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A B S T R A C T   

Hydrogen produced via water electrolysis from renewable electricity is considered a key energy carrier to 
defossilize hard-to-electrify sectors. Solid oxide cells (SOC) based reactors can supply hydrogen not only in 
electrolysis but also in fuel cell mode, when operating with (synthetic) natural gas or biogas at low conversion 
(polygeneration mode). However, the scale-up of SOC reactors to the multi-MW scale is still a research topic. 
Strategies for transient operation depending on electricity intermittency still need to be developed. In this work, 
a unique testing environment for SOC reactors allows reversible operation, demonstrating the successful 
switching between electrolysis (− 75 kW) and polygeneration (25 kW) modes. Transient and steady state ex
periments show promising performance, with a net hydrogen production of 53 kg day− 1 in SOEL operation with 
ca. − 75 kW power input. The experimental results validate the scaling approach since the reactor shows ho
mogenous temperature profiles.   

1. Introduction 

Hydrogen is a key energy carrier for the decarbonization of anthro
pocentric activities, even more when an energy crisis may threaten the 
productivity of various industrial sectors. To limit the increment of the 
average global temperature to 1.5 ◦C, a vast transformation of the en
ergy sector in terms energy production, consumption and transport is 
urgently needed [1]. The European Union’s Hydrogen Strategy aims at 
using hydrogen as energy vehicle for power generation and storage for a 
wide range of industrial, transport, mobility and building applications 
[2–4]. A pathway for hydrogen production is electrolysis via electric 
power from renewable energy sources (RES), such as wind power or 
photovoltaic systems. However, the intermittent nature of RES raises 
challenges to the stability of the electrical grid. Namely, the rapid in
crease on demand for hydrogen as energy carrier and storage medium, 
to accommodate the supply and demand fluctuation in the grid, repre
sents the urgent need to scale-up the hydrogen production from RES. 

Industrial end-users require a secure and uninterrupted supply of 
hydrogen, independent of the intermittent RES. An electrolyzer unit that 
could meet a continuous hydrogen production, is a solid oxide cell (SOC) 
reactor-module that consists of multiple stacks with numerous cells. 

Promising results at different scales, i.e. at cell and stack level, have 

contributed to the scale-up of SOC-systems up to the kW-level during the 
last decade, by implementing different SOC architectures in relevant 
operating conditions [5,6]. However, experimental data in reversible 
operation of SOC-modules, especially at higher kW-levels, are scarce 
[7–15]. Most of the research reported so far has focused on short stacks 
[16–25] with up to 10 repeating cells, referred to as repeating units 
(RUs). 

The EU project “SWITCH” aims to develop a prototype that supplies 
green hydrogen from renewable electricity (via high temperature elec
trolysis), as well as from natural gas or biogas (via reforming reactions), 
while producing electrical power. The main objective of SWITCH is to 
implement and demonstrate a polygeneration system that secures 
continuous and renewable hydrogen production. The core of such a 
system is a reversible SOC module based on fuel-electrode-supported 
cells with an advanced fuel processing unit able to manage both: 
steam generation and methane reactions. Preliminary investigations on 
a stack with 70 repeating units (RUs) have already shown promising 
results within SWITCH [26]. 

In the frame of SWITCH, this work focuses on the demonstration of a 
reversible SOC module (25 kW SOFC/75 kW SOEL). SOEL operation at 
thermoneutral voltage Uth is investigated in steady state operation, 
which corresponds to ~1.29 V per cell (for adiabatic operation) for high 
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temperature steam electrolysis. At this voltage, the cooling from the 
endothermic electrolysis reaction is balanced by the Joule-heat origi
nated from the resistances of the cells [5]. This operation mode is in 
principle denoted as isothermal operation because the difference be
tween the inlet and outlet temperatures of the cells is negligible, mini
mizing local thermal gradients and thermomechanical stresses [27,28]. 
However, when operating stack-modules external heat losses need to be 
compensated to allow isothermal operation as these are not considered 
in the adiabatic case. Therefore, such systems operate slightly above the 
thermoneutral voltage. The main objectives of this investigation are:  

(i) to demonstrate reversible operation of a 25 kW SOFC/75 kW 
SOEL module alternating between SOEL and SOFC operating 
modes during a switching procedure below 30 min, up to a daily 
hydrogen production of 50 kg (targeted hydrogen production 
capacity),  

(ii) to develop a performance map of the reactant conversion and the 
daily net hydrogen production at different temperatures in ther
moneutral operation, based on the experimental results in SOEL 
mode, 

(iii) to measure steady state data of polarization curves with a con
stant reactant conversion rate throughout the endothermic, 
thermoneutral and exothermic operation aiming at quantifying 
the area specific resistance (ASR) of the SOC module,  

(iv) to identify the benefits and limitations of the ASR estimation 
between steady state data and electrochemical impedance spec
troscopy (EIS). 

