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H I G H L I G H T S

• 11-point multisampling setup can map SOEC local gas and temperature profiles.
• Electrochemical–thermal model predicts local current, voltage, and temperature.
• Peak current density of 0.45 A/cm2 found near the inlet under all conditions.
• Localized diagnostics essential for SOEC performance and durability.
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A B S T R A C T

In this study, a commercial solid oxide electrolysis cell (SOEC) was tested under different operating conditions to 
evaluate electrochemical performance and thermochemical gradients at the fuel electrode. An innovative test 
bench with eleven sampling points distributed across the electrode surface enabled in-operando measurements of 
gas composition and temperature, uncovering performance gradients not detectable by conventional inlet–outlet 
analysis.

Experiments were carried out on a fuel-electrode-supported cell (81 cm2 active area), varying inlet flow rate 
and composition. A simplified electrochemical–thermal model, developed from experimental data and funda
mental electrochemical and thermodynamic principles, was validated and used to predict local voltage, current 
density, and temperature distributions.

The results indicate high electrochemical activity near the inlet, with local current densities up to 0.45 A/cm2 

and thermal gradients of about 4.5 ◦C across the cell surface.
Overall, the study provides new insights into the spatial heterogeneity of SOEC operating parameters and 

underscores the relevance of localized diagnostics. Such approaches improve the understanding of electro
chemical and thermal behavior, supporting strategies to enhance SOEC efficiency and durability.

1. Introduction

Over the past few years, researchers have been studying a variety of 
solutions to the current issues related to the harmful pollutant emissions, 
and hydrogen appears to be a valid candidate for such purposes [1]. 
Hydrogen has received extensive attention as a clean energy carrier, and 
most likely it will be an important part of the energy mix in a low-carbon 
future [2]: in terms of efficiency of the future energy paradigm, the 

implementation of a widespread hydrogen technology seems to be 
crucial due to its being carbon free and its potential in storability and 
transportability [3].

From a scientific point of view, the most efficient and environmen
tally friendly hydrogen production method is through water splitting by 
means of electricity coming from renewable energy sources. Alterna
tively, production from less conventional electrolysis (such as co- 
electrolysis of water and CO2 or fuel-assisted electrolysis) is a major 
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object of study as well. In spite of a few technical limitations, SOEC 
technology is certainly a valuable competitor on the market. The oper
ation at such high temperatures (between 600 and 1000 ◦C) allows 
SOECs to be capable of having very high electrical-to-chemical energy 
conversion efficiencies thanks to good reaction kinetics [4] and of being 
able to produce syngas or methane from steam and CO2, which can be 
further converted to liquid fuels through the Fischer-Tropsch process 
[5]. Moreover, other advantages such as scalability and flexibility to 
multiple inlet fuel types further increase their technological relevance 
[6–10].

While many studies have focused on SOEC performance and dura
bility at stack-level [11–16], single cell-level investigations remain 
essential to understand localized phenomena and degradation 
mechanisms.

Several works have explored long-term operation and accelerated 
stress testing, highlighting the influence of operating conditions on 
performance and stability: Tietz et al. [17] successfully completed a test 
campaign on an electrode-supported solid oxide cell operated for 9000 h 
in SOEC mode with 80 % humidification and with a current density of 
− 1 A/cm2, and a cell voltage degradation rate of 3.8 %/kh was 
observed. Königshofer et al. [5] instead opted for the development of 
accelerated stress test protocols in SOEC mode, with a water concen
tration and current density varying from 15 % to 90 % and from 0.250 
A/cm2 to 0.900 A/cm2 respectively. The cell was kept in operation for 
about 200–300 h in continuously variable conditions, each presenting 
different kinds and degrees of impact on performance and microstruc
ture of the cell. Nguyen et al. [4] performed long term ageing tests of a 
two-cell planar electrode supported stack in steam electrolysis (3450 h), 
co-electrolysis (640 h) and fuel cell operation (4000 h). Nearly no 
degradation after 2000 h of steam electrolysis (800 ◦C, H2/H2O = 1/1, 
FU = 15 %) at current density of − 0.3 A/cm2 was observed.

Cell degradation is a phenomenon influenced by multiple factors, 
some of which can be attributed to the cell fabrication process [18,19] or 
to pinch-up, a factor excluded in this work due to the absence of geo
metric obstacles or cross-sectional restrictions in the gas channels. 
Despite the encouraging progress demonstrated in literature, cell 
degradation, proved to be adversely influenced by gas concentration and 
temperature gradients [20], is still considered one of the major concerns 
in SOEC technology [11,18,21]: as Wolf et al. [22] proved, their 1000 
h-test at -1A/cm2 and 800 ◦C showed a 370 mV/kh voltage increase, as 
well as the delamination of the LSC electrode and a partial Ni depletion 
in the active layer. To address these issues, Tong et al. [23] developed 
and tested a nano-engineered SOC featuring a gadolinium-doped ceria 
(CGO) nanogranular coating on the fuel electrode and a CGO scaffold on 
the air electrode, in order to improve both performance and degradation 
behavior. They achieved high performance and durability (voltage 
decrease of only 0.024 V/kh after 900 h at 1 A/cm2), demonstrating that 
the CGO coating suppresses Ni migration while preserving the structure 
of active sites. Regarding cell degradation, the long-term 23 kh test by 
Schefold et al. [24] highlights a key factor, namely the partially different 
response of electrolyte-supported cells under prolonged stress: imped
ance spectroscopy reveals a predominantly ohmic degradation, attrib
utable to the loss of ionic conductivity in the electrolyte, while the fuel 
electrode shows no significant signs of deactivation.

One of the approaches that allows to improve the performance and 
minimize the degradation is the optimization of the thermal and gas 
composition gradients distribution. On one hand, computational models 
are an effective method to predict the behavior of every portion of the 
cell as a function of its operating conditions. 1D and 2D models are 
mainly used to describe the I-V characteristic of a SOEC, whereas 3D 
models can provide detailed concentration of gas species and tempera
ture distribution [25]. A few 3D model-related articles are retrievable in 
literature, developed to study impacts of operating conditions on SOECs, 
such as nominal working temperature, inlet gases compositions and gas 
flow field patterns [26–30].

On the other hand, experimental studies on localized cell behavior 

and performance allow the validation of the numerical models and 
confirm the presence of the phenomena predicted by the models.

The analysis of segmented SOCs has been reported in several studies, 
including that of Schiller et al. [31], who employed a planar, 
fuel-electrode-supported SOFC divided into 16 galvanically isolated 
segments for local experimental measurements, complemented by a 2D 
electrochemical model for comparison. This study revealed pronounced 
gradients of gas concentration and current density along the fuel elec
trode side of the cell, whereas the air electrode side exhibited much 
smaller gradients. Additional investigations on fuel cell operation have 
been conducted, including those by Wu et al. [32], Kim et al. [33], and 
Lang et al. [34].

With regard to SOEC operation, Moussaoui et al. [35] employed a 
segmented experimental setup to analyze the local electrochemical and 
thermal behavior of a commercial solid oxide cell. Their configuration 
partitioned the oxygen electrode into 20 segments, each individually 
controlled by an electronic load under both galvanostatic and poten
tiostatic modes, enabling the measurement of voltage and current den
sity for each segment. Königshofer et al. [36] tested cells with a 
segmented air electrode under steam electrolysis and co-electrolysis 
conditions, with the aim of experimentally investigating local imped
ance and degradation characteristics.

