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H I G H L I G H T S

• DoE-based quantification of parameter 

effects on stack voltage (steam EC).

• EIS, DRT, and in-plane temperature di­

agnostics on a 5-cell commercial stack.

• Same-hardware benchmark: co-

electrolysis shows larger per-unit sensiti-

vities.

• At matched production, co-electrolysis 

requires 2 % higher DC power and kWh 

Nm−3.
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A B S T R A C T

Same-hardware, stack-scale evidence for PtX syngas routes is scarce. We quantify, on identical solid-oxide hard­

ware, how operating conditions affect stack voltage and specific electricity demand to guide selection between 

steam electrolysis, paired downstream with RWGS, and direct co-electrolysis. We report new stack-level steam-

electrolysis data and benchmark them against our previously published co-electrolysis dataset on the same 

five-cell electrolyte-supported stack and test rig. Measurements are non-overlapping with aligned operating win­

dows and a single analysis pipeline. A structured design-of-experiments with regression yields sensitivities to 

current density, fuel-side composition/flow, and temperature. Electrochemical impedance spectroscopy (EIS), dis­

tribution of relaxation times (DRT), and in-plane temperature mapping provide mechanistic context for ohmic, 

charge-transfer, and transport contributions. Within the tested window, co-electrolysis shows stronger voltage 

sensitivity to current density and the air-outlet setpoint. Differences in specific electricity demand are modest per 

stack yet material at plant scale. Holding hardware and analysis constant, we deliver a reproducible benchmark 

that supports route selection and informs thermal and current-density control in commercial PtX plants.

1 . Introduction

The European Union’s ambition of reaching climate neutrality by 

2050 has increased the demand for new energy technologies that can 

both cut fossil fuel use and allow a much larger share of renewables 

in the overall energy mix [1]. Among the various electrolysis con­

cepts, solid oxide electrolysis (SOE) has gained particular attention. 
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One reason is its very high system efficiency, with studies reporting 

values above 83 % (LHV) [2–4]. Another important aspect is flexibil­

ity: SOE can be operated with steam or with a mixture of steam and 

carbon dioxide, producing hydrogen or syngas depending on the feed. 

This versatility makes the technology attractive for different Power-to-

X routes, helping to decarbonise industries such as aviation or steel 

production, where greenhouse–gas reductions are challenging. Recent 

reviews, for example the perspective by Zheng et al. in Electrochemical 

Energy Reviews [3], summarise the development status, remaining ma­

terials and system challenges, and Power-to-X integration options for 

steam and co-electrolysis.

To realise this potential in practice, it is important to understand how 

changes in operating parameters influence performance and efficiency.

Several studies have looked at steam and co-electrolysis, but often 

with different aims and experimental scales. Wolf et al. [5] investigated 

single cells and reported that co-electrolysis appeared to degrade more 

slowly than the corresponding steam operation. In contrast, Preininger 

et al. examined both single cells and stacks in reversible operation and 

pointed out that the reverse water–gas shift (RWGS) reaction is already 

active at open-circuit voltage, influencing both steam and CO2 electrol­

ysis from the very beginning [6,7]. The authors in [8] focused on a 

two-cell anode-supported stack, operated for several hundred hours at 

two temperatures; their EIS/DRT analysis showed degradation was more 

pronounced at 700 ◦C than at 800 ◦C.

Although valuable, these and other studies mainly addressed degra­

dation behaviour and were often limited to single cells or small short 

stacks that differ from commercial hardware. At stack and module rel­

evant scale, Königshofer et al. characterised an electrolyte-supported 

stack that serves as a representative unit of a 150 kW reversible SOC 

module under system relevant gas mixtures and operating conditions in 

order to define safe operating strategies for the large-scale module [9]. 

Even with these contributions, most available work and review articles 

focus on materials development, degradation mechanisms and system 

concepts rather than on systematic, stack scale operating sensitivities. 

What has largely been missing is a systematic, statistically rigorous 

quantification of how operating parameters affect stack voltage in com­

mercial scale stacks, and a same hardware benchmark under matched 

DoE ranges and boundary control strategy between steam electrolysis 

and co-electrolysis.

In our earlier work [10], we quantified parameter effects for co-

electrolysis using a Design of Experiments (DoE) approach on a commer­

cial electrolyte-supported (ESC) stack. This approach made it possible to 

separate and quantify main, quadratic and interaction effects in a sta­

tistically consistent way and to highlight which factors most strongly 

determined stack performance.

The present study builds on this methodology and extends it to 

steam electrolysis using the same five-cell ESC stack and an identical 

DoE framework, so that results can be compared directly. We report 

a new, non-overlapping steam-mode dataset acquired on the identical 

stack and under the same DoE conditions, enabling a same-hardware 

benchmark under matched DoE ranges and boundary-control strategy at 

commercial scale. In addition to quantifying the impact of current den­

sity, air-outlet temperature, fuel flow rate and inlet steam fraction, we 

include complementary electrochemical diagnostics. Electrochemical 

impedance spectroscopy (EIS), distribution of relaxation times (DRT) 

and spatial temperature measurements are used to link the observed 

statistical effects to underlying physical processes such as mass trans­

port, polarisation losses and thermal gradients. This combined approach 

provides a robust basis for direct comparison of operation modes and 

supports plant-level decision-making for Power-to-X route selection.

The main contributions of this study are threefold:

• Quantification of parameter effects: A statistical evaluation of main, 

quadratic and interaction effects of four operating parameters on 

stack voltage during steam electrolysis in a commercial-scale ESC 

stack.

• Electrochemical diagnostics: Additional analysis with EIS, DRT and 

spatially resolved temperature measurements provides a mechanistic 

interpretation of the observed parameter sensitivities.

• Benchmarking of operation modes: A direct, same-hardware compari­

son under matched DoE ranges and boundary-control strategy with 

our previous co-electrolysis study highlights differences in parame­

ter influence and shows the higher power demand of co-electrolysis 

within the explored operating window.