2. Materials and methods 

In this section, the description of the SWITCH system and SOC- 
reactor, called large stack module (LSM) from SolydEra are presented, 
as well as the test facility and equipment that were used for the testing 

and characterization of the LSM. 

2.1. Description of SWITCH prototype 

The main process flow diagram (PFD) of the SWITCH system is 
depicted in Fig. 1. 

Firstly, Water is purified in the Water Treatment unit (TREAT) and 
steam is generated in the Steam generator (Steam GEN). Secondly, in 
electrolysis mode, the steam is mixed with a small amount of hydrogen, 
and pre-heated to operation temperature of the SOC in the fuel pre- 
processing part. Within the SOC-module hydrogen is produced via 
electrolysis and send to the fuel post-processing part. In poly-generation 
mode, when renewable electricity is not available, natural gas is used. 
For that it is desulfurized (DESUL), mixed with steam and pre-reformed 
in the fuel pre-processing part via endothermal steam reforming (SMR – 
eq. (1)) in the reformer (REFO): 

CH4 +H2O ⇌3H2 + CO (SMR) eq. (1) 

In the SOC-module, electricity and hydrogen are produced in parallel 
in poly-generation mode by running in fuel cell mode with a low con
version ratio (c.f. [29]). Afterwards, remaining steam is shifted towards 
hydrogen within the Water Gas shift reactor (WGS –eq. (2)) with CO 
from internal steam reforming during the fuel cell reaction. 

CO+H2O ⇌ H2 + CO2 (WGS) eq. (2) 

In both modes the produced stream is dried in the Water knock-out 
(WKO) and compressed (PROD-COMP) for purification in the pressure 
swing adsorption (PSA) within the Fuel post-processing part. 

Air is supplied via the air compressor (AIR-COMP) and heated to
wards operation temperature of the SOC in AIR-HEAT. 

The main overall heat demand during operation, heat-up and cool- 
down is managed via the BURNER. For that, recycled Off-gas from the 
PSA and natural gas is used. Heat is recovered internally from the 

Fig. 1. Schematic PFD of the SWITCH-system: TREAT: Water treatment unit; Steam GEN: steam generator; DESUL: desulphurization unit, AIR-COMP: Air 
Compressor; REFO: pre-Reformer; AIR-HEAT: Air Heater; WGS: Water-Gas-Shift reactor; WKO: water knock-out; PROD-COMP: product compressor; PSA: pressure 
swing adsorption. 
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exhaust towards the Fuel pre-processing part and to heat-up the Air for 
the SOC in the heat exchanger AIR-HEAT. 

2.2. Large stack module (LSM) 

The 25 kW large stack module (LSM) was supplied by SolydEra, 
which consisted of 4 stacks, with fuel-electrode-supported planar cells 
[13]. The total active area per RU was of 320 cm2. At each stack, tem
perature sensors for the inlet and outlet of air and fuel flows were 
implemented. Pressure sensors were located inside the air and fuel pipes 
close to the corresponding flanges. For this work, the LSM was tested on 
the test facility for SOC reactors from the Institute of Engineering 
Thermodynamics of the German Aerospace Center (DLR) in Stuttgart, 
Germany. 

2.3. SOC module test facility – experimental setup 

The test environment GALACTICA (Fig. 2a) is a large-scale research 
testing facility at the Institute of Engineering Thermodynamics of the 
German Aerospace Center (DLR) in Stuttgart. It was built to investigate 
the technical challenges involved in scaling up SOC-systems and to 
identify critical operating conditions for the development of control 
strategies. It offers the unique possibility of investigating large solid 
oxide cell (SOCs) modules with multiple stacks, while varying operating 
temperature, fuel composition, and operation modes: either in fuel cell 
mode as solid oxide fuel cell (SOFC) for power generation (up to 40 kWel 
output) or in electrolysis mode as solid oxide electrolyzer (SOEL) for 
hydrogen and/or syngas production (up to 120 kWel input). Reversible 
operation (rSOC) is also possible by using four bi-directional electric 
loads. Two air compressors with variable speed supply process air. Gases 
such as H2, CO2, CO, N2 and CH4 are available for the fuel gas feed, as 
well as H2O steam (28 kg/h). Mixture of these gases allow to emulate 
pre-reformer compositions at the inlet of the SOC module if needed. 

From room temperature, GALACTICA supplies the fuel and air streams 
to the SOC module up to an operating temperature between 650 ◦C–850 
◦C with an arrangement of electrical heaters (ca. 100 kW). Transient and 
reversible operation between SOFC and SOEL are possible, also com
bined CO2 and steam electrolysis operation (Co-SOEL). GALACTICA is 
partially automated, and the control system includes multiple control 
loops for power, in- and outlet temperatures, gas composition, current 
and reactant conversion, among others [30]. A set of thermocouples was 
installed within the LSM to measure the temperature at the inlet and 
outlet of each stack (the thermocouples for the air are depicted in 
Fig. 2c). Thermal transport phenomena such as radiation, conduction 
and convection cannot be neglected and therefore influence the esti
mation of the core temperature of the stacks. 