Through this study, the authors assess the localized temperature and 
gas concentration distribution within an SOEC using a custom experi
mental setup comprised of 11 sampling points. By analyzing these data 
and applying thermodynamic principles, valuable insights into the 
electrochemical performance of the cell are obtained. The objective of 
this study is not to develop complex fluid dynamic models for the precise 
determination of all possible variables but rather to derive results that 
provide a qualitative understanding of the underlying phenomena at 
play and their directional trends. Thus, the aim is to demonstrate that, 
with a simple yet innovative experimental setup, it is possible to extract 
extensive information regarding the cell’s operation across its entire 
surface, thereby providing insights into the effects of these phenomena 
on degradation and durability.

In this context, previous studies have already demonstrated the 
effectiveness of a similar multisampling setup in fuel cell mode, focusing 
on the fuel-electrode surface under various operating conditions. In 
particular, Santoni et al. [37] and Pumiglia et al. [38] employed this 
configuration to investigate the local gas-phase composition and tem
perature distribution in SOFCs fed by reformate natural gas. Conti et al. 
[39] also used this setup for combined experimental-modeling studies. 
These works laid the foundation for the present study, which extends the 
application of the multisampling approach to SOEC operation, enabling 
a detailed spatial analysis of electrochemical and thermal behavior 
under electrolysis conditions. The main differences with respect to 
previous studies conducted on a similar setup lie firstly in the operation 
of the test bench under electrolysis mode (thus involving much higher 
water content, particularly at the inlet), which requires more accurate 
thermal management of the gas mixture in the sections upstream of the 
cell. Secondly, the extension includes cell fictitious segmentation as well 
as the development of simplified electrochemical and thermal predictive 
models, aimed at determining the local distribution of current density, 
voltage, and temperature.

2. Materials and methods

In this work, a SOEC single cell has been tested in various operating 
conditions, following an accurate definition of the experimental 
campaign aimed at evaluating the cell electrochemical performances 
while investigating, at the same time, the distribution of thermochem
ical gradients at the fuel electrode by means of a specific test bench 
layout. Within this section, a comprehensive description of the labora
tory equipment, cell characterization approach and test campaign 
definition are provided.

F. Marino et al.                                                                                                                                                                                                                                  Journal of Power Sources 660 (2025) 238573 

2 



2.1. Single cell and test rig design

The experiments in this study have been performed on a commercial 
fuel electrode-supported SOC single cell (with Ni-YSZ/YSZ/GDC/GDC- 
LSCF structure), operated in electrolysis mode, whose dimensions are 
10 × 10 cm2 with an active area of 81 cm2.

The system is equipped with a temperature-programmed furnace, 
where the cell housing is placed, in order to reach the desired operating 
temperature, maintained constant throughout the duration of the test 
runs.

The in-house built cell set-up, represented in Fig. 1, hereafter 
referred to as multisampling set-up, consists of two compartments where 
the inlet gas, both fuel- and air-side, is initially carried in a 12 mm- 
diameter circular section pipe, and then split in three smaller pipes with 
a diameter of 6 mm. Fuel and air are fed to the cell in co-flow configu
ration. The fuel distribution is realized by two almost identical plates 
(one for the fuel-side and the other for the air-side), with the only feature 
differing the two being the presence of 11 holes for the fuel-side gas and 
temperature sampling. The plates have a pre-chamber that favors gas 
build-up and hence distribution throughout the cell surface.

The multisampling setup allows temperature and gas compositions 
measurements across the cell in 11 sampling spots that cover a wide 
portion of its surface. Temperature monitoring is realized via type K 
thermocouples, whose nominal error is about ±1 ◦C.

Gas composition is accomplished via a gas chromatograph (Clarus 
680-Perkin Elmer) equipped with specific column for the compounds 
studied (Haysep Q and molecular sieve5A) and a thermal conductivity 
detector (TCD). The gas sampling capillaries (1/16″ stainless steel) are 
all heated above 100 ◦C along their entire length up to the GC inlet, in 
order to avoid condensation of steam in the lines. The withdrawal flow 
rate was maintained at 5–10 mL/min per channel, controlled via cali
brated mass flow controllers, corresponding to less than 2 % of the local 
fuel flow and thus not affecting the electrochemical operation of the cell. 
The system was calibrated with certified gas mixtures, and repeatability 
was verified at multiple sampling points. Based on the manufacturer’s 
technical specifications, the typical accuracy for binary gas mixtures is 
on the order of ± 2–3 vol%: ±3 %vol is the value adopted as the 
reference for error propagation in the estimation of steam conversion.

Additionally, the test rig is equipped with an electronic load (Kikusui 
43 PLZ664WA) connected in series with a power supply (Delta Elek
tronika SM-30-100D), a SCADA system for data acquisition and an 
electrochemical impedance analyzer (BioLogic BP-300), all ensuring 
detailed in-operando analysis.

The concept of a partitioned single cell is depicted in Fig. 2. For 
detailed localized analyses, the fuel electrode is figuratively divided into 

11 segments, hence each of them is assigned to each of the sampling 
points. Areas are divided in accordance with how the sampling points 
are distributed across the cell and are named after the sampling spot 
they surround. Surface areas are 3.857 cm2 for inlet and outlet points, 
and 11.571 cm2 for all the other points, resulting in an overall 81 cm2 

area. Table I reports the distance of each sampling point from the inlet 
cross section of the cell. Due to the presence of the premixing chamber, 
the gas enters the cell homogeneously along the y-axis and is distributed 
over the cell surface through 15 distribution channels. As a result, the 
total inlet flow to the cell is automatically and uniformly divided among 
the fictitious segments 1, 2, and 3, each receiving one third of the total 
flow. Segments 4–8, instead, extend across the entire cell along the y- 
axis and are therefore exposed to the full inlet flow. Similarly, the outlet 
segments (9, 10, 11) each receive one third of the total flow. On this 
basis, a homogeneous gas flow distribution along the cell y-axis is 
assumed.

Fig. 1. Exploded view of the test setup (a); Exploded view of the test setup – focus on the gas flows (b); fuel-side gas distribution plate (c).

Fig. 2. Fictitious partitioning of the fuel electrode into 11 areas, top view.

Table 1 
Distance of sampling point from the inlet.

Sampling point Distance (mm)

1, 2, 3 9
4 21
5 33
6 45
7 57
8 69
9, 10, 11 81
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2.2. Single cell preliminary characterization procedures and test 
campaign definition

Electrical resistance and gas tightness tests are performed on the 
single cell prior to its standard start-up procedure and reduction, with 
the leakage resulting to be in the range 2–4 % of the inlet flow rate (500 
mL/min of N2) – a value considered acceptable to carry on with the tests. 
Its initial performances are evaluated in fuel cell mode. Silva-Mosqueda 
et al. [40] have already previously conducted an experimental campaign 
on a Solid Oxide Intermediate Temperature electrode-supported single 
cell using a similar version of the test bench, effectively validating the 
current test rig and cell assembly.