Together, these results support the optimisation of SOE operation and 

inform system-level decisions on hydrogen versus syngas production 

routes.

1.1 . Thermodynamics

From a thermodynamic perspective, both steam electrolysis and 

co-electrolysis are strongly endothermic processes. In the following, 

the reaction equations for both steam and co-electrolysis are shown, 

whereby the reaction enthalpies at 800 ◦C were either taken from the 

literature [11] or calculated using the software HSC Chemistry 10 from 

© Metso [12].

The half reactions at the fuel side for steam and CO2 electrolysis can 

be written as follows:

H2O + 2e− ⇌ H2 + O2−, Δ𝐻◦
800 = +1179 kJ mol−1, (1)

CO2 + 2e− ⇌ CO + O2−, Δ𝐻◦
800 = +1213 kJ mol−1, (2)

and the corresponding half reaction at the air electrode is

O2− ⇌ 1
2O2 + 2e−, Δ𝐻◦

800 = −931 kJ mol−1. (3)

Combining these half reactions yields the overall reactions:

H2O ⇌ H2 +
1
2O2, Δ𝐻◦

800 = +248 kJ mol−1, (4)

CO2 ⇌ CO + 1
2O2, Δ𝐻◦

800 = +282 kJ mol−1. (5)

In a conventional route, CO2 is converted by combining steam electrol­

ysis with a downstream reverse water–gas shift (RWGS) reactor,

CO2 + H2 ⇌ CO + H2O, Δ𝐻◦
800 = +34 kJ mol−1, (6)

In co-electrolysis, the electrochemical and RWGS contributions oc­

cur simultaneously in the fuel electrode. In thermodynamic terms, 

the total enthalpy change involved in producing a given syngas com­

position is comparable for ’steam electrolysis + RWGS’ and direct 

co-electrolysis. However, the distribution of thermal and electrical en­

ergy input differs between the stack and any downstream auxiliary

reactor.

The interaction between these coupled equilibria and the electro­

chemical driving force influences the achievable voltage, conversion and 

product gas composition. Understanding these relationships is therefore 

essential in order to explain potential differences in the performance of 

steam electrolysis and co-electrolysis, which provides a motivation for 

the present comparative study.

2 . Experimental setup

2.1 . Cell and stack design

All experiments were performed on the same five-cell electrolyte-

supported (ESC) stack that was also used in our earlier co-electrolysis 

study [10]. In the present work, the stack was operated exclusively in 

steam electrolysis mode in order to allow a direct comparison with the 

co-electrolysis results.

Each single cell consisted of a screen-printed Ni/GDC fuel elec­

trode with a thickness of approximately 40 µm, a strontium-doped 

lanthanum manganite (LSM) air electrode about 50 µm thick, and a 

dense 10Sc1CeSZ electrolyte layer with a thickness of around 165 µm. 
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Fig. 1. Schematics of stack flow configuration with thermocouples placed di­

rectly in the air flow channel of the middle cell shown as pink  solid circles. 

The thermocouples placed outside of the stack on top and bottom are shown as 

red  and green  solid circles, respectively. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.)

The metallic interconnects were produced from powder-processed CFY 

alloy and had external dimensions of 130 × 150 mm2. The effective ac­

tive area of each cell was 127 cm2, and the stack was operated in a 

cross-flow configuration.

The open-channel design on the air side made it possible to insert a 

thermocouple directly into the flow field of the central cell. These in-

cell measurements do not provide a fully resolved temperature field and 

should be regarded as indicative rather than representative of the com­

plete distribution. In addition, type N thermocouples were placed at the 

fuel and air inlets and outlets, and two type K thermocouples recorded 

the temperatures at the top and bottom of the stack housing. The over­

all layout of the flow fields and thermocouple positions is illustrated in 

Fig. 1. Further background information on this stack type can be found 

in [6,7,13].

2.2 . Test rig

The steam-electrolysis setup used a five-cell electrolyte-supported 

stack inside a high-temperature furnace. Fuel and air were preheated up­

stream to near furnace temperature to prevent condensation. Hydrogen 

and air flow rates were controlled by thermal mass flow controllers 

(Voegtlin, Switzerland) [14] and steam was supplied by a continu­

ous generator. Downstream, the gases passed through a condenser 

to remove excess water before safe venting. Although no off-gas 

analysis was performed, the condenser prevented moisture accumu­

lation in the exhaust and ensured safe handling. The stack was con­

nected to a programmable DC supply for current control and voltage

measurement.

Furnace power was adjusted in feedback to hold the stack air-outlet 

temperature 𝑇air,out at a prescribed setpoint. All experiments were car­

ried out at near-ambient pressure (approximately 1 bar absolute), and 

stack pressure was not varied as an independent operating parameter. 

According to the stack manufacturer the maximum allowable pressure 

difference between the anode and cathode and between each gas chan­

nel and the ambient is below 100 mbar, so the stack was operated close 

to ambient pressure on both sides. A type N thermocouple at the outlet, 

typically the hottest location, provided the measurement. 𝑇air,out was a 

design factor in the DoE and was maintained at its level for each run, 

with the controller compensating for reaction-heat changes with current 

density to keep 𝑇air,out stable within the tested window. Additional type N 

thermocouples at the air and fuel inlets and outlets monitored boundary 

conditions.

A schematic of the rig, including flow paths and sensor positions, is 

shown in Fig. 2. Relative to our earlier work, the schematic was redrawn 

and simplified for clarity, and the carbonaceous mass flow controllers 

were omitted because they were not used in the steam-electrolysis 

experiments.

Fig. 2. Schematics of stack test rig for steam electrolysis operation.

