 (2025) 126626 

12 



S. Zhang, R. Peters, N. Kruse et al.

Fig. 14. Temperature distributions in each component of the IM, 𝑖 = −0.5 A cm-2 

 . The comparisons of inflow and outflow temperature distributions are shown at the 

bottom.

3. This area has a minor leakage between the fuel and air sides, caus-

ing some hydrogen to burn locally near it, resulting in higher local 

temperatures.

Fig. 14 shows the temperature distributions across various regions 

of the system. The cold air and fuel/steam mixture enter the IM and 

are heated in the HEXs. Due to the higher fuel/steam inflow rate, the 

fuel-side HEX has lower temperatures, while the air-side HEX, with its 

lower inflow rate, has higher temperatures. As the air and fuel/steam 

mixture move through the stack zones, they are heated by the intercon-

nects, which conduct heat radiated from the HPLs. Within the air baffle 

zone, a slight temperature difference is observed, with the air near the 

walls being slightly cooler than the bulk flow. The relatively minor tem-

perature differences between the inlet and outlet flow for both air and 

fuel/steam sides indicate high HEX efficiency.

Examination of the sub-stacks reveals lower temperatures in the cen-

tral regions, as shown in the electrolyte and interconnect areas. The 

electrolyte region has slightly lower temperatures across the domain due 

to endothermic electrochemical reactions. Notably, the temperature pro-

files across sub-stacks are similar, as also shown in Fig. 13. Among the 

various components, the HPLs have the highest temperatures. The in-

sulation layers on both air and fuel/steam sides effectively reduce heat 

losses to adjacent baffle zones. This results in much lower temperatures 

in the baffle zones compared to the neighboring insulation layers. In the 

HEXs, the fuel/steam side shows more pronounced cooling effects from 

the inflow.

Fig. 15 shows the distributions of several additional relevant pa-

rameters. The products, oxygen, and hydrogen, become increasingly 

concentrated as the air and fuel flows pass the sub-stacks due to ongo-

ing electrochemical reactions. The current density decreases along the

flow direction in the co-flow region, due to the increasing concentra-

tion of products and decreasing concentration of reactant (water), which 

results in higher Nernst potentials. The current density distributions 

are very similar among the sub-stacks. The stack voltage distribution 

is also displayed, indicating that the cell voltages are relatively uniform. 

Consistent with fuel cell operation, these detailed spatial distributions 

effect inform the optimization of stack and IM designs, thereby im-

proving overall stack efficiency, prolonging the operational lifespan, 

and facilitating the scalability of stack configurations for applications 

necessitating larger-scale implementations.

In electrolysis operations, the power of each HPL is controlled by the 

PID controller. Thermocouples, placed at key points within each HPL as 

shown in Fig. 16, provide temperature feedback. The controller adjusts 

the heating power to keep the temperature at 825 

o C. For comparison, 

numerical predictions are also shown. Within the middle of the heating 

zones, the temperatures of HPLs 2, 3, and 4 exhibit an increase consistent 

with the temperature profiles observed in the sub-stacks. At the inlet and 

outlet zones, temperatures are comparatively lower due to the presence 

of gaskets. HPLs 1 and 5, positioned at the lowermost and uppermost of 

the sub-stacks, are adjacent to insulation layers that conduct more heat 

via the gaskets. Therefore, the maximum temperatures in these HPLs 

are displaced near the middle of the heating zones. The simulation 

results indicate that the predicted temperatures at certain points are 

slightly lower than the target temperature, with the largest difference 

being about 15 K in the top and bottom HPLs (units 1 and 5). While 

these discrepancies are within an acceptable range given the complex-

ity of the system, they underscore potential challenges in relying solely 

on model-calibrated control systems for real-world applications without 

additional refinement.
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Fig. 15. Distributions of oxygen and hydrogen molar fractions, current density, and cell voltage, in the IM, 𝑖 = −0.5 A cm 

-2 . The colors in the HEX zones are mixtures 

of maximum and minimum.

Air inlet

Fuel inlet

Thermocouples

Heating zone

Fig. 16. Comparison between numerical results and experimental data for the 

HPLs in IM. The positions of related thermocouples are marked. The numeri-

cal results are plotted over the line shown in the sketch. The HPLs are labeled 

starting from the bottom (air) to the top (fuel) sides.