Once the benchmark performances are assessed, hence the test bench 
is validated, the single cell is tested by performing polarization curves, 
Electrochemical Impedance Spectroscopy (EIS), short-term stability 
tests (at least 2 h in stable operation) and gas chromatographic analysis 
under different operating conditions. In order to map the performances 
in a wide operating window, tests are run at different: 

• Total fuel flow rates (300–500 mL/min);
• Fuel compositions (50/50–70/30H2O/H2 %vol)

The electrochemical activity of the electrodes was monitored at a DC 
bias current of 1 A, with an AC perturbation of 10 mA applied over a 
frequency range from 10 mHz to 100 kHz. The I–V curves have been 
performed taking into account a few constraints: steam utilization below 
90 % (to avoid induced cell degradation), maximum cell voltage 1300 
mV [41], maximum current density 0.5 A/cm2 (nominal operating point 
suggested by the manufacturer), scan rate set to 0.1 A/s and a stabili
zation time of 1 min every time the new current load was reached (e.g. 1 
A, 2 A, 3 A, etc.)

In Table II all the experimental conditions tested are summarized, 
while in Fig. 3b the plots of cell voltage in the stabilization process are 
reported.

The experimental steps carried out are the following: in OCV con
ditions one parameter is changed with respect to the previous test (e.g. 
total flow rate, gas composition, temperature) and sufficient time for the 
system to stabilize in its new working condition is given; the EIS test is 
then performed, followed by the IV curve up to a current value at which 
either the voltage reached 1300 mV (threshold under which the oper
ation in SOEC was considered safe with no forced degradation induced), 
or Fuel Utilization reached 90 %, or a current density of 0.5 A/cm2 was 
reached. The cell was then kept at selected load value of 0.235 A/cm2 (or 
19 A) for a minimum of 2h. After the stabilization period under load, the 
open circuit conditions are restored, and the new parameters of the 
subsequent tests are set.

The EIS spectra, primarily intended for the preliminary monitoring 
of cell performance, are shown in Fig. 3a. A decrease in polarization 
resistance is observed with increasing inlet steam content, whereas the 
ohmic resistance, being unaffected by the feed composition, remains 
nearly constant in all three cases at a value between 0.20 and 0.25 Ω 
cm2.

This value is consistent with other studies conducted on SOECs, such 
as Wolf et al. [22], whose work reports internal resistance values around 
0.2 Ω cm2. Studies with segmented cells, on the other hand, exhibit 

ohmic contributions ranging between 0.3 and 0.4 Ω cm2 per segment, 
higher than those observed for the full cell due to the complex archi
tecture of the setup, which prevents perfectly flat contact between the 
segments and the interconnect [35,36].

2.3. Cell voltage prediction model (V)

The electrochemical reactions occurring in steam electrolysis (SOE) 
mode at the electrodes-electrolyte interfaces are presented in Table III. 
At the cathode (fuel electrode) steam is reduced to form hydrogen and 
oxygen ions by gaining electrons coming from the anode. At the anode 
(air electrode) oxygen ions coming from the cathode migrate through 
the electrolyte and are oxidized to form molecular oxygen, releasing 
electrons.

Cell potential, as a function of the current load, can be expressed as 
[42–45]: 

V =VNernst + ηact + ηohm + ηconc (1) 

where VNernst [V] is the Nernst (reversible) cell potential, ηact [V] is the 
activation polarization, ηohm [V] is the ohmic polarization and ηconc [V] is 
the concentration polarization.

The reversible cell potential is given by the Nernst equation [42,46]: 

VNernst = E0 −
R⋅T
2⋅F

⋅ln

(
pH2O

pH2 ⋅pO2
0.5

)

(2) 

E0 =1.253 − 2.416⋅10− 4⋅T (3) 

where E0 [V] is the reversible cell potential at standard pressure and 
temperature, T [K] is the cell temperature, R [J mol− 1 K− 1] is the uni
versal gas constant, F is the Faraday’s constant [96487C/mol] and px is 
the x species partial pressure.

The activation overpotential is split into fuel-electrode and air- 
electrode overpotential [42]: 

ηact,fuel =
2⋅R⋅T
2 F

⋅sinh− 1

⃒
⃒
⃒
⃒
⃒
⃒
⃒

i

2 ⋅ γfuel ⋅
(

yH2,IN

)A
⋅
(

yH2O,IN

)B
⋅ e−

Eact,fuel
R⋅T

⃒
⃒
⃒
⃒
⃒
⃒
⃒

(4) 

ηact,air =
2⋅R⋅T
2 F

⋅sinh− 1

⃒
⃒
⃒
⃒
⃒
⃒
⃒

i

2 ⋅ γair ⋅
(

yO2,IN

)C
⋅ e−

Eact,air
R⋅T

⃒
⃒
⃒
⃒
⃒
⃒
⃒

(5) 

ηact,tot = ηact,fuel + ηact,air (6) 

where γfuel and γair [A/cm2] are pre-exponential coefficients in exchange 
current densities, yx,IN [%] are the molar inlet fractions of the species x, 
A, B and C [− ] are the reactant kinetic orders, Eact, fuel and Eact,air [J/mol] 
are the activation energies at the fuel- and the air-electrode, i is the 
current density [A/cm2].

The ohmic overpotential is defined as in Eq. (7) [42]: 

ηohm =P1⋅T⋅e
P2
T ⋅i (7) 

where P1 [Ω cm2 K− 1] and P2 [K] are empirical parameters specific for 
each case study.

The concentration (or diffusion) overpotential may be expressed 
with Eq. (10) [46]: 

ηconc,fuel = −
R⋅T
2⋅F

⋅ln
(

1 −
i

ilim

)

(8) 

ηconc,air = −
R⋅T
2⋅F

⋅ln
(

1 −
i

ilim

)

(9) 

ηconc,tot = ηconc,fuel + ηconc,air (10) 

Table 2 
Experimental working conditions for the 81 cm2 electrode-supported single cell.

Condition 
no.

Total fuel flow 
rate

H2 H2O

1 300 mL/min 150 mL/min (50 % 
vol)

150 mL/min (50 % 
vol)

2 500 mL/min 250 mL/min (50 % 
vol)

250 mL/min (50 % 
vol)

3 150 mL/min (30 % 
vol)

350 mL/min (70 % 
vol)

F. Marino et al.                                                                                                                                                                                                                                  Journal of Power Sources 660 (2025) 238573 

4 



where ilim (A/cm2) is the limiting current density. In practice, given a 
certain inlet flow rate and composition, it corresponds to the current 
density at which 100 % of steam conversion is reached.

For the model, the values of the input parameters are summarized in 
Table IV:

Fig. 4 presents the voltage vs current density data obtained from both 
modeling simulations and experimental measurements, in all of the 
three working conditions studied. I-V curves exhibit consistent trends 
across the five different conditions, as both the predicted and measured 
maximum current input increase as the H2O mass flow rate on the fuel 
side rises. The comparison reveals an accurate prediction of the cell 
voltage by the model, except at very high current densities where the 
prediction is overestimated (at steam conversion over 80 %). This does 
not undermine the validity of the model because, for the scope of this 
study, only current densities below or equal to the nominal value (0.25 
A/cm2) will be explored: in this operating range, the maximum relative 

error is 8 mV (or 6.1 %) given by condition no.1 at 0.25 A/cm2. More
over, it can be observed that the voltage calculated using the model is 
systematically higher than the voltage measured experimentally (up to 
3 mV).