2.3 . Design of experiments

To systematically evaluate the influence of operating parameters 

on stack performance, a Design of Experiments (DoE) approach was 

applied. A central composite inscribed (CCI) test plan was selected, 

which combines factorial, axial and centre points and is well suited for 

capturing both linear and nonlinear parameter effects, as well as first-

order interactions. In total, 28 experiments were conducted according 

to this plan, including repeated centre points to assess repeatability and 

experimental uncertainty.

The four operating parameters investigated were:

• Current density

• Fuel flow rate

• Educt share in the inlet fuel mixture

• Air-outlet temperature of the stack

These parameters were selected because they can be controlled re­

liably in the test rig and are known to strongly influence both stack 

voltage and gas conversion. Furthermore, adopting the same parameter 

set as in our earlier co-electrolysis study [10] ensures direct compara­

bility between the two operation modes, so that observed differences 

can be attributed to the underlying process rather than to differences 

in the experimental design. In the present work, the air-outlet tem­

perature denotes the manipulated furnace-control setpoint and not a 

passive outcome. Its specific role as a control variable and its coupling 

to current density are discussed in Section 2.2. This choice also reflects 

typical practice in system-relevant hotbox stack operation, where the 

air-outlet temperature is used as the reference temperature for stack 

control to maintain the desired thermal state under varying electrical 

loads [15]. The variation ranges for all four factors are listed in Table 1, 

while the air flow rate was kept constant at 30 slpm for all experi­

ments. Conditions were harmonized across modes by using the identical 

stack and test rig, the same DoE structure and parameter ranges (cur­

rent density, fuel flow, air-outlet temperature control, air flow), while 

feed composition necessarily differed between steam electrolysis and co-

electrolysis. Throughout this manuscript, educt share means the inlet 

oxidant fraction at the fuel inlet, equal to 𝑥H2O,in in steam electrolysis 

and to 𝑥H2O,in + 𝑥CO2 ,in in co-electrolysis.

The experimental results were evaluated using a quadratic regression 

model of the form

𝑦 = 𝛽0 +
4
∑

𝑖=1
𝛽𝑖𝑥𝑖 +

4
∑

𝑖=1
𝛽𝑖𝑖𝑥

2
𝑖 +

4
∑

𝑖=1

4
∑

𝑗=𝑖+1
𝛽𝑖𝑗𝑥𝑖𝑥𝑗 ,

where 𝑦 denotes the response (e.g. average stack voltage), 𝑥𝑖 are the 

coded values of the four parameters, and 𝛽 are the regression coeffi­

cients. This model structure is standard for CCI designs and enables the 

quantification of
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Table 1 

Boundary conditions for the investigated operating pa­

rameters.

Low Mid High Unit

Fuel flow rate 4 5.5 7 slpm

Current density 100 200 300 𝑚𝐴
𝑐𝑚2

Educt share 20 50 80 %

Air-outlet temperature 800 824 847 ◦C

Air flow rate 30 slpm

• linear effects of each parameter,

• quadratic effects describing curvature, and

• interaction effects capturing the combined influence of two parame­

ters.

In the present study, this regression framework not only provides 

the statistical basis for identifying parameter sensitivities in steam elec­

trolysis but also serves as a consistent reference for comparison with 

our earlier co-electrolysis dataset. This comparative application high­

lights differences in how operating parameters influence the two modes 

and thereby extends the methodology beyond a single-process analy­

sis. In the present work the primary electrochemical response metric in 

the design of experiments is the stack voltage, from which the specific 

electrical energy demand is derived.

2.4 . Analysis methods

To allow a direct comparison with our earlier co-electrolysis study 

[10], the same type of measurement and evaluation procedures were 

used here. The main steps are summarized in the following.

During the experiments, current, voltage and temperature were mon­

itored continuously. Electrochemical impedance spectroscopy (EIS) was 

additionally performed at those operating points defined by the test 

plan, and the spectra were evaluated by means of distribution of re­

laxation times (DRT) analysis. For the impedance measurements we 

applied the fast-EIS approach of Boskoski et al. [16], which relies on 

a pseudo-random binary sequence (PRBS) as an excitation signal. This 

method covers a wide frequency range within a short acquisition time. 

The perturbation amplitude was set to 4 % of the applied DC current.

For the DRT evaluation, the recorded spectra were first checked with 

the Kramers-Kronig (KK) test. Data points with a deviation larger than 

3 % from the KK prediction were excluded. The DRT itself was then 

calculated according to Wan et al. [17], using a Gaussian window, a 

regularisation factor of 10−3 and a shape parameter of 2.25. These values 

were kept unchanged compared to our previous work to ensure that the 

results are directly comparable between steam and co-electrolysis.

DRT frequency survey for SOE process interpretation

To help with the interpretation of the DRT spectra, the literature sur­

vey that we compiled in [10] was updated and expanded. The overview, 

shown in Fig. 3, separates fuel- and air-electrode related processes and 

marks those that are specifically linked to CO2. It should be read as a 

working aid rather than a fixed classification, since frequency ranges 

often overlap and several processes can contribute at the same time.

From the reviewed literature, some general tendencies can neverthe­

less be pointed out:

• At frequencies below roughly 100 Hz, peaks are usually connected 

with gas diffusion or conversion processes at both electrodes.

• In the range between about 100 and 1000 Hz, charge transfer 

and mass transport phenomena dominate, particularly at the air 

electrode.

• At frequencies above 1000 Hz, features are most often related to ionic 

transport and charge-transfer processes in the fuel electrode.

The assignments in Fig. 3 should therefore be regarded as indicative 

trends rather than strict boundaries. They reflect the current state of 

knowledge in the literature and serve here only as a reference for 

discussing the experimental spectra.

2.5 . Calculation of derived responses

In addition to stack voltage, several derived quantities were calcu­

lated in order to place the results in a broader performance context and 

to ensure comparability with our previous co-electrolysis study [10].