GALACTICA consists of the following main components, as shown in 
the process flow diagram (PFD) in Fig. 2b: 

1. Air supply unit: air blowers with inlet filters and mass flow mea
surement (details are given in the Appendix). 

2. Gas supply unit: pressure regulators and electronic mass flow con
trollers for H2, CO, CO2, CH4, and N2. Pre-mixed Forming gas (95 
Vol-% N2/5 Vol-% H2) is supplied with a mass flow meter with a 
manual needle valve, to ensure operation without power. Electronic 
mass flow controllers are used for controlling the composition and 
mass flow of the process gases.  

3. Steam supply unit: The steam is generated by an electric steam 
generator with a maximum heating power of 45 kW. The volume 
flow of steam is measured with a swirl/vortex flow meter and 
regulated via an electrically controlled valve. The steam mass flow is 
calculated using external pressure- and temperature sensors. The 
feed water for the steam generator is purified by a reverse osmosis 
unit and continuously circulated through filter cartridges and an UV- 
disinfection unit.  

4. Preheating Unit: 

Fig. 2. (a): Test environment “GALACTICA” for the testing of the large stack module (LSM) of SolydEra at the Institute of Engineering Thermodynamics from the 
German Aerospace Center (DLR) in Stuttgart, Germany. (b): Process flow diagram of the test bench, highlighting its different components of the test environment 
GALACTICA. (c): Top view of SOC module tested at GALACTICA. An overview of the thermocouples within the module, as well as the different heat transport 
phenomena are depicted. 
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• Air heater: 40 kW electrical air preheater with a maximum air 
outlet temperature of 1050 ◦C.  

• Gas heater: 2-stage gas heater setup, with 16 kW gas preheater (up 
to 300 ◦C) and a subsequent main heater, heating the gas-/steam 
mixture to a maximum temperature of 950 ◦C with a maximum 
power of 40 kW.  

5. SOC Module: For this work, SolydEra’s Large Stack Module (LSM) 
was integrated. However, other commercial SOC-Modules with 
electrolyte-supported cells have also been tested in GALACTICA.  

6. Cooling and exhaust unit: gas-water and air-water heat exchangers 
are used to cool down the exhaust gas and air from the SOC-Module. 
The cooling water is supplied by the in-house cooling water circuit 
from DLR. More details are presented in the Appendix.  

7. Gas analysis unit: a nondispersive infrared sensor analyzer from 
Rosemount with sensors for H2, CO, CO2 and CH4 was used for 
measuring the dry gas composition of the gases in the exhaust of the 
SOC-Module.  

8. Power electronics: GALACTICA is equipped with two sets of power 
electronics (with three or four channels) depending on the type of 
SOC-modules to be tested, i.e. on how the SOC stacks are internally 
arranged. In this work the used power electronics consisted of four 
bi-directional AC/DC converters that can individually be controlled, 
connected to the local 380 V AC power grid. Converters were limited 
to convert a maximum power of 30 kW, with a maximum of 200 V 
and a maximum current of 420 A. Details of the control and data 
acquisition are detailed on the Appendix. 

2.4. In situ characterizations techniques 

In situ characterization techniques, such as an online gas analysis of 
the product gases and electrochemical impedance spectroscopy (EIS) 
shed a glance on the system performance and on the identification and 
quantification of the area specific resistance (ASR), mainly the ohmic 
contribution. Electrochemical Impedance Spectroscopy (EIS) was per
formed in galvanostatic mode (1 A per stack, i.e. 0.05 mA cm− 2) close to 
open circuit voltage (OCV) with the workstation Zahner EL1000 in a 
frequency range from 50 mHz to 100 kHz. The amplitude of the current 
stimulus was 974 mA. 

3. Results and discussion 

3.1. Overview of the total testing time 

In the frame of this investigation, the LSM was operated for 2413 h 
(≈14 weeks), including hot operation, startup, shut-down, load opera
tions, hot-standby for heater temperature amendments and general 
modifications, as well as during nights. Within this time, the LSM was 
tested for 307 h under load, from which 283 h were in SOEL mode and 
24 h in SOFC mode. Throughout these experiments, relevant operating 
parameters such as the inlet and outlet temperatures of the air and gases 
were continuously monitored, while also analyzing their effect on the 

Fig. 3. Total testing time of the LSM showing the produced amount of hydrogen per day and electrical power through the whole campaign.  

Fig. 4. Overview of operation points in exo-, endothermic and thermoneutral 
(isothermal) SOEL operation, as well as in SOFC – polygeneration mode 
(exothermic), depicting the daily net production of H2 vs. the electrical power 
of the LSM. SOFC-polygeneration points of note: a) 11.5 kWel, 22.5 kg H2 day− 1, 

b) 12.1 kWel, 11.3 kg H2 day− 1, c) 22.0 kWel, 29.5 kg H2 day− 1 and d) 22.6 
kWel, 24.9 kg H2 day− 1. 
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hydrogen production. The general and detailed results of these experi
ments are presented and discussed in the next section. 