Since the ideal gas assumption employed in this study (which uses 
partial pressures instead of fugacities in the calculation of the Nernst 
potential) is known to be highly accurate at atmospheric pressure [47], 
this discrepancy may instead be attributed to the method used for 
calculating the equilibrium constant in the determination of the 
reversible cell potential. This phenomenon has been reported in the 
literature for solid oxide cells [48], with discrepancies between the two 
values reaching up to 5 mV [47]. Another contributing factor may be the 
actual operating temperature: although the furnace is set to 750 ◦C, the 
inlet gases from the tank do not immediately reach the surrounding 
temperature (T < 750 ◦C), which, as shown in Eq. (2), leads to an in
crease in the Nernst potential.

While the predictive model presented here relies on classical elec
trochemical kinetics and transport formulations, it is important to note 
that several additional phenomena may affect the effective electro
chemical response of the electrodes. These include local variations in the 
number and quality of contact points, electrode aspect ratio and 
morphology, as well as charge and ion accumulation in the vicinity of 
the electrode–electrolyte interfaces. Moreover, recent works have 
highlighted the role of surface configurations and reconstructions in Ni- 
based electrodes, which can induce a p-type semiconducting character 
and significantly modify the activation and transport processes at the 
electrode surface [49,50]. Although these effects are not explicitly 
included in the present simplified formulation, they represent crucial 
factors in interpreting deviations between experimental data and theo
retical predictions, especially at high current densities or under strongly 
non-uniform operating conditions.

2.4. Determination of local cell current density

The following equation is defined: 

I(x)=2⋅F⋅ṅH2O,cons(x) (11) 

Where I (A) denotes the electric current, x (cm) represents the position 
along the gas flow path, ṅH2O,cons (mol/s) is the molar flow rate of water 
vapor consumed at position x. By applying the differentiation method, 
the following expression is obtained: 

i(x)= 2⋅
F
W

⋅
dṅH2O,cons(x)

dx
(12) 

Where i (A/cm2) is the current density at position x, W is the width of the 
cell’s active area. It can be observed that the current density at each 
point is a function of the cell size and the water conversion rate, which in 

Fig. 3. a) EIS spectra for all testing conditions; b) cell voltage versus time in the stabilization process (>2 h) in all testing conditions.

Table 3 
Electrochemical reactions in steam SOE mode.

Where Reaction

Cathode (fuel electrode) H2O+ 2e− →H2 + O2−

Anode (air electrode) O2− →
1
2
O2 + 2e−

Global reaction H2O→H2 +
1
2
O2

Table 4 
Values of input parameters in the present study – calculation of cell voltage.

Parameter Value Reference Unity

Temperature (T) 1023 – K
Pre-exponential coefficient – fuel 

side (γfuel)
5 × 105 [42] A/cm2

Pre-exponential coefficient – air side 
(γair)

5 × 106 [42] A/cm2

Molar inlet fraction of H2 (yH2,IN) 30–50 ​ %
Molar inlet fraction of H2O (yH2O,IN) 50–70 ​ %
Reactant kinetic order (A) 0.5 [42] –
Reactant kinetic order (B) 0.5 [42] –
Reactant kinetic order (C) 0.25 [42] –
Activation energy at the fuel 

electrode (Eact, fuel)
105 [42] J/mol

Activation energy at the air electrode 
(Eact,air)

1.2 × 105 [42] J/mol

Empirical parameter (P1) 1.6 × 10− 7 adapted from 
[42]

Ω cm2 

K− 1

Empirical parameter (P2) 7500 adapted from 
[42]

K

Limiting current density (ilim) 0.568–4.34 ​ A/cm2
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turn is derived from experimental gas chromatographic data. The finite 
number of experimental measurements does not allow for a continuous 
spatial distribution of current density; therefore, a fitting of the exper
imental points (indicating the water percentage) was performed in order 
to obtain a continuous curve. From this curve, it is possible to determine 
the water flow rate converted at each point.

It is also important to note that the equations presented are appli
cable at the macroscopic scale, and do not account for local phenomena 
or microstructural states.

2.5. Determination of local cell voltage

The validation of the model described in section 2.4 serves as a 
foundation for determining one of the primary objectives of this study: 
the distribution of cell voltage across its surface. As outlined in section 
1.1, the cell is divided into 11 smaller segments. These segments can be 
considered as scaled-down versions of the complete cell, possessing 
identical characteristics while differing only in size. Consequently, 
under identical operating conditions, in this simplified approach these 
segments are considered to retain the same chemical and performance 
properties as the full cell from which they originate.

This assumption is deemed valid provided that the structural prop
erties of the cell are uniform across its entire surface. Given that the 
tested cell has not undergone prior experimentation, it is reasonable to 
assume that its properties remain consistent across all segments. This 
ensures that the 11 segments described in section 1.1 function as true 
repeating units of the original full cell.

The model from section 1.1 is thus modified and the following input 
parameters, which vary depending on the case study, are provided to it, 

while the other structural parameters observed in the full cell remain 
unchanged: 

• area of the cell segment
• local current density
• gas flow rate entering the cell segment
• gas composition entering the cell segment
• limiting current density

2.6. Determination of local cell temperature

The governing equations to describe the flow field are the Navier- 
Stokes equations [8,25,48]: 

∂ρ
∂t

+∇(ρ ⋅ v→)=0 (13) 

ρ
[

∂ v→

∂t
+( v→ ⋅∇) ⋅ v→

]

= − ∇p+ μ ⋅∇2 v→+ ρ⋅g (14) 

ρ ⋅ cp ⋅
[

∂T
∂t

+ v→ ⋅∇T
]

= k ⋅∇2T + q̇ (15) 

Eqs. (13)–(15) are the mass, momentum and energy conservation 
equations respectively. Some simplifying assumptions are made: 

• steady-state condition;
• cp and h constant within each of the segments into which the full cell 

is divided;

Fig. 4. Comparison of experimental and modeled polarization curve; as in Table II: a) condition no.1; b) condition no.2; c) condition no.3.
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• heat absorbed/generated constant within each of the segments into 
which the full cell is divided

• 1D temperature variation (along the x-axis)
• ideal gases
• negligible radiative heat transfer
• constant cell surface temperature

Based on these considerations, the Navier-Stokes equations are 
significantly simplified, leading to an analytical formulation of the 
temperature: 

Tg,j(x)=Ts +
(
Tg0,j − Ts

)
⋅ e

(

− h ⋅ P ⋅ x
ṁj ⋅ cp,j

)

−
Q̇cell,j ⋅ l

h ⋅ P
⋅

(

1 − e

(

− h ⋅ P ⋅ x
ṁj ⋅ cp,j

)
)

(16) 

Q̇cell =ΔH⋅ṁH2O conv − Vcell⋅i (17) 

Where j is the cell segment object of study, Tg,j(x) (K) is the gas tem
perature across the surface of segment j, Ts (K) is the cell surface tem
perature, Tg0,j (K) is the gas temperature at the inlet of the segment j, h 
(W/m2 K) is the convective heat transfer coefficient between cell surface 
and gas, P (m) is the perimeter of the cross section, x (m) is the distance 
from the inlet cross section of segment j, ṁj (kg/s) is the total gas flow 
rate entering segment j, cp,j (J/kg K) is the specific heat capacity of the 
gas mixture in segment i, l (m) is the width of the cross section.