• Hydrogen production rate: The hydrogen molar flow rate 𝑛̇𝐻2
 is 

defined as follows:

𝑛̇𝐻2
=

𝑖 𝐴cell 𝑁cell
2 𝐹 ⋅ 103

[mol
s

]

,

with 𝑖 the applied current density in mA
cm2 , 𝐴cell = 127 cm2 the active 

electrode area of one cell, 𝑁cell = 5 the number of cells in the stack, 

and 𝐹 = 96485 C
mol  the Faraday constant. The result is obtained in 

mol
s .

• Specific electrical energy demand: The electrical energy demand per 

mole of hydrogen 𝑒mol is defined as follows:

𝑒mol = 2 𝐹𝐸,

with 𝐸 the measured stack voltage in V and 𝐹  the Faraday constant 

in C
mol . The result is obtained in J

mol . For comparison with literature, 

the value per normal cubic metre 𝑒Nm3  is defined as:

𝑒Nm3 =
𝑒mol ⋅ 1000

3.6 × 106 ⋅ 22.414
,

corresponding to 1 Nm3 of dry gas at 0 ◦C and 1 atm (molar volume 

22.414 L mol-1). The result is obtained in kWh
Nm3 .

Electricity price context. Electricity cost assumptions are anchored in 

Germany’s corporate renewable PPA index (IEA, 2023). We use the P50 

(median) of the most recent 12-month window (Mar 2022-Mar 2023) as 

the base case. The P25-P75 band (𝑒86-𝑒103 MWh-1) is used for sensitivity 

[31].

3 . Results and discussion

This section quantifies how the investigated operating parameters 

in steam electrolysis affect the stack voltage. Effects were estimated 

using a quadratic response-surface model on coded variables from a 

central-composite-inscribed design, including all linear terms, first-order 

interaction terms and quadratic terms. Statistical significance was as­

sessed at 𝑝 < 0.05. For interpretability, we report effect magnitudes 

in physical units by back-transforming coded coefficients to the ex­

perimental ranges. Per-unit effect values and ranked magnitudes are 

visualized in Fig. 4(b). To link statistics with mechanisms, we dis­

cuss the most influential factors using a compact triad consisting of 

(i) Nyquist/EIS features, (ii) DRT peak behaviour, and (iii) in-plane 

temperature distributions from the multi-probe measurements.

3.1 . Steam electrolysis evaluation - effects on stack voltage

Fig. 4 summarizes the main findings. In panel (a), each factor is 

varied across its coded range while the others are held at their mid 

levels; dots show measured voltages. In panel (b), the statistically sig­

nificant effects (linear, quadratic, first-order interactions) are ranked by 

magnitude.

Three robust trends emerge:

• Direction of effects. Increasing current density increases voltage (pos­

itive effect), whereas increasing air-outlet temperature, inlet steam 

fraction (educt share, 𝐻2𝑂𝑖𝑛), and fuel flow rate decreases voltage 

(negative effects).

• Curvature. Only 𝐻2𝑂in shows a non-linear trend, which is strong at 

the low end and weaker at the high end.
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Fig. 3. Overview of processes and mechanisms as a function of DRT frequency from literature. Coloured horizontal lines indicate frequency ranges where processes 

have commonly been reported: fuel electrode (FE) processes ( ), air electrode (AE) processes ( ). Brown bullet markers ( ) highlight phenomena that are specifically 

associated with CO2. The overview is intended as a guide for interpretation rather than a strict classification [18]. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Main-effect trends for stack voltage in steam electrolysis. Each oper­

ating parameter is varied over its coded range (−1, 0,+1) while the others are 

fixed at their mid levels. Dots represent measured voltages, and connecting lines 

serve as visual guides (b) Ranked relative magnitudes of statistically significant 

linear and quadratic main effects and first-order interaction effects from the 

OLS quadratic model (𝑝 < 0.05). Bars are normalised to the largest effect and 

numeric labels indicate the corresponding per-unit sensitivities in physical units 

(e.g. 𝑚𝑉 ⋅ 𝑚𝐴
𝑐𝑚2

−1
).

• Interactions. No first-order interaction terms reach significance at 

𝑝 < 0.05 within the explored ranges.

Per-unit effect magnitudes and the corresponding ranked comparison 

appear in Fig. 4(b). Effects are given as mV ⋅ (unit)−1, where the denom­

inator matches the factor’s physical unit (mA cm−2, %𝐻2𝑂𝑖𝑛
, K, slpm). In 

the main text we round values to three significant figures.

Fig. 5. (a) Nyquist and (b) DRT for current-density changes. The spatial tem­

perature change when increasing the current density from 100 to 200 𝑚𝐴
𝑐𝑚2  and 

from 200 to 300 𝑚𝐴
𝑐𝑚2  is depicted in (c) and (d), respectively. Fuel enters from the 

bottom and air flows from right to left in (c) and (d).

Current density

In steam electrolysis mode, the current density was the most influ­

ential parameter on the stack voltage. An increase in the current density 

by one 𝑚𝐴
𝑐𝑚2  results in an increase in the stack voltage by 3.70 mV.

Despite a slight non-linearity observable in Fig. 4(a) at higher current 

density values, only a linear influence of the current density was found 

to be statistically significant. The observed voltage change follows the 

expected behaviour according to Ohm’s law. Fig. 5 provides further de­

tails on the influence of the current density on the underlying processes 
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Fig. 6. (a) Nyquist and (b) DRT for educt content changes. The spatial temper­

ature change when increasing the educt share from 20 to 50 % and from 50 to 

80 % is depicted in (c) and (d), respectively. Fuel enters from the bottom and 

air flows from right to left in (c) and (d).

and mechanisms in the investigated stack via the Nyquist (a), DRT (b), 

and spatial temperature distribution plots (c) and (d).

