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Abstract 

Moving towards a renewable energy powered society, the solid oxide electrolysis cell 

(SOEC) technology can be an essential constituent for the efficient supply of molecules 

like hydrogen and carbon monoxide for various synthesis routes in the chemical indus-

try from renewable electricity. However, downstream synthesis reactors for the produc-

tion of chemicals like methane, ammonia, dimethyl ether (DME), methanol or jet fuel 

are typically operated at elevated pressures in the range of 10-60 bar to achieve high 

conversion or high yield. Furthermore, storage and transportation of gaseous products 

also require a certain pressurization of the electrolysis products. The operation of the 

electrolyzer at an elevated pressure can therefore be highly beneficial since additional 

compression work of the produced molecules can be significantly reduced or omitted. 

As for polymer electrolyte membrane and alkaline electrolyzers pressurized operation is 

already state of the art, the research and developments associated with the operation of 

pressurized solid oxide electrolyzers is rare. However, SOECs have the potential to be 

operated significantly more efficient than the low-temperature electrolyzers. 

In this thesis, the pressurized operation of SOEC stacks during steam, co- and CO2 elec-

trolysis is investigated experimentally. The experiments were carried out using a test rig 

that was adapted for the electrolysis operation of different stack types. It enables stack 

characterizations in an operating pressure range of 1.4 to 8 bar. Thus, the influence of 

increased partial pressures as additional experimental parameters can provide scientific 

knowledge. 10-layer stacks having either electrolyte supported cells (ESC) or fuel elec-

trode supported cells (in electrolysis: cathode supported cell, CSC) were used for the 

scientific investigations. 

The ohmic resistances of both stack types were quantified over a wide temperature 

range and provided to the literature via parameterized mathematical expressions. Since 

the ohmic resistance was found to be the dominant cell resistance of the ESC, it was 

theoretically investigated with a simplified model. A deviation of 15-20 % between the 

theoretically and experimentally obtained ohmic resistance value was found which indi-

cates a considerable amount of unaccounted resistance that can be attributed to contact 

resistances occurring within the stack.  
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The overall performance and the influence of an elevated operating pressure were found 

to be significantly different by operating a stack with electrolyte supported or fuel elec-

trode supported cells. The stack using the latter cell concept showed a significantly low-

er ohmic resistance and almost twice as high achievable current densities compared to 

the stack with electrolyte supported cells. A significantly decreased area specific re-

sistance (ASR) at higher pressures was observed for the CSC stack that was attributed 

to reduced activation and diffusion resistances. This phenomenon led to a crossing of 

the current-voltage characteristics within the endothermic operating regime during the 

studied steam, co- and CO2 electrolysis operations. Hence, a noticeable performance 

gain was observed for the pressurized operation of the CSC stack. In contrast, the per-

formance of the ESC stack was hardly influenced by an increased operating pressure. 

Rather, it was found to be primarily dictated by the operating temperature due to pre-

dominant contribution of the ohmic resistance to the overall performance. Gas analysis 

was used during the co-electrolysis operations and showed that the thermodynamic 

equilibrium is reached with both stack types. Consequently, both the reverse water-gas 

shift (rWGS) and the methanation reaction occur stack-internally which indicates that 

the chemical reactions are fast and the catalytic surfaces of the stacks are sufficiently 

active and available in relation to the gas hourly space velocity. For high operating pres-

sures, methane contents of up to 7 % were found. The ASR of both stack types was 

quantified with the help of several steady-state and dynamically recorded current-

voltage curves at different pressures. Consequently, detailed relations about the temper-

ature and pressure dependent performance characteristics of both the CSC and the ESC 

stacks were provided to the literature by this thesis. 

Electrochemical impedance spectroscopy (EIS) analyses were used to identify the char-

acteristic frequencies of the electrochemical processes that occur within both stack 

types. The influence of an elevated operating pressure on the electrochemical processes 

was closely investigated for both steam and CO2 electrolysis operation. By investigating 

the pressurized co-electrolysis operation, it could be shown that the main reaction path 

for the CO production can be attributed to the rWGS reaction. The amount of CO that is 

generated by the rWGS reaction or by the electrochemical CO2 reduction process during 

co-electrolysis operation represents still a scientific gap to which the current thesis con-

tributes. 

Moreover, this work presents an in-depth analysis of the long-term degradation of three 

ESC stacks operated under pressurized steam and co-electrolysis mode. The operating 
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durations were 1,000-2,000 hours at a constant current with high conversions of 70 %, 

thus representing the first published experimental analysis of the SOEC stack degrada-

tion behavior under relevant pressurized operations for more than 200 hours. It was ob-

served that the degradation is predominantly dictated by a time dependent increase of 

the ohmic resistance. The experimental results furthermore revealed that an increased 

operating pressure leads to increased performance loss and that co-electrolysis operation 

has an additionally worsening effect on the long-term stability of the stacks. Detailed 

post-test analyses of the electrodes and the bipolar plates were carried out. A noticeably 

higher degree of nickel depletion was found within the fuel electrode of the stack that 

was operated at the highest pressure. Observed delamination, contamination and oxide 

layer formation within the post-test analyses of the stacks are discussed. 

Based on an existing numerical model of one repeating unit, a 1D+1D stack model was 

developed and parameterized with experimental data to predict the performance and 

temperature gradients during the pressurized stack operation of the ESC. The validity of 

the model was shown for several operating conditions at different pressures. The rela-

tions of the predominant resistance contribution and the pressure dependent activation 

energy of the electrochemical steam reduction process were used as input parameters 

for the mathematical equations. Beside the electrochemistry, the model includes a prop-

er heat transfer model according to the structure of the experimental test setup. 
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Zusammenfassung 

Bei der zunehmenden Nutzung von erneuerbarer Energie können Festoxidelektrolyse-

zellen (solid oxide electrolysis cell, SOEC) ein essentieller Bestandteil für die effiziente 

Bereitstellung von Molekülen wie Wasserstoff und Kohlenmonoxid für unterschied-

lichste Synthesen in der chemischen Industrie werden. Dem