Eq. (16) hence indicates the gas temperature, as a function of the 
distance from the inlet section, in each of the 11 sub-cells.

As reported by Min et al. [51], the net amount of heat generation or 
consumption of a solid oxide cell can be defined with the formulation in 
Eq. (17), where Qcell (W/cm2) is the heat generation/consumption, Vtherm 
(V) is the thermoneutral voltage, Vcell (V) is the cell voltage, ΔH (J/mol) 
is the enthalpy change during electrochemical reaction at the operating 
temperature, and ṁH2O conv (mol/s) is the molar flow rate of water 
conversion in the electrochemical reaction. Based on the cell operating 
voltage, Qcell can be positive or negative, indicating the operating 
characteristics of the SOEC: 

Q̇cell

⎧
⎨

⎩

> 0 endothermic operation
= 0 thermoneutral operation
< 0 exothermic operation

(18) 

An entire subsection must be dedicated to the determination of h. 
The reason why only convective heat exchange has been considered is 
that, according to literature studies, in the case of planar solid oxide 
cells, heat transfer between the gas and the cell is predominantly 
convective, whereas radiative heat exchange becomes non-negligible 
only in tubular cells [52].

To the best of the authors’ knowledge, studies on the magnitude of 
the convective heat transfer coefficient in planar solid oxide cells are 
absent in the literature. For this reason, the calculation is performed 
using formulas and correlations from thermodynamics, as reported 
below.

The convective heat transfer coefficient is calculated using Eq. (19)
[53,54]: 

h=
Nu ⋅k

L
(19) 

where: 

• k (W/m⋅K) is the thermal conductivity of the gas mixture,
• L (m) is the specific length of the duct,
• Nu is the Nusselt number.

The latter depends on the flow type and the geometry of the gas duct. 
For rectangular cross-sections, as in the present case study, with a width- 
to-height ratio of around 3, the corresponding Nu value is 3.96 [53]. 
Based on these considerations, the value of h is determined: h = 10.74 

W/m2 K.
Table V reports the values of the parameters used for the thermal 

analysis. It is important to note that the value of h varies with the 
composition of the gas mixture, which becomes increasingly rich in H2 
and less rich in H2O as the gas progresses. However, since the impact of 
this variation on the final result would not be significant and to avoid 
complicating the calculations, given the purpose of the work, h has been 
determined considering the inlet gas mixture.

The average gas velocity was estimated from the definition of volu
metric flow rate, a known parameter: 

Q= v⋅w⋅H⋅n (20) 

Where Q (m3/s) is the volumetric flow rate.
Reynolds number is reported in Table V as well, and is determined as 

follows: 

Re=
ρ ⋅ v ⋅ Dh

μ (21) 

Since the Reynolds number is, for all case studies, well below the 
threshold for the flow to be considered turbulent [53], it can be 
concluded that the flow is assumed to be laminar.

3. Results and discussion

3.1. Experimental gas composition distribution

In Fig. 5 the experimental H2 and H2O concentration plots across the 
fuel-electrode surface are reported, along with their respective H2O 
concentration contour plots, for the three conditions tested. Given the 
measurement uncertainty of the GC, error bars of ±3 vol% are shown, as 
indicated in Section 2.1.

In condition 1 (H2O/H2 = 50/50, FF = 300 mL/min), the H2O con
centration drops steeply from 50 % at the inlet to about 10 % at the 
outlet. The contour plot reveals a strong gradient concentrated in the 
first half of the cell, particularly between sampling points 1-2-3 and 4. 
This indicates that the majority of the electrochemical activity is local
ized near the inlet, where the steam concentration is highest. The dis
tribution on the axis perpendicular to the direction of the flow also 
shows some slight asymmetry, suggesting non-uniform gas distribution 
across the width of the cell.

In condition 2 (H2O/H2 = 50/50, FF = 500 mL/min), the H2O profile 
is more gradual, ranging from 50 % to about 25 %, as this condition 
mitigates the formation of steep gradients.

In condition 3 (H2O/H2 = 70/30, FF = 500 mL/min), the inlet steam 
concentration is higher (70 %), and the outlet still retains significant 
H2O (about 40 %). The conversion is less pronounced, as expected under 
constant current operation with excess steam.

These results confirm that steam conversion is not uniform across the 
cell surface, and that the inlet region consistently exhibits the highest 
electrochemical activity. The extent and distribution of the gradients are 

Table 5 
Values of parameters– thermal analysis.

Parameter value unity

Nusselt number (Nu) 3.96 –
Thermal conductivity of gas mixture (k) 0.244 W/m K
Width of channels (w) 0.0047 m
Height of channels (H) 0.0016 m
Specific length of channels (L) 0.09 m
Width to height ratio (w/H) 2.95 –
Hydraulic diameter of channels (Dh) 0.0024 m
Gas velocity (v) 0.06 (case 1) – 0.1 (case 2–3) m/s
Dynamic viscosity (μ) 3.624 • 10− 5 Pa • s
Gas density (ρ) 0.0426 kg/m3

Number of channels (n) 11 –
Reynolds number (Re) 0.17 (case 1) – 0.28 (case 2–3) –
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strongly influenced by the inlet flow rate and composition: since the 
same amount of water needs be converted (electrical load remains un
altered), the outlet H2O concentration varies depending on the inlet 
water content. In terms of gas composition, lower flow rates and lower 
steam content lead to sharper gradients, while higher flow rates and 
excess steam promote more uniform operation.

H2O contour plots: b) condition no.1; d) condition no.2; f) condition 
no.2.

In order to show the correlation between experimental and theo
retical results, a Faradaic balance on the hydrogen produced has been 
performed (Eq. (22)): 

H2 produced,Faradaic =
I

2 ⋅ F
⋅22.414⋅60⋅1000 (22) 

Where H2 produced,Faradaic (ml/min) is the theoretical production of H2 
through the electrochemical conversion of water, I (A) is the current, 

22.414 (Nl/mol) are the normal liters of any gas contained in a mole, 60 
(s/min) and 1000 (ml/min) are conversion factors. Added to the inlet H2 
content, the overall H2 content at the outlet can be determined. At 
experimental level, the percentage of H2 at the outlet allows the calcu
lation of the effective outlet H2 content (H2 produced,exp), and thus the 
discrepancy between the two values, as in Eq. (23): 

e=
H2 produced,Faradaic − H2 produced,exp

H2 produced,Faradaic
⋅100 (23) 

For the cases 1, 2 and 3 respectively (as in Table II), e resulted to be 
4.35 %, 3.02 % and 4.34 %, proving the limited discrepancy between 
theoretical calculations and experimental outcomes.

3.2. Local cell voltage and current distribution

The results from the experimental GC analyses shown in section 3.1
are now utilized to determine the distribution of current density and 

Fig. 5. H2 and H2O concentration plots; as in Table II: a) condition no.1; c) condition no.2; e) condition no.3.
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voltage, as described in section 2.4 and 2.5.
In agreement with the gas analysis discussed in Section 3.1, the 

models for calculating the local current density (Fig. 6) and voltage also 
clearly show higher cell activity in the region near the gas inlet section. 
The calculations highlight a cell voltage above 1.150 V for the areas 
corresponding to sampling points 1, 2, and 3 for all conditions studied 
except for condition no.3 (Table VI, Table VII and Table VIII).