The full experimental campaign is depicted in Fig. 3, showing the 
electrical power input and hydrogen generation vs. the total testing 
time. Peak values of − 75 kW in SOEL mode and 25 kW in SOFC mode 
were achieved. Details of the heating-up procedure and the dynamic 
polarization curves recorded at the beginning of the campaign are pre
sented in the Appendix (Figure A1). 

3.2. Endothermic, exothermic, isothermal and polygeneration operating 
points 

Throughout the experimental campaign performed in this work, 
different load operation points were achieved. As shown in Fig. 4, the 
daily produced hydrogen is plotted as a function of power input/output, 
for which the operating modes were: SOEL (endothermic, exothermic 
and thermoneutral) and SOFC (exothermic). From this plot, it is possible 
to observe that the targeted daily hydrogen production of 53 kg was 
achieved in SOEL operation (exothermic and thermoneutral operation). 
In polygeneration mode about 29.5 kg day− 1 were produced with a 
parallel power output of ca. 22 kW (c.f. point c) in Fig. 4). For the pol
ygeneration mode it must be noted that the produced amount of 
hydrogen considers not only the pre-reforming reaction in eq. (1), but 
also the water gas shift reaction (WGS) in the downstream (c.f. Fig. 1) in 
eq. (2). These polygeneration results are detailed and depicted in section 
3.6. 

3.3. Performance map for isothermal SOEL operation 

A performance map for the thermoneutral voltage operation in SOEL 
mode is shown in Fig. 5. Different isothermal operating points were 
evaluated with a constant fuel gas composition of 90 % H2O – 10 % H2, 
for which the LSM air inlet temperature in the range of 660–760 ◦C was 
considered. The thermoneutrality of each operating point was ensured 
by setting the voltage to 1.29 V per cell (ca. 77.4 V per stack). Hence, 
heat losses of the stacks and the LSM towards the environment were not 
considered. The reached current density for the thermoneutral operation 

was in the range of − 0.34 and to − 0.78 A cm− 2 leading to an electrolysis 
input power between 34 and 77 kW. Fig. 5 shows the performance based 
on the daily net hydrogen production rate and the resulting reactant 
conversion (RC) for each operating point at a specific temperature. 
Within these operating modes, a daily net hydrogen production between 
23 and 53 kg day− 1 (11–25 Nm3 h− 1) was achieved. The target daily 
production of 50 kg H2 was successfully achieved for an average inlet 
temperature of ca. 740 ◦C (at RC of ca. 65 %) or even higher at 760 ◦C for 
RCs between 67 and 85 % (pink-colored area in Fig. 5). Nevertheless, at 
660 and 680 ◦C the actual current densities reached for thermoneutral 
voltage were lower (with an average cell voltage of 1.29 V). Above 700 
◦C, the current supply had to be limited to not exceed a RC of 90 %. 

3.4. SOEL stationary operating points 

Among the SOEL experiments that were carried out, different sta
tionary points were tested, as shown in Fig. 6. A set of seven operating 
points with a fuel mixture of 90 % H2O – 10 % H2 at a constant reactant 
conversion of 70 % and a module air inlet temperature of 720 ◦C were 
investigated. Along the 4 stacks of the LSM, the average cell voltage, the 
average temperatures of the stacks, as well as the air and fuel inlet 
temperatures, the electrical power of the LSM and the total ASR values of 
a steady state polarization curve are depicted on Fig. 6 d. The total ASR, 
considered also as a specific performance indicator, was calculated from 
eq. (3) [23] and eq. (4) (for SOEL, with the current density J < 0): 

Uop =Uideal − ASRTotal*J eq. (3)  

ASRTotal =
Uideal − Uop

J
eq. (4)  

with the operational voltage Uop and the ideal voltage Uideal. The ideal 
voltage was estimated with the Nernst Potential for the case of an SOEL 
cell as in eq. (5), considering z = 2 e− , the yi as the linear averaged gas 
composition between in- and outlet of the stack and assuming a linear 
conversion over the length of the electrochemically active cell area. 

Uideal,SOEL = −
ΔG0

r

zF
+
RT
zF

*ln
(yH2 *y

1
2
O2

yH2O

)

+
RT
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*ln
(
p
po

)1
2

eq. (5) 

Therefore, the ASRTotal calculated with eq. (4) considers a conversion 
correction, allowing to compare different operating points with different 
experimental parameters (i.e. temperature, current density, reactant 
conversion) [31]. 

As observed in Fig. 6a, the average cell voltages of all stacks are 
similar throughout the whole operating range, which is also consistent 
to the homogeneous temperature profile of the stacks either for endo
thermic (below 1.29 V) or for exothermic mode (above 1.29 V per cell). 
Such homogeneous behavior among the stacks could be related to a 
homogeneous feed gas distribution inside the LSM, leading also to a 
similar electrochemical performance of each stack. 