Only subtle changes are distinguishable in the Nyquist plots, under­

pinning the linear nature of the effect. Increasing the current density 

leads to a minor increase in ohmic resistance, seen as a rightward shift 

of the high-frequency intercept with the 𝑥-axis in (a). The spatial tem­

perature distribution plots (c) and (d) offer a potential explanation for 

this observation: increasing from 100 to 200 𝑚𝐴
𝑐𝑚2  (subplot (c)) and from 

200 to 300 𝑚𝐴
𝑐𝑚2  (subplot (d)) results in a local temperature drop of up to 

5 K in each case. This drop might have been caused by the endothermic 

nature of the water-splitting reaction [32]: 

H2O → H2 +
1
2 O2; Δ𝐻298K = +241.7 kJ/mol (7)

Comparison of the DRT plots for each current density shows changes 

at low (∼10 Hz), medium (∼100–200 Hz), and high (>1000 Hz) 

frequencies. Low-frequency changes are associated with diffusion pro­

cesses of both the fuel [8,19–25] and air electrodes [8,20,22,26] (see 

Fig. 3). Mid-frequency peaks are mainly correlated with air-electrode-

related processes [22,23,27,29], and high-frequency processes with 

fuel-electrode-related processes [20,23,27,28,30]. For further details on 

the ongoing processes and mechanisms see Fig. 3.

Educt content

The second most influential operating parameter in steam electrol­

ysis was the educt share, also referred to as the inlet steam fraction 

(𝐻2𝑂in). In contrast to the effect of current density, which showed only 

a linear behaviour, the educt content led to a non-linear change in 

the stack voltage. Increasing the educt share causes a non-linear de­

crease in the stack voltage, with a linear term of −9.70 mV (%𝐻2𝑂in
)−1

and a quadratic term of 0.124 mV (%𝐻2𝑂in
)−2. An explanation for this 

observation may be found in the Nyquist and DRT plots in Fig. 6.

While the observed increase in ohmic resistance might be attributed 

to a local cool-down of more than 11 K when increasing the educt share 

Table 2 

Comparison of the measured voltage values for cell 2 with the sum of the 

calculated Nernst potential and the voltage drop from the Nyquist total 

resistance for steam electrolysis operation.

Educt 

(%)

𝑇cell
(◦C)

𝐸Nernst
(V)

Δ𝐸Nyq
(V)

𝐸calc
(V)

𝐸meas
(V)

Δ𝐸
(mV)

20 802 1.004 0.185 1.189 1.173 16

50 793 0.943 0.144 1.087 1.082 5

80 786 0.882 0.134 1.016 1.034 18

Note: Frequency bands in the DRT plots are indicative and may shift with 

the chosen regularization. The qualitative trend with educt share remains 

the same.

from 20 % to 50 % and from 50 % to 80 %, respectively, the non-linear 

nature of the voltage change appears to stem from the significant change 

at low frequencies, where only at low educt shares a peak of ∼ 3 mΩ
arises at < 1 Hz. Matching these observations with the findings from the 

literature review (see Fig. 3) indicates that the low-frequency peak is 

caused by insufficient reactant supply, which hinders diffusion to and 

from the reactive zones.

Comparing the impedance changes with the stack voltage trend in 

Fig. 4(a) (  line) might raise the question of why the impedance de­

creases from 20 % to 50 % and then increases again from 50 % to 

80 %, and how this matches the monotonic decrease in stack voltage. 

The answer lies in the substantial change in the Nernst potential with 

educt share [33]: 

𝐸 =
−Δ𝐺𝑓,H2O(𝑇 )

2 𝐹
− 𝑅𝑇

2 𝐹
ln
⎛

⎜

⎜

⎝

𝑦H2O

𝑦H2
𝑦1∕2O2

⎞

⎟

⎟

⎠

, (8)

where 𝐹  is the Faraday constant, Δ𝐺𝑓,H2O(𝑇 ) is the change in Gibbs 

free energy for water formation at temperature 𝑇 , 𝑅 is the universal gas 

constant, and 𝑦H2O, 𝑦H2
, and 𝑦O2

 are the mole fractions at the respective 

electrodes. Table 2 lists the Nernst potentials 𝐸Nernst corresponding to 

the three impedance cases in Fig. 6. These potentials are calculated using 

the average cell temperature 𝑇cell measured by thermocouples positioned 

in the air-flow channels. The voltage drop derived from the impedance 

data, Δ𝐸Nyq, is obtained from the total resistance (low-frequency 𝑥-axis 

intercept) and the applied current density of 200 mA cm−2 (25.4 A). The 

calculated voltage, 𝐸calc = 𝐸Nernst + Δ𝐸Nyq, differs from the measured 

voltage 𝐸meas by only a few millivolts (see Δ𝐸).

Temperature

Increasing the air-outlet temperature was found to decrease the stack 

voltage during steam electrolysis when all other operating parameters 

were held constant. The voltage decreases by 6.98 mV for a 1 K increase. 

In contrast to previous findings for co-electrolysis, only the isolated 

linear term of this effect was statistically significant in steam electrol­

ysis [10]. This is not in conflict with earlier results, because a small 

dependence via current density may still exist, although within the 

explored range it is too small to be significant.

In Fig. 7, changes in impedance, DRT, and local temperature can 

be observed. Panel (a) shows a clear shift in impedance toward lower 

ohmic resistance as temperature increases. The corresponding DRT plot 

in (b) indicates changes around ∼10 Hz and ∼100 Hz, together with 

a marked reduction of the high-frequency peak (>1000 Hz). These 

observations follow the trend reported in the literature, where the 10 Hz-

10 kHz range shows strong temperature dependence [8]. The peaks 

are associated with diffusion at both fuel and air electrodes for the 

low-frequency feature [8,19–26], gas-conversion and mass-transfer pro­

cesses at mid-lower frequencies on both electrodes [19,20,22–28], and 

ionic or electronic transport at the fuel electrode for the high-frequency 

feature [20,23,27,28,30] (see Fig. 3). As shown previously, the tem­

perature dependence of the fuel electrode and the electrolyte appears 

to be responsible for the observed changes [10]. DRT frequency bands 
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Fig. 7. (a) Nyquist and (b) DRT for air-outlet temperature changes. The spa­

tial temperature change when increasing the air-outlet temperature from 800 

to 824 ◦C and from 824 to 847 ◦C is depicted in (c) and (d), respectively. To 

better visualize the local change, the neutral colour between red and blue is set 

at Δ𝑇 = 23.5 ◦C. Fuel enters from the bottom and air flows from right to left in 

(c) and (d). (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.)