In condition no.2, all subsequent points (4–11) exhibit a rather 
uniform voltage, ranging between 1.085 V and 1.100 V, unlike the case 
with FF = 300 mL/min, where the highest voltage values are observed in 
the sections near the outlet. This phenomenon is mainly attributed to the 
low water content in those same sections – a condition that also occurs in 
all other cases but to a much lesser extent, such that with FF = 500 mL/ 
min, the phenomenon is not even observed.

The current density is consistent with the voltage profile, high
lighting different behaviors between different regions of the cell: values 
between 0.4 and 0.45 A/cm2 at points 1, 2, and 3 (about twice as much 
as the overall cell current density of 0.235 A/cm2), and below 0.260 A/ 
cm2 at the remaining points.

Since the current density is an indicator of the electrochemical ac
tivity of the cell, it can be stated that the area represented by points 1, 2, 
and 3 – exhibiting values up to 2 times higher than those of the subse
quent regions – is the most active and, consequently, also the most prone 
to degradation. As also shown in the literature concerning the testing of 
solid oxide cells [4,5,11,12,15–17], nominal current density values 
exceeding 0.5 A/cm2 are rarely reached, if not for accelerated stress 
tests, and this operating point is therefore considered a threshold that 
should not be exceeded in order to avoid highly accelerated cell 
degradation phenomena.

Similar dynamics to those observed with varying inlet flow rate are 
found when changing the composition of the inlet gas. At equal sampling 
points, the comparison with tests conducted at lower inlet water content 

Fig. 6. Contour plot of modelling results for local current density; as in Table II, a) condition no.1; b) condition no.2; c) condition no.3.

Table 6 
Modelling results for local voltage and current density; as in Table II, condition 
no.1.

Sampling 
point

Voltage (V) Current density (A/ 
cm2)

Local steam conversion 
(%)

1 1.202 ± 0.01 0.411 ± 0.012 22.1
2 1.213 ± 0.01 0.441 ± 0.013 23.7
3 1.206 ± 0.01 0.423 ± 0.013 22.8
4 1.123 ± 0.01 0.137 ± 0.004 9.6
5 1.147 ± 0.01 0.172 ± 0.005 13.2
6 1.193 ± 0.01 0.254 ± 0.008 22.5
7 1.156 ± 0.01 0.116 ± 0.003 13.3
8 1.201 ± 0.01 0.187 ± 0.006 24.8
9 1.227 ± 0.01 0.184 ± 0.006 32.4
10 1.241 ± 0.01 0.208 ± 0.006 36.6
11 1.238 ± 0.01 0.202 ± 0.006 35.5

Table 7 
Modelling results for local voltage, current density and steam conversion; as in 
Table II, condition no.2.

Sampling 
point

Voltage (V) Current density (A/ 
cm2)

Local steam conversion 
(%)

1 1.153 ± 0.01 0.451 ± 0.014 14.5
2 1.151 ± 0.01 0.437 ± 0.013 14.1
3 1.159 ± 0.01 0.461 ± 0.014 14.9
4 1.106 ± 0.01 0.259 ± 0.008 9.8
5 1.085 ± 0.01 0.171 ± 0.005 7.1
6 1.103 ± 0.01 0.206 ± 0.006 9.3
7 1.089 ± 0.01 0.144 ± 0.004 7.2
8 1.089 ± 0.01 0.129 ± 0.004 6.9
9 1.099 ± 0.01 0.143 ± 0.004 8.2
10 1.100 ± 0.01 0.146 ± 0.004 8.4
11 1.096 ± 0.01 0.133 ± 0.004 7.7
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reveals lower average voltage values, resulting from the higher water 
concentration at each location. This effect is particularly pronounced in 
the region near the outlet: the voltages at sampling points 9, 10, and 11 
are slightly lower than those at the inlet. In contrast, in the test with H2/ 
H2O = 50/50 and FF = 300 mL/min, these outlet voltages are slightly 
higher – despite the lower electrochemical activity – due to the reduced 
amount of gas (e.g. water) available for conversion.

Similarly to the Faradaic balance, area-weighted local current den
sities have been compared to the applied global current density to 
validate internal consistency. By multiplying each local current density 
(as in Tables VI and VII and VIII) by the corresponding area to which that 
value is associated, and summing the resulting products, total current 
values of 18.2 A, 18.3 A, and 18.2 A are obtained for case studies 1, 2, 
and 3, respectively. These values deviate by approximately 4 % from the 
19 A actually applied to the cell. It is worth noting that this deviation is 
nearly identical to that observed for the hydrogen flow rate at the cell 
outlet, when comparing theoretical and experimental calculations.

In Tables VI VII, and VIII, error propagation for current density and 
voltage was considered, based on the measurement uncertainty of the 
GC from which these modeled quantities are derived. The current den
sity was found to have an error directly proportional to the electro
chemical activity, since it is proportionally linked to the GC 
measurement: the ±3 % error on the GC translates into a ±3 % error on 
the current density. Therefore, the modeled values of current density can 
be considered only minimally affected by measurement uncertainties.

Similar considerations can be made regarding the estimated error on 
voltage. Unlike current density, voltage does not have a direct propor
tional relationship with experimental measurements and is influenced 
by multiple sources of error, making its evaluation more complex. The 
contributing factors include the GC measurement error, temperature 
measurement uncertainty, and potential uncertainties in model input 
parameters. Given the large number of variables involved, we focused 
on the contributions from the GC, temperature, and one key model input 
parameter—activation energy, assumed with a ±10 % uncertainty – to 
assess model stability.

Consequently, the error was calculated for each component of the 
voltage shown in Eq. (1), resulting in an overall estimated uncertainty of 
approximately ±10 mV for all cases. This uncertainty is largely domi
nated by the activation energy, which accounts for nearly 50 % of the 
total error. The estimated voltage uncertainty is considered applicable 
uniformly across all sampling points.

Since in this study the 0.5 A/cm2 threshold has not been reached, as 
suggested by the modeling analysis, it is reasonable not to expect a 
dramatic degradation of cell performance over the medium to long term. 
Among the consequences of operating at high current density, numerous 
studies report the occurrence of Ni migration or Ni re-oxidation – 
particularly when a high concentration of water vapor is combined with 
high current density or voltage, leading to fuel-electrode-induced cell 
degradation in the long term; by contrast, the impact on the air- 
electrode side is negligible [6,18,55,56].

The nickel re-oxidation reaction is the following [57]: 

Ni+H2O ↔ NiO + H2 (24) 

The high water concentration gradient between the inlet area (points 
1, 2, and 3) and the immediately subsequent region (point 4), as shown 
in Fig. 5, leads to a strong imbalance in NiO concentration, with NiO 
being more concentrated near points 1, 2, and 3 in order to re-establish 
equilibrium in the reaction (Eq. (24)). This oxide, migrating towards 
regions of lower concentration (point 4), will further shift the reaction 
toward the products, accelerating the consumption of Ni and H2O in the 
inlet section, ultimately causing a decrease of active sites for the inlet 
gas.