The isothermal operating point of the LSM was identified at an 
average stack temperature of ca. 720 ◦C with an average cell voltage of 
1.31 V for these experimental conditions, corresponding to a heat loss of 
the whole LSM of approximately of 1.3 kW. The most SOEL exothermic 
point was identified at a current density of − 0.75 A cm− 2, which cor
responds to an input of electrical power of − 75 kW of the LSM. 

Furthermore, aiming at developing an expression for the total ASR as 
a function of the air temperature, the expression in eq. (6) was used for 
calculating the ASRTotal ,iV from the polarization curves in Fig. 6d, for 
which R represents the universal gas constant, the independent variable 
is the operating temperature T (in K) at thermoneutral condition, To as 
the reference temperature at 1073.15 K and Ea1 as the apparent activa
tion energy of this thermal dependency of the total ASR. This estimation 
will be discussed and compared with the ASR from EIS in section 3.5. 

Fig. 5. Performance map of the LSM at thermoneutral (isothermal) SOEL 
operation with a 90 % H2O – 10 % H2 feed gas composition for different LSM air 
inlet temperatures at the module. 
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ASRTotal ,iV =ASRo*exp
(
Ea1

R
*
(

1
T
−

1
To

))

eq. (6)  

3.5. ASR assessment 

Two different approaches were followed for developing an expres
sion of the ASR as a function of the air temperature, considering (i) the 
outlet temperature of the stacks and (ii) the average value between inlet 
and outlet air temperatures. These approaches were considered for the 
ASR estimation via EIS and steady state polarization curves, as 
following. 

3.5.1. Ohmic ASR analysis via EIS 
EIS measurements close to OCV conditions of Stack 1 are shown in 

Fig. 7 for different average air temperatures: 740 ◦C, 710 ◦C, 705 ◦C, 

680 ◦C, 665 ◦C and 650 ◦C. The Nyquist plot (Fig. 7 a) depicts two 
semicircle-like features for all temperatures. Closer observation of the 
real impedance (Zre) axis intercepts depicts the increment of the ohmic 
resistance upon temperature decrement, which is consistent to the ionic 
conductivity behavior on ceramic oxide-based electrolytes. 

Fig. 7b shows the imaginary contribution of the Nyquist plot for 
Stack 1, as this set of data is representative for the other stacks. At high 
and mid characteristic frequencies, charge transfer reactions on the fuel 
and electrode take place. However, due to the cumulated area of the 
cells along the stack, it is difficult to deconvolute the spectra to identify 
the different electrochemical reactions. At low frequencies (ca. 0.1 Hz), 
it is possible to observe a thermal-activated gas conversion process, 
where the resistance decreased with decreasing temperature [32]. 
Nevertheless, identification on the different losses within the cells is 
limited with these spectra due to high gas conversion losses during the 
measurement (60 % H2 – 40 % N2), as well as for the cumulative area of 

Fig. 6. (a): Steady state U(i)-curve for electrolysis operation with a constant reactant conversion RC of 70 % at an average inlet temperature of ca. 720 ◦C. (b) Stack 
average temperatures, as well as the module inlet air and fuel temperatures. (c): Electrical power consumed by the LSM at the tested stationary operation. (d): 
Calculated total ASR as a function of the current density J by using eq. (4). 
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the cells along the stack. Also, the gas diffusion losses cannot be 
neglected in fuel electrode-supported architectures. However, electro
chemical characterization via EIS on large-stack-modules could shed 
new insights on the thermal dependency of the ohmic contribution and 

hence predict the overall performance of the LSM. 
The temperature dependence of the ASRohmic,EIS was estimated from 

the EIS measurements in all four stacks of the LSM. With the obtained 
values of the ohmic resistance, it was possible to estimate the temper
ature dependence of the ohmic area specific resistance ASRohmic,EIS with 
the Arrhenius-type expression in eq. (7), for which T is considered in K: 

ASRohmic,EIS =ASRo + B*exp
(
Ea2

R
*
(

1
T
−

1
To

))

eq. (7) 

Table 1 presents the fit values for ASRo, B and the apparent activation 
energy Ea2 of the thermal dependency of the ohmic ASR considering the 
average air temperature and the outlet air temperature, with their cor
responding coefficient of determination (COD) R2. These data are 
plotted in Fig. 8. 

This temperature dependency is also influenced by the measurement 

Fig. 7. EIS spectra recorded close at OCV for Stack 1 at 740 ◦C, 710 ◦C, 705 ◦C, 680 ◦C, 665 ◦C and 650 ◦C: (a) Nyquist and (b) imaginary impedance plots for the fuel 
gas mixture of 60 % H2− 40 % N2. 

Table 1 
Fitting parameters for the ohmic ASR calculation using eq. (7) considering the 
measured average air temperature and the outlet air temperature in K. The 
exponential fits were performed with EIS data from the four stacks.  