Fig. 8. Nyquist and DRT for midpoint evaluation. The same operating point was 

measured four times at random points in time to assess measurement variance.

are approximate and can shift with the chosen regularization, while the 

qualitative temperature trend remains unchanged.

3.2 . Evaluation of experimental standard deviation

To quantify the variance of the measurements, the midpoint oper­

ating condition (see Table 1) was repeated four times in random order 

during the experimental campaign. Fig. 8 shows the Nyquist (a) and DRT 

(b) plots for these repetitions.

The mean total resistance was 0.682 Ω cm2 and the standard deviation 

was 0.00740 Ω cm2, which corresponds to a coefficient of variation of 

1.08 %. This value is lower than the coefficient of variation of 1.86 %
measured during co-electrolysis in our previous work, so we consider 

Table 3 

Range of investigated operating parameters. The first four 

parameters were varied in both steam and co-electrolysis. 

The H2x/COy  inlet ratio was varied only in co-electrolysis.

Low Mid High Unit

Fuel flow rate 4 5.5 7 slpm

Current density 100 200 300 mA cm−2

Educt content 20 50 80 %

Air-outlet temperature 800 824 847 ◦C

H2x/COy  inlet ratio 1.5 2 2.5 –

the repeatability sufficient for the conclusions drawn here [10]. The total 

resistance was taken as the low-frequency intercept on the 𝑥-axis of the 

Nyquist plot.

3.3 . Steam vs. co-electrolysis comparison

To quantify the differences between the two modes, we compared 

the effect scores from the DoE evaluation in this work with those from 

our previous co-electrolysis study [10]. For readability the parameter 

ranges are summarized in Table 3. Conditions were harmonized across 

modes by using the identical stack and test rig, the same DoE structure 

and parameter ranges (current density, fuel flow, air-outlet temperature 

control, air flow), while feed composition necessarily differed between 

steam electrolysis and co-electrolysis.

The main results are:

• Within the DoE ranges, current density and air-outlet temperature 

have a larger impact on stack voltage in co-electrolysis than in steam 

electrolysis, by 10.9 % and 19.6 %, respectively.

• The influence of the educt share on voltage is smaller in co-

electrolysis, and its non-linear component is reduced.

• At matched conditions and higher current densities there is a mod­

est increase in electricity demand of about 2 % for co-electrolysis at 

H2x/CO𝑦=2.

Fig. 9 indicates the likely mechanisms behind the stronger voltage 

sensitivity to current density in co-electrolysis. In panel (a) both the 

ohmic and total resistances are higher for co-electrolysis. In panel (b) 

the mid-low frequency magnitude in the range of about 20–150 Hz is 

larger, which is associated with diffusion, mass transfer, and toward the 

upper end charge-transfer processes at the fuel electrode [8,19–25]. The 

higher ohmic resistance aligns with the lower temperatures observed for 

co-electrolysis in panel (c).

According to the literature the electrolysis of CO2 can introduce ad­

ditional DRT peaks at frequencies below 10 Hz that correspond to extra 

losses (see the brown markers in Fig. 3). Such peaks were not detected 

in our data within the investigated range. This suggests that direct CO2

electrolysis is not the dominant pathway for CO formation under our 

conditions. The presence of CO and CO2 appears to hinder the electro­

chemical reactions slightly, especially diffusion and charge transfer as 

reflected in the mid-low frequency DRT range.

The effect of fuel flow rate differs by 13.3 % between modes (−19.3
versus −16.8 mV slpm−1), yet its magnitude is only about 4–5 % of the 

current density effect. The relative change in its effect therefore needs 

careful interpretation, because the absolute impact is small compared 

with the dominant factors.

Table 4 summarizes and directly compares the effect magnitudes for 

both modes. These comparisons apply within the explored parameter 

space.

Despite these differences in per-unit effects, the resulting stack-

voltage gap between modes is modest.

Fig. 10 compares matched conditions. Steam values come from this 

work except for the highest current density, which was measured in an 

additional run for this comparison. Co-electrolysis values are taken from 

our previous studies [10,34]. Both configurations share an air-outlet 
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Fig. 9. (a) Nyquist and (b) DRT at the DoE midpoint for steam (blue) and co-

electrolysis (orange). Panel (c) shows the temperature difference steam minus 

co-electrolysis. Negative values appear blue and indicate slightly lower cell tem­

peratures in co-electrolysis. Lines in (a) indicate measurements and markers 

show fitted reconstructions. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)

Table 4 

Comparison of effect values for operating parameters on stack volt­

age in steam and co-electrolysis. Co-electrolysis values are reprinted 

from [10]. Values rounded to three significant figures.

Effect Steam Co-el Unit Change (%)

current density 3.70 4.11 mV ⋅ (mA cm−2)−1 +10.9 %

Educt content −9.70 −8.27 mV ⋅ (%Educt)
−1 −14.7 %

𝑇Air out −6.98 −8.35 mV ⋅ K−1 +19.6 %

Educt content2 0.124 0.083 mV ⋅ (%Educt)
−2 −32.9 %

Fuel flow rate −19.3 −16.8 mV ⋅ slpm−1 −13.3 %

temperature of 824 ◦C, a fuel flow of 5.5 slpm, an educt share of 50 %, 

and current densities of 100, 200, 300, and 466.5 mA cm−2. The H2x/COy

ratio for co-electrolysis is 2. At 200 mA cm−2 the error bars denote the 

95 % confidence interval from the CCI midpoint repeats. The lower panel 

shows the relative change in stack voltages with current.