4. Discussion

The numerical methods proposed in this study are able to accurately 

predict temperature profiles that agree well with experimental mea-

surements. While minor deviations exist, they are acceptable given the 

complexity of the IM. The present model facilitates informed design 

optimization by providing detailed 3-D insights into local temperature 

distributions, species concentrations, and current densities, information 

that extends beyond the scope of experimental measurements alone. 

Temperature profiles enable accurate predictions of thermal behavior 

and provide a basis for minimizing temperature variations while enhanc-

ing overall temperature uniformity over the repeating units and stacks. 

Species distributions are critical for material behavior, for example, 

stability under oxidizing conditions [44], as well as assessing reactant 

uniformity and the risk of starvation. In addition, the current density 

distribution is a key parameter of the stack and system performance. A 

more uniform current density within individual repeating units corre-

lates with improved cell-level efficiency, while consistent distributions

across repeating units and sub-stacks signify good stack design. Beyond 

these factors, pressure losses and heat dissipation are also pivotal in stack 

design. Although various criteria influence the optimization of cells, 

stacks, and systems, the objectives typically center on maximizing power 

density, enhancing overall efficiency [10], and ensuring long-term oper-

ational stability [45,46]. The present model could contribute to reducing 

total system costs, aligning practical engineering and economic goals 

[47]. 

An important assumption in this study is the uniform distribution of 

heat losses over IM surfaces, which, given the complex thermal behavior 

involved, may represent an oversimplification. The current IM design 

incorporates a 10 cm thick insulation material intended to minimize heat 

losses to the ambient environment. Residual heat dissipation persists and 

is influenced by insulation properties, thermal conductivity, and local 

temperature gradients. Although radiative heat loss is expected to be 

minimal, accurately quantifying heat loss rates remains challenging due 

to spatial variations. Future research should address this limitation by 

integrating a more sophisticated model incorporating spatially variable 

heat transfer coefficients, thereby improving the accuracy of thermal 

predictions for the IM.

This study neglects the internal participative radiative heat trans-

fer while accounting for the external surface-to-surface radiative heat 

transfer between sub-components within the IM. For internal radiation, 

previous studies have shown mixed results regarding the importance of 

internal radiative heat transfer. Some researchers [48,49] have found 

these effects to be minor, while others [50,51] have indicated that 

surface-to-surface radiation between internal boundaries may be signif-

icant. A previous work by the present authors [33] examined radiative 

heat transfer in channels and found it to be minimal. However, the ef-

fects in manifolds and transition zones are still unclear and need further 

study. When it comes to surface radiation, the adoption of a simplified 

1-D model mitigates the computational burden associated with simulat-

ing radiative heat transfer between sub-components, such as between 

the outer surfaces of sub-stacks and HPLs. This simplification assumes 

uniform emissivity across all surfaces and disregards the influence of sur-

rounding areas, potentially oversimplifying the radiative environment. 

In reality, surface radiation is likely more heterogeneous, varying with 

spectral properties, temperature gradients, and view factors, which the 

pseudo-1-D approach does not capture. The observed deviations, partic-

ularly the temperature discrepancies in the electrolysis mode, may partly
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result from these simplifications. It is suggested that radiative contribu-

tions, both internal and external, could affect the accuracy of predicted 

thermo-fluid conditions. These limitations highlight the need for a more 

comprehensive radiation model in future work, potentially integrating 

multi-dimensional radiation effects and variable emissivity to refine the 

representation of heat transfer within the IM.

While the numerical model of the IM exhibits good agreement with 

experimental data under reference conditions, its reliance on several 

simplifying assumptions underscores the need for a comprehensive sen-

sitivity analysis to assess its predictive robustness. Such an analysis 

would systematically vary key parameters, including radiative emissiv-

ities, inlet temperatures, air and fuel/steam flow rates, and HPL power 

in electrolysis mode, to evaluate their impact on simulated behavior, 

such as temperature distributions, species concentrations, and current 

densities. Quantifying the extent to which these parameters contribute 

to observed discrepancies will help distinguish deviations arising from 

model assumptions from those due to operational variability. In addi-

tion, sensitivity analysis offers valuable insights for optimizing design 

and operational strategies, enabling improvements in sub-stack unifor-

mity, mitigation of overheating, and prevention of reactant starvation, 

thereby enhancing overall system reliability under diverse operating 

conditions. The present study prioritizes model validation by establish-

ing a baseline through detailed comparison with experimental data, 

laying the groundwork for subsequent investigations into parametric 

effects and system refinements. Given the large number of influen-

tial parameters involved, a dedicated follow-up study is essential to 

systematically explore their interactions and impacts, thereby ensur-

ing the applicability of the present model to real-world stack/system 

performance optimization.