Parameter ASRohmic,EIS = f(Taverage,air) ASRohmic,EIS = f(Tout,air)

ASRo (Ω cm2) 0.2425 ± 0.0135 0.2436 ± 0.0193 
B 0.0037 ± 0.0015 0.0027 ± 0.0016 
Ea2 (J mol− 1) 273582 ± 20815 283055 ± 30959 
R2 (COD) 0.9893 0.9755  
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uncertainties, which were ±0.4 % (DIN EN 60584 for thermocouples 
type K, class 1). The effect of these uncertainties is depicted via the 
shaded regions in Fig. 8. 

From the plots in Fig. 8, it is possible to observe that there is a slight 
difference of the calculated ASRohmic,EIS at low temperatures, i.e. at 650 
◦C until ca. 700 ◦C. For instance, at 650 ◦C the data that consider the 
outlet air temperature varies between 0.7 and 0.8 Ω cm2. On the con
trary, taking the average air temperature data, a lower dispersion of the 
ohmic ASR is observable. For higher temperatures, i.e. from 725 ◦C, the 
difference among the two data sets is negligible, reaching ASRohmic,EIS 

values of ca. 0.25 Ω cm2, which is in agreement with the values reported 
by Riedel et al. on fuel-electrode-supported-cell stacks tested in SOEL 
operation at 1.4 bar (80 % H2O – 20 % H2) [33]. However, for the herein 
investigated LSM, it is possible to assume that the ASRohmic,EIS temper
ature dependency could be described with the average between the inlet 
and outlet air temperature measured during the experimental campaign. 

3.5.2. Total ASR estimation by polarization curves in SOEL stationary 
operation 

Based on the steady state experimental results in isothermal SOEL 
operation shown in Fig. 6d, the total ASR from the polarization curve 
(ASRTotaliV) was estimated with eq. (4) at thermoneutral conditions. 
Table 2 presents the fit values for ASRo and Ea1 considering the average 
air temperature and the outlet air temperature with their corresponding 
(COD) R2. 

Contrary to the estimated ASRohmic,EIS, the ASRTotaliV temperature 
dependency not only represents the ohmic losses ηohmic influence on the 
ASR of the cells within the LSM, but also it considers the different 

contribution to the ASR from the activation ηact and gas conversion 
losses ηconc, as eqs. (8) and (9) suggest: 

ASRtotal =
| ηact + ηohmic + ηconc|

J
eq. (8)  

ASRTotal =(ASRact)+ (ASRohmic) + (ASRconc) eq. (9) 

Therefore, it is possible to estimate the LSM electrical power con
sumption at thermoneutral operation Pelth as a function of the ASRTotal, as 
explained in eqs. (10)–(12): 

Pelth =Uth*A
(
Uideal − Uth

ASRTotaliV

)

eq. (10)  

Pelth =Uth*
A

ASRTotaliV
(Uideal − Uth) eq. (11)  

Pelth =Uth*
A

ASRTotaliV
*
[

−
ΔG0

r

zF
+
RTth
zF

*ln
(
yH2 *y

1
2
O2

yH2O

)

− Uth

]

eq. (12) 

For which Uth corresponds to the thermoneutral voltage of the cells at 
the tested conditions, A the total active area of the RUs within the LSM, 
and yi the actual molar fractions of the reacting species i in equilibrium 
(corrected with the RC). Nevertheless, the daily net production of 
hydrogen ˙mH2 is one of the most relevant performance indicators of a 
SOEL system. For this reason, a calculation of ˙mH2 with the Pelth from eq. 
(12) (calculated from ASRTotal iV) is explained as following: 

Ith =
Pelth

Uth*NRUs*NTowers
eq. (13)  

ṁH2 =
Pelth

Uth*zF*PMH2

eq. (14) 

With eq. (14), the daily net production of hydrogen vs. the electrical 
power of the LSM at thermoneutral conditions is depicted in Fig. 9 (right 
axis), which is in agreement with the experimental data (green dots), 
also shown in Fig. 4, despite the difference between the ASRTotaliV 

approaches. 
The difference between the ASRohmic,EIS and the ASRTotaliV (consid

ering only the average air temperature), is explained by eq. (9). Besides 

Fig. 8. Temperature dependency of the ohmic ASR considering the average air 
temperature (blue data) and the outlet air temperature (red data). (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 2 
Fitting parameters for the total ASR calculation using eq. (6), considering the 
average air temperature and the outlet air temperature. The exponential fits 
were performed with steady state polarization curves from Fig. 6d.  