With increasing current, the voltage difference grows and co-

electrolysis exhibits higher voltages. At the highest current density, the 

relative gap narrows to slightly above 2 %. The EIS, DRT and tempera­

ture comparison in Fig. 9 show changes below 100 Hz when switching 

from steam to co-electrolysis, which we attribute to diffusion-related 

processes based on Fig. 3. Temperature differences may also contribute, 

since co-electrolysis yields slightly lower stack temperatures. These ob­

servations point to a small additional loss associated with the presence of 

CO2 and CO in co-electrolysis. The absence of distinct CO2-specific DRT 

Fig. 10. Measured stack voltage for steam and co-electrolysis at 50 % educt 

share, 824 ◦C, and various current densities. Co-electrolysis is at H2x/CO𝑦=2. 

The co-electrolysis values are from [10,34]. Error bars at 200 mA cm−2 show the 

95 % confidence interval from the four repeated midpoint measurements. The 

lower panel shows the relative voltage difference of co-electrolysis versus steam.

Table 5 

All investigated operational parameters in the course of the CCI test plan for 

steam electrolysis operation. The midpoint evaluation IDs are highlighted in 

bold.

ID Current density 

in mA/cm2

Temperature 

in ◦C

Fuel flow rate 

in slpm

Educt 

share

EStack

in V

0 153 812 4.788 0.642 5.194

1 247 812 4.788 0.642 5.578

2 153 835 4.788 0.642 5.064

3 247 835 4.788 0.642 5.390

4 153 812 6.212 0.642 5.189

5 247 812 6.212 0.642 5.559

6 153 835 6.212 0.642 5.059

7 247 835 6.212 0.642 5.364

8 153 812 4.788 0.358 5.441

9 247 812 4.788 0.358 5.828

10 153 835 4.788 0.358 5.317

11 247 835 4.788 0.358 5.659

12 153 812 6.212 0.358 5.419

13 247 812 6.212 0.358 5.782

14 153 835 6.212 0.358 5.298

15 247 835 6.212 0.358 5.605

16 200 824 5.5 0.5 5.393

17 200 824 5.5 0.5 5.384

18 100 824 5.5 0.5 5.052

19 300 824 5.5 0.5 5.743

20 200 800 5.5 0.5 5.571

21 200 847 5.5 0.5 5.241

22 200 824 4 0.5 5.432

23 200 824 7 0.5 5.374

24 200 824 5.5 0.8 5.158

25 200 824 5.5 0.2 5.857

26 200 824 5.5 0.5 5.395

27 200 824 5.5 0.5 5.403

peaks in our previous work [10], together with the weak voltage gap at 

high current, may indicate that the reverse water–gas shift reaction is 

the dominant pathway for CO formation under the present conditions. 

Further work under varied conditions would be needed to confirm the 

contribution of RWGS across a wider space.
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Fig. 11. Plant-scale benchmark (scaling factor ×6000) using the identical stack 

and test rig with matched DoE ranges. Top: specific electrical energy demand 

𝑒Nm3  (kWh Nm-3) versus plant production (Nm3 h-1). Bottom: plant DC power 

(MW) versus plant production. DC stack side quantities (cell voltage, stack 

power, specific electricity demand) are linearly upscaled from Fig. 10 to rep­

resent a ∼2.2 MW plant of 1000 stacks with 30 cells each, assuming identical cell 

design and operating window. Intensive metrics remain scale-invariant while 

power and production rate scale with active area and cell count. System-level 

manifold, thermal and auxiliary effects, as well as long term degradation, are 

not included. Error bars at 317 Nm3 h-1 indicate 95 % confidence intervals from 

DoE midpoint experiments at 200 mA cm-2 (𝑛 = 4).

Fig. 10 can also be viewed as a representative IV curve for the tested 

electrolyte-supported stack (ESC) under the specified operating condi­

tions. According to the stack manufacturer the recommended maximum 

reactant conversion on the fuel side is about 80 %. All DoE operating 

points were chosen such that reactant conversion remained below this 

limit. In addition, an extra operating point at 466.5 mA cm-2 was mea­

sured outside the DoE grid, which corresponds to approximately 75 % 

reactant conversion. This confirms that both the DoE operating win­

dow and the additional high-load point lie close to industrially relevant 

operation for this commercial ESC stack (Table 5).

Fig. 11 translates the observed voltage differences into a plant-

scale view. At matched production rates co-electrolysis requires slightly 

higher DC power and specific electricity demand than steam electrol­

ysis, consistent with the per-unit effect differences. The magnitude is 

small and the error bars at the centre point confirm that the difference 

is statistically meaningful yet practically modest within the investigated 

ranges. At the plant scale, the 0.051 MW higher DC power observed at 

466.5 mA cm-2 amounts, for 7,500 h yr-1 operation, to ≈ 383 MWh yr-1

additional electricity, corresponding to about 𝑒33,000-𝑒39,000 yr-1 as­

suming 𝑒86-𝑒103 MWh-1 PPA-aligned prices. This figure refers only to 

DC electricity demand and electricity costs at the stack level. The addi­

tional investment and operating costs of a separate RWGS reactor and 

the rest of the balance of plant are not included and are outside the scope 

of the present study.