This phenomenon, on one hand, highlights the degradation mecha
nism that develops in regions of higher electrochemical activity, and on 
the other hand explains the greater water consumption observed at the 
cell surface near the gas inlet. However, despite this observed inlet bias 
effect is consistent with possible degradation mechanisms, further 
microstructural characterization would be needed to confirm this.

Other degradation mechanisms of the cell have been observed and 
reported in numerous studies. Among these, Ni coarsening is one of the 
most extensively investigated [55,58]. This process involves an increase 
in the size and a decrease in the number of nickel particles, resulting in a 
loss of interparticle contact and, consequently, an increase in polariza
tion resistance. Hubert et al. [59] reported a significant occurrence of Ni 
coarsening in post-mortem analyses following a series of long-term ex
periments (ranging from 1000 h to 9000 h), leading to a substantial loss 
of active sites. The phenomenon was particularly pronounced at higher 
operating temperatures.

Ni migration has also emerged as a frequent degradation pathway, 
with several studies [55,60,61] confirming its occurrence and detri
mental impact on cell performance, especially when associated with a 
coarser Ni microstructure [62].

The current density gradient across different areas of the cell is a 
phenomenon also reported in the literature: Yildiz et al. [27] developed 
a model that shows a decrease from the gas inlet region (about 0.55 
A/cm2) to the outlet region (about 0.38 A/cm2); similarly, Xu et al. [28] 
performed a numerical investigation highlighting the same trend 
(approximately 0.49 A/cm2 at the inlet and 0.14 A/cm2 at the outlet), 
considering an average applied current density of 0.4 A/cm2. In both 
examples, however, unlike in the present study, the decrease in current 
density along the flow direction is nearly linear.

One reason why the imbalance observed in this work is particularly 
marked can be attributed to the Ni migration and Ni re-oxidation 
mechanisms discussed earlier, which significantly shift electro
chemical activity towards the inlet region – phenomena that are not 
modeled in the cited references. By contrast, the present study, being 
supported by experimental data, is able to account for all the phenom
ena occurring within the system.

Although current density and voltage are closely related, a higher 
current density does not necessarily correspond to a higher voltage: for 
instance, in condition no 1, point 1 exhibits 0.411 A/cm2 and 1.202 V, 
while point 11 shows 0.202 A/cm2 and 1.238 V. This behavior can be 
attributed to the higher water concentration at point 1 compared to 
point 11, resulting in a lower voltage for the same current density. 
Moreover, regions near the outlet exhibit a higher voltage than those 
near the inlet, for the same current density, due to concentration losses.

Local cell performance in SOFCs has been previously investigated 
using segmented cell and impedance-resolved approaches. Extending 
these approaches, this work introduces model-derived voltage maps 
validated by multi-sampling in electrolysis mode, representing a novel 
methodological contribution.

3.3. Local temperature distribution – FF variation

The temperature distribution is determined as described in Section 
2.6.

Table 8 
Modelling results for local voltage, current density and steam conversion; as in 
Table II, condition no.3.

Sampling 
point

Voltage (V) Current density (A/ 
cm2)

Local steam conversion 
(%)

1 1.093 ± 0.01 0.422 ± 0.013 9.7
2 1.098 ± 0.01 0.438 ± 0.013 10.1
3 1.095 ± 0.01 0.429 ± 0.013 9.9
4 1.026 ± 0.01 0.170 ± 0.005 4.4
5 1.009 ± 0.01 0.102 ± 0.003 2.7
6 1.039 ± 0.01 0.186 ± 0.006 5.1
7 1.050 ± 0.01 0.201 ± 0.006 5.8
8 1.053 ± 0.01 0.191 ± 0.008 5.9
9 1.071 ± 0.01 0.214 ± 0.006 7.0
10 1.071 ± 0.01 0.215 ± 0.006 7.0
11 1.065 ± 0.01 0.198 ± 0.006 6.5
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The experimental temperature measurements inherently account for 
certain errors due to various factors, including: (i) a sub-optimal insu
lation of the environment surrounding the cell and a non-uniform 
temperature distribution caused by thermal resistances within the 
furnace not being precisely calibrated to the same power level; (ii) non- 
uniform positioning of thermocouples. To mitigate such systematic er
rors, a reference measurement was conducted, in which the cell was 
replaced, in the same test bench, with an insulating material (Thermi
culite) of identical dimensions, without applying any gas flow or elec
trical load. Under these conditions, the recorded temperature reflects 
only the errors attributable to the furnace and thermocouples. The dif
ference (ΔT) between the temperature measured during the actual ex
periments (which includes all effects) and that recorded in the reference 
test thus represents the temperature variation due to fluid dynamic and 
chemical/electrochemical phenomena. The sum of the nominal oper
ating temperature (750 ◦C) and ΔT yields a corrected temperature value, 
effectively compensating for systematic errors introduced by the 
experimental setup. The temperature values reported in this work are 
those obtained following the correction.

Based on the defined approach, the calculated values are represen
tative of all local phenomena related to cell operation (e.g., fluid dy
namic, chemical and electrochemical processes), but not of boundary- 
related effects (e.g., cell positioning inside the furnace, non-uniform 
operation of the furnace’s heating elements, etc.).

The results of the analysis are reported in Table IX and Fig. 7, 
highlighting a few key aspects: (i) the temperature in the inlet zone is the 
lowest across the entire cell: in agreement with the simulations of local 
voltage and current density (Tables VI, VII and Table VIII), the high 
electrochemical activity – combined with operation in endothermic 
mode (V < Vtherm) – leads to significant heat absorption; (ii) the central 
and outlet zones exhibit lower electrochemical activity, resulting in 
reduced heat absorption compared to the inlet sections. Consequently, 
the gas reaches a temperature lower than that of the surrounding system 
(750 ◦C), although it tends to approach it; (iii) experimentally, 
maximum temperatures slightly higher than that of the furnace are 
observed. This is not indicative of exothermic operation but rather of 
imperfect furnace control, which is not precisely centered at 750 ◦C; (iv) 
the gas temperature decreases with increasing flow rate, as a higher 

incoming gas flow – assuming constant cross-sectional area and gas 
density – results in a higher transit velocity and, therefore, shorter 
residence time within the furnace; (v) sampling point 10 consistently 
records lower temperature values compared to the surrounding zones, 
with differences of up to 15 ◦C. Given the corrections applied to the 
experimental data, in principle, no systematic error should be present at 
that point, although it appears to deviate from the overall trend 
observed in both the cell and the model. Future developments of this 
study will aim to investigate this aspect more thoroughly, in order to 
better understand the underlying cause of the anomaly (e.g., chemical/ 
electrochemical reactions, fluid dynamics specific to the experimental 
setup, thermocouple measurement error, or other factors); (vi) if tem
perature point T10 is excluded from the experimental mapping, as 
highlighted in Fig. 7, a very similar trend is observed between the model 
results and the experimental data – specifically, a cooler inlet zone and 
warmer central and outlet regions. Deviations between the model and 
the experimental results are limited – less than 1 % - thus confirming the 
consistency between the two.