Parameter ASRTotal iV = f(Taverage,air) ASRTotal iV = f(Tout,air)

ASRo (Ω cm2) 0.2515 ± 0.0781 0.3527 ± 0.0399 
Ea1 (J mol− 1) 80674 ± 1871 45340 ± 680 
R2 (COD) 0.9841 0.9933  

Fig. 9. The daily net hydrogen production calculated from eq. (12) is plotted 
against the consumed electrical power of the LSM, considering the average air 
temperature (in blue) and the outlet air temperature (in red). The experimental 
data are depicted in green. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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the ohmic contribution of the electrolyte, the total ASR also includes the 
activation and the gas conversion losses. It is important to note that the 
EIS measurements were performed close to OCV conditions with a fuel 
gas composition that leads to high conversion losses, as observed in 
Fig. 7b at low frequencies (≈ 0.1 Hz) for the different tested tempera
tures. These values should be carefully compared with the ASRTotaliV, 
since the polarization curves were performed in SOEL thermoneutral 
operation and the EIS measurements with a slight anodic bias of 1 A. 

Beyond the scope of this work, a more accurate estimation of the 
ASRTotal could consider the EIS measurements not only close to OCV 
conditions, but also recorded at relevant current densities for SOEL 
operation. With this, the low frequency impedance values could serve to 
estimate the gas losses contribution at a relevant operating condition. 
Complementary, an expression of the activation losses as a function of 
the thermoneutral current density would give an insight of the different 
losses within the air and fuel electrodes of the cells inside the LSM, such 

as suggested by Njodzefon et al. [34]. It is recommended to use the same 
gas mixture for both EIS and polarization curve measurements, prefer
ably where the gas conversion losses are reduced for SOEL operation 
[34]. 

3.6. SOFC and polygeneration stationary operating points 

With the aim to emulate the SOFC operation with a pre-reformer, 
different stationary operating points were evaluated for five pre- 
reforming ratios (20 %, 40 %, 60 %, 80 % and 100 %), as depicted in 
Fig. 10. For the feed of the pre-reformer a mixture of steam and methane 
was assumed with a steam to carbon ratio (S/C) of 2.3. The pre- 
reforming ratio is defined by the amount of methane that is converted 
in the reformer. Thus, e.g. at a pre-reforming ratio of 20 %, 80 % of the 
CH4 is converted in the LSM, while the rest is already converted to H2, 
CO and CO2 in the reformer. Equilibrium calculations at the reformer 

Fig. 10. Investigation of the influence of the pre-reforming ratio between 20 % and 100 % on the LSM performance. (a): Current density and total air flow. (b): Inlet 
molar compositions and reactant conversion. (c): Temperature profiles of the outlet temperature of the stacks. (d): Stack voltages and LSM power. 
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were used to obtain the corresponding molar concentrations for each of 
the evaluated points at the SOFC feed. It should be mentioned that 
during the experimental campaign, the molar concentrations had to be 
changed for the 100 % pre-reforming point by replacing CO with H2. The 
composition was changed since this operation point considers the 
highest CO flow at the inlet of the SOFC, exceeding the maximum flow 
capabilities of the test rig, and thus compromising the safety of the 
experiment. Furthermore, the experiments for pre-reforming ratios of 
20–80 % were carried out with a constant power output of 15 kW while 
the operation point with 100 % pre-reforming was carried out with a 
lower power output of 10 kW. This was done in order to avoid an 
overheating of the stacks, since the air flow for cooling purposes was 

limited to 2300 nl min− 1. Fig. 10 shows that the outlet temperature of 
the stacks presented similar behavior for the pre-reforming ratios be
tween 20 and 80 % due to the adaption of the cooling air flow. These 
results are not only presenting the direct H2 production within the LSM 
via steam methane reforming (c.f. eq. (1)), but also including the H2 by 
the water gas shift reaction (WGS – eq. (2)), assuming that one methane 
molecule results in four hydrogen molecules. 

3.7. Switching from SOEL to SOFC and polygeneration operating modes 

The procedure of switching between operating modes was performed 
from SOEL, transitioning to SOFC and further to polygeneration mode. 

Fig. 11. (a): Switch procedure from − 50 kW SOEL operation to SOFC polygeneration mode. (b): Consumed and produced electrical power of the LSM. (c): Tem
perature profiles along the stacks of the air inlet and outlet temperature. (d): Inlet molar fractions. 
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As shown in Fig. 11, this procedure was performed under 30 min, 
starting near to thermoneutral operation (ca. isothermal) in electrolysis 
with a power of − 50 kW, for which the voltage per stack was kept for ca. 
10 min at 82 V, i.e. 1.37 V per RU, with a fuel gas mixture of 90 % H2O – 
10 % H2. Then, the flowrate of steam was decreased while increasing the 
hydrogen flow for 5 min. In parallel, the current was also decreased to 
zero. Once OCV conditions were reached, it was possible to switch to 
SOFC-polygeneration mode by increasing the current and reaching a 
power output of 15 kW with a fuel gas mixture of ca. 55 % H2O – 45 % 
H2. In the following 5 min, CH4, CO and CO2 flowrates were added with 
the aim to avoid overheating of the stacks due to the exothermic oper
ation, achieving steady state operation with the conditions on Table 3. 
As depicted in Fig. 11, the LSM reached a stationary state for 1 h in 
exothermic operation (for which the stack temperatures increased up to 
ca. 715 ◦C) and the power output was kept at 15 kW. During the pro
cedure, the absolute temperature difference recorded between stack air 
inlet and outlet remained within the range 9.2 ± 3.9 K in SOEL to 21.3 
± 6.4 K in polygeneration, thus fulfilling the manufacturer maximum 
temperature difference specification, as well as stack temperature 
homogeneity. 