Note on scaling and representativeness. The experiments were conducted 

on a five cell stack, whereas a commercial module uses 30 cells con­

nected in series. For the plant level comparison we apply a linear 

area and current scaling (factor 𝑆 = 6000) to DC stack side quantities 

only, assuming identical cell type, geometry and materials. According 

to Faraday’s law the molar production rate is proportional to the total 

current. This means it is proportional to current density multiplied by 

active area. In an idealised description of the stack, hydrogen and syn­

gas production therefore scale linearly with stack area and stack current 

when the cell design and gas compositions are unchanged. In this rep­

resentative cell description, increasing the number of identical cells in 

series does not change the average per cell voltage 𝐸cell or the average 

specific electrical energy demand 𝑒Nm3 . In contrast, extensive quanti­

ties such as power 𝑃  and product rate 𝑉̇  scale with active area and cell 

count. The tested cells share the design used in a 30 cell module, so 

the five cell stack is intended as a representative repeating unit of that 

module. A similar experimental strategy, where a single stack represen­

tative of a larger reversible SOC module is characterised on a laboratory 

rig and the resulting operating window is used to define operating con­

ditions for a 150 kW rSOC module, has been reported by Königshofer 

et al. [9]. In practical 30 cell hotboxes, local pressure drops, gas com­

position gradients and temperature inhomogeneities will lead to some 

spread in cell performance along the stack. The invariance of intensive 

quantities can therefore only be expected to hold approximately. The 

present plant scale translation should be viewed as an illustrative ap­

plication of a representative cell description. System level effects are 

discussed in the following paragraph and would require dedicated mod­

elling. At full scale, several secondary effects could slightly alter the 

performance: manifold and header pressure losses may change local gas 

composition and utilisation, temperature gradients can evolve differ­

ently as module length and insulation increase, some balance-of-plant 

heat losses and auxiliary power demands are not represented in the 

stack-level model, and long-term degradation under sustained load may 

also influence absolute power and production values.

4 . Conclusion

This work introduces a new, non-overlapping steam-electrolysis 

dataset on a five-cell ESC stack and provides, to our knowledge, a same-

hardware benchmark against previously published co-electrolysis data 

under matched DoE ranges and boundary control at commercial scale. 

The tested cells share the design used in a 30-cell module, enabling a 

representative comparison.

Within steam electrolysis, the influence of inlet steam fraction, 

air-outlet temperature, fuel flow rate and current density on stack volt­

age was quantified using a central composite inscribed design and a 

quadratic response-surface model. EIS and DRT linked statistical effects 

to processes, and in-plane temperature measurements supplied spatial 

context. Repeatability at the midpoint condition showed a coefficient of 

variation of 1.08 %, indicating adequate stability for effect estimation 

within the explored ranges.

The main findings for steam electrolysis are:

• Current density is the primary driver of stack voltage and is approx­

imately linear within the tested window.

• The educt share (H2Oin) reduces voltage with a detectable quadratic 

component that is strongest at low steam fractions and weaker 

at higher values. Low-frequency DRT changes indicate diffusion 

and conversion contributions, and changes in the Nernst potential 

explain the overall voltage trend across the range.

• Higher air-outlet temperature lowers voltage through reductions in 

ohmic and charge-transfer losses, consistent with the temperature 

sensitivity observed in the impedance and DRT spectra.

• Fuel flow rate shows a small negative effect relative to the other 

factors. First-order interaction terms did not reach statistical signifi­

cance at 𝑝 < 0.05 within the present design and variance, yet modest 

dependencies cannot be excluded.

A same-hardware comparison with co-electrolysis under matched 

DoE conditions showed:

• Current density and air-outlet temperature exhibit larger per-unit ef­

fects on voltage in co-electrolysis than in steam electrolysis by 10.9 % 

and 19.6 % within our ranges, while the educt-share effect and its 

curvature are reduced.
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• EIS and DRT at the midpoint indicate slightly higher ohmic and mid-

to-low-frequency losses in co-electrolysis. The lower stack tempera­

ture contributes to the ohmic increase, and the mid-to-low-frequency 

changes are consistent with added diffusion and charge-transfer lim­

itations in the presence of CO and CO2. CO2-related low-frequency 

DRT features reported elsewhere were not resolved under our con­

ditions.

• At matched production rates, the plant scale translation indicates 

slightly higher DC power and specific electricity demand for co-

electrolysis. The difference is small at about 2 % yet measurable 

within the reported confidence intervals. These plant scale figures 

are based on DC stack side scaling of a representative five cell stack 

and do not include system level effects such as manifold losses, 

auxiliary power or long-term degradation.

Taken together, these results provide a directly comparable, same-

hardware benchmark and quantify where the two routes diverge within 

harmonized operating windows. They offer decision-ready evidence 

that a steam-electrolysis plus reverse water–gas shift route can achieve 

syngas with a slightly lower electrical demand than co-electrolysis at 

(H2𝑥∕CO𝑦 = 2) under the present conditions, while acknowledging that 

subtle interactions may exist outside the resolution of this study and 

merit further investigation.

The present analysis focuses on short-term, quasi steady-state op­

eration and does not quantify long-term degradation behaviour. The 

operating sensitivities reported here are intended as a basis for designing 

and interpreting dedicated long-term tests. They are limited to DC stack-

side quantities and do not include the cost or integration of a separate 

RWGS reactor or other balance-of-plant components.

5 . Outlook

This study provides an overview of how key operating parameters af­

fect stack voltage in steam electrolysis. For future work, we recommend 

refining and expanding the tested range, in particular toward higher 

current densities, so that operating windows better reflect industrial 

demands and allow higher hydrogen throughput.

A fair comparison of co-electrolysis with steam electrolysis plus a 

downstream reverse water–gas shift (RWGS) reactor requires a clearer 

picture of long-term stability across the key parts of the system, espe­

cially the SOE stack and the catalysts. While this work maps short-term 

operating sensitivities on a commercial stack, long-term stability must 

be assessed through dedicated tests. We suggest long runs in both modes 

with periodic EIS and DRT so that degradation rates can be compared 

directly. In parallel, the stack results should be translated into system 

metrics under matched product targets and heat-integration layouts, 

covering DC power, specific electricity demand, and a few simple cost 

markers. Taken together, these steps would support a robust estimate of 

the levelized cost of syngas for each option and help identify operating 

points that balance performance, durability, and plant complexity.
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