The simplified conduction-radiation formulation, Eqs. (1)-(4), was 

chosen as a balance between accuracy and speed. A detailed surface-to-

surface formulation would require radiation view factors to be computed 

[40], adding substantial resource requirements to the calculation proce-

dure. At the same time, completely ignoring radiative transfer (as so 

many authors do) is inaccurate, since it is the primary mode of heat 

transfer in the gap region between the individual cells, separated by the 

manifold gaskets. Since the gap separating the cells is small (1 mm), 

the incident subtended solid angles will be regionally localized, and it 

is therefore reasonable to presume planar geometry based on a single 

pair of opposing temperature values. It is to be noted that even though 

the gap is small, it is large compared to molecular scales, so that ‘far 

field’ (not ‘near field’) radiation theory will apply. A matter of concern, 

however, is the choice of emissivity, 𝜀, and the presumption that the 

surfaces may be treated as diffuse grey, i.e., neglecting directional and 

wavelength effects. Studies indicate that the hemispherical emissivities 

of stainless steel are in the range 0.075 to 0.85: the choice of this value 

will clearly impact the temperature distribution, and further research is 

clearly required.

Another critical aspect of real-world IM and system operation is tran-

sient behavior, consisting of start-up, shut-down, load fluctuations, and 

transitions between fuel cell and electrolysis modes. These dynamic 

conditions lead to transient responses in thermal and electrochemical 

processes, among others, which steady-state simulations cannot fully 

capture, thereby limiting the accuracy of performance predictions. For 

instance, rapid heating during start-up or mode switching can generate 

large temperature gradients, increasing the risk of thermal-mechanical 

failure in the cell and stack. Similarly, load variations may lead to 

uneven current distributions, accelerating material degradation and 

performance deterioration. Integrating transient analysis into the mod-

eling framework can facilitate the development of robust operating 

and advanced control strategies to dynamically adjust system param-

eters, maintain optimal temperatures, and mitigate inefficiencies or 

structural damage. Future studies will incorporate time-dependent sim-

ulations, integrating the current model with transient gas flow and heat 

transfer dynamics to enhance predictive capabilities and operational 

reliability.

5. Conclusions

This study successfully developed a multiscale and multiphysical 

numerical modeling approach using OpenFOAM to analyze the perfor-

mance of a 10/40 kW rSOC IM designed at Forschungszentrum Jülich 

GmbH. By incorporating key numerical techniques, such as the AMI 

for sub-component interpolation, a 1D radiative heat transfer model 

for inter-component heat exchange, and a region-to-region coupling ap-

proach for thermal interactions, the model provides a comprehensive 

and computationally efficient framework for IM-level analysis.

A comparison between the present model and a detailed model ap-

plied to a smaller F10 stack demonstrates the fidelity of the current 

approach. Validation against experimental data on the IM demonstrated 

good agreement in both fuel cell and electrolysis modes, with maximum 

temperature deviations of 10 K – 15 K in the middle parts of sub-stacks. 

The model effectively captured the temperature uniformity of sub-stacks 

and the high efficiency of the integrated HEXs. Furthermore, the analy-

sis of species and current density distributions supports the fact that IM 

design is able to ensure consistent performance of sub-stacks, a critical 

factor for long-term system reliability.

The simulation results offer a complete insight into the IM during 

operation, which enables a much more detailed understanding of local 

temperatures, concentrations, and current densities than is possible with 

the present generation of experimental methods. With this, the present 

model can be used as an effective tool for the development of future 

system designs as well as operating strategies for highly sophisticated 

rSOC systems.

Future investigations will expand the capabilities of the present 

model by addressing critical limitations and broadening its predictive 

scope across multiple dimensions: 1) refining the radiation model to 

more accurately represent thermal radiative heat transfer processes 

within the IM; 2) performing a comprehensive sensitivity analysis to 

assess the impact of operational parameters on thermo-fluid and elec-

trochemical performance, thereby quantifying their contributions and 

informing design optimization strategies for improved stack/system ef-

ficiency; 3) deriving meaningful design parameters for stack/IM and/or 

operational strategies, with the aim of optimizing module performance; 

4) conducting transient studies to simulate dynamic operations, such as 

start-up, shut-down, load variations, and transitions between fuel cell 

and electrolysis modes; and 5) developing models to characterize long-

term degradation phenomena, thereby improving the understanding of 

the performance and durability of SOC stacks/systems.
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