With this switching procedure, it is possible to assume that such 
transient operation does not lead to risks for the lifetime of the LSM at 
the herein tested conditions of current and gas mixtures, since the 
temperature profile along the stacks was homogeneous and the average 
voltage values per RU were kept within safety limits. In particular, the 
undervoltage and short circuit protection values that correspond to an 
average RU voltage of 0.74 V and 0.67 V respectively, were not reached. 

4. Conclusion 

Within the frame of this investigation, it was possible to demonstrate 
the reversible operation of a 25 kWel LSM from SolydEra for a total 
testing time of ca. 2413 h, reaching peak values of 25 kW in SOFC mode 
and ca. − 75 kW in SOEL operation. The LSM showed homogeneous 
temperature and voltage profiles of all four stacks during the different 
conducted experiments. Steady state tests at different operation condi
tions of temperature, reactant conversion, current densities and fuel gas 
compositions showed that the production rates are in line with the ex
pectations of the SWITCH prototype:  

(i) The production capacity required for the SWITCH system was 
met in SOEL operation with a reactant conversion of 90 % (fuel 
gas mixture of 90 % H2O – 10 % H2) in a temperature range 
between 680 ◦C and 760 ◦C, achieving a daily net production of 
hydrogen between 25 and 53 kg day− 1. These results allowed to 
develop a performance map of the reactant conversion and the 
daily net hydrogen production for different operating 
temperatures.  

(ii) For the SOFC-polygeneration mode, a power output between 11 
and 22 kW with about 12 and 30 kg day− 1 of hydrogen produc
tion was achieved. Within these experiments, a variation of the 
pre-reforming ratio between 20 and 100 % was conducted. 
Despite the endothermic nature of the CH4 reforming, the LSM 
was operated in exothermic conditions since the outlet temper
ature of all stacks was higher than the inlet temperatures by more 
than 47 K.  

(iii) The switching between SOEL and SOFC operation modes was 
successfully performed under 30 min, demonstrating stable 

operation and homogenous temperatures, voltage and gas com
positions (switching within less time was also possible, but due to 
the thermal inertia of the LSM the shortest time to achieve steady 
operation was 30 min). 

Regarding the temperature dependency of the ASR, steady state data 
of polarization curves on the endothermic, thermoneutral and 
exothermic SOEL operation regimes allowed to quantify the total ASR of 
the LSM at relevant current densities, from − 0.35 to − 0.75 A cm− 2. The 
ohmic ASR was estimated by electrochemical impedance spectroscopy 
(EIS) of each stack close to OCV conditions. Even though the ohmic ASR 
estimation is complementary to the total ASR, the latter served to esti
mate different performance indicators (i.e. the net hydrogen produc
tion), since the total ASR estimation from the polarization curves 
consider also the contribution of the activation and gas conversion losses 
within the LSM. 

The daily net production of hydrogen is an important performance 
indicator since it is correlated to the electrical power consumption of the 
LSM. Furthermore, the SWITCH concept is to produce a secured amount 
of hydrogen in both its SOEL and polygeneration modes, which was 
experimentally estimated within this research. At isothermal SOEL 
operation, i.e. close to thermoneutral voltage, it was demonstrated that 
the estimation of the required electrolysis power as a function of the 
total ASR serves as ground base for predicting the power consumption 
for system scale-up approaches, that go beyond the technical limitations 
of lab-scale test environments. 

In general, the results herein presented could shed more light to 
other researchers and technology providers on the operational advan
tages of performing switching procedures in SOC systems at relevant 
industrial scales. Furthermore, control strategies for the transient 
operation of these systems should be thoroughly investigated, with the 
motivation to mitigate the risk of deteriorating the LSM lifetime with 
thermo-mechanical stress conditions that could arise. Therefore, the 
experimental results shown in this investigation would be the basis for 
the parametrization of transient simulation models that consider spatial 
and temporal temperature gradients, different gas compositions and 
part- and full-load operation, e.g. by switching between hot standby 
conditions and isothermal operation of the individual stacks, or even of 
modules (at the MW scale) [35]; conditions that are beyond the tech
nical limitations of scientific experimental investigations. Because of 
such limitations, the development of simulation frameworks that allow 
to investigate critical operation conditions on large SOC systems is a key 
feature for the further improvement and deployment of these systems. In 
the frame of this investigation a detailed analysis of modelling results 
will be published [21,36]. 
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temperature 
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◦C nl min− 1 mol-% mol-% mol-% mol-% mol-% mol-% A % 
680 2000 41 22 7 5 18 7 55.5 33  
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