Error propagation analysis was also performed for temperature 
measurements. For the experimental data, the uncertainty is solely 
attributable to the tolerance of the thermocouples (±1 ◦C), whereas the 
modeled values are affected by the tolerances assigned to the model 
input parameters. By assuming a conservative tolerance of ±10 % for 
two key parameters in the temperature calculation (h and cp), the 
resulting overall uncertainty on temperature is estimated at approxi
mately ± 2 ◦C, which is considered applicable to all sampling points.

High thermal gradients on the cell surface are well known to be 
detrimental, as they are a primary cause of irreversible structural 
damage, such as rupture and cracking [63,64], due to uneven thermal 
expansion across the cell surface. Thermal gradients within the cell have 
also been documented in the literature: Lim et al. [65] report a smoothly 
increasing simulated temperature profile, with a difference between 
inlet and outlet of approximately 20 ◦C for a cell operating in exothermic 
electrolysis mode at i = 0.6944 A/cm2 and V = 1.418 V. Xu et al. [28] 
simulate an SOEC at i = 0.4 A/cm2 and V = 1.2867 V, showing a nearly 
linear profile and a ΔT of about 9 ◦C between inlet and outlet. However, 
comparison is limited due to the assumption of uniform voltage and 
current density across the entire cell surface made by the aforemen
tioned studies – an assumption not adopted in the present work.

To place the obtained temperature results into context, a review of 
the literature on thermal gradients in SOCs was conducted. Several 
studies suggest a structural safety limit of 5 K/cm for the cell [66,67], 
while Petipas et al. report a value of 10 K/cm [68]. Chen et al. [69] 
further delineate thresholds by defining a safe range (<5 K/cm), a 
hazardous range (5–8 K/cm), and a high-risk range (>8 K/cm) for 
evaluating SOEC safety. In comparison, the gradients measured in this 
study (≤4.5 ◦C across the entire cell surface, corresponding to an 
average of 0.5 K/cm) fall well below these thresholds and can therefore 
be considered non-critical from this standpoint.

Moreover, a comparison between the present SOEC investigation and 
previous studies conducted with a similar setup in SOFC mode ([37–39]) 
reveals notable distinctions between the two operating modes. In SOFC 
mode, the electrochemical activity was more uniformly distributed 
along the fuel electrode surface, whereas in SOEC a pronounced activity 
was observed near the gas inlet, with local current densities reaching up 
to twice the average value. Such behavior is unique to electrolysis 
operation, as it induces stronger heterogeneities in gas composition and 
current density than those typically observed under fuel cell operation. 
Furthermore, the present study indicates that Ni re-oxidation and 
migration phenomena, likely exacerbated by steep H2O/H2 gradients, 
represent a degradation pathway specific to electrolysis. Overall, these 
findings demonstrate that extending the multisampling diagnostic 
approach to electrolysis mode not only confirms its versatility but also 
reveals degradation mechanisms not evident in fuel cell operation.

Table 9 
Modelling results for local temperature; as in Table II, condition no.1 (FF = 300 
mL/min) and condition no.2 (FF = 500 mL/min).

Sampling 
point

Temperature – 
model/experimental 
[◦C] @ H2O/H2 =

50/50, FF = 300 
mL/min

Temperature – 
model/experimental 
[◦C] @ H2O/H2 =

50/50, FF = 500 
mL/min

Temperature – 
model/experimental 
[◦C] @ H2O/H2 =

70/30, FF = 500 
mL/min

1 744.8 ± 2/747.6 ±
1

743.1 ± 2/746.6 ±
1

743.2 ± 2/746.4 ±
1

2 745.1 ± 2/749.5 ±
1

743.2 ± 2/748.5 ±
1

743.1 ± 2/748.3 ±
1

3 744.9 ± 2/745.9 ±
1

743.3 ± 2/745.3 ±
1

743.2 ± 2/744.9 ±
1

4 746.5 ± 2/751.1 ±
1

744.1 ± 2/749.9 ±
1

746.8 ± 2/749.7 ±
1

5 746.3 ± 2/750.4 ±
1

745.8 ± 2/749.4 ±
1

747.1 ± 2/749.0 ±
1

6 746.3 ± 2/751.8 ±
1

745.7 ± 2/750.5 ±
1

747.8 ± 2/750.4 ±
1

7 747.5 ± 2/752.4 ±
1

746.7 ± 2/750.9 ±
1

747.1 ± 2/750.8 ±
1

8 747.5 ± 2/750.6 ±
1

747.4 ± 2/749.6 ±
1

747.4 ± 2/749.3 ±
1

9 748.3 ± 2/749.8 ±
1

747.3 ± 2/748.5 ±
1

747.3 ± 2/748.4 ±
1

10 748.5 ± 2/733.6 ±
1

747.3 ± 2/732.8 ±
1

747.3 ± 2/732.3 ±
1

11 748.5 ± 2/748.4 ±
1

747.5 ± 2/747.7 ±
1

747.6 ± 2/747.2 ±
1

F. Marino et al.                                                                                                                                                                                                                                  Journal of Power Sources 660 (2025) 238573 

11 



4. Conclusion

This study presents an innovative methodology to investigate local
ized electrochemical and thermal behavior in a commercial 81 cm2 

SOEC, by means of an in-house built multisampling test setup combined 
with simplified modeling tools. The use of 11 sampling points across the 
fuel electrode surface allows for in-operando spatial measurements of 
gas composition and temperature. Such experimental data were used as 

input parameters for predictive electrochemical–thermal models which 
proved effective in quantifying local voltage, current density, and tem
perature distributions.

The cell was operated under a range of inlet fuel compositions and 
flow conditions, at the constant temperature of 750 ◦C, and a clear 
concentration of electrochemical activity in the inlet region was 
observed in all scenarios, where local current densities reached values 
up to 0.45 A/cm2, twice the cell average current density. This non- 

Fig. 7. Temperature distribution contour plots; a) condition no.1, experimental; b) condition no.1, experimental excluding T10; c) condition no.1, model; d) 
condition no.2, experimental; e) condition no.2, experimental excluding T10; f) condition no.2, model; g) condition no.3, experimental; h) condition no.3, exper
imental excluding T10; i) condition no.3, model.
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uniform behavior was directly linked to steep H2O/H2 gradients, which 
also influenced the distribution of cell voltage (up to 1.2 V in the inlet 
sections). Such activity defines the most exposed regions to long-term 
degradation phenomena, possibly including Ni re-oxidation, migration 
and coarsening.

Thermal mapping and model predictions further showed that the 
inlet region operates at slightly lower temperatures due to endothermic 
reactions and higher conversion rates, while outlet regions tend towards 
equilibrium (e.g. furnace temperature). The overall temperature varia
tions across the cell remained modest (<5 ◦C), and the agreement be
tween experimental and simulated data validates the consistency of the 
proposed framework. An isolated anomaly observed near the outlet in
dicates the need for further refinement of the experimental setup, but 
does not undermine the general trends identified.

Future studies will extend this framework to co-electrolysis and fuel- 
assisted electrolysis modes, with the aim of further understanding how 
gas composition and localized gradients shape the performance and 
stability of SOC technology in multiple operating conditions, and will 
also include detailed studies on the cell’s microstructural and morpho
logical characteristics (e.g., via SEM), in order to better correlate surface 
features with the localized electrochemical performance observed in this 
study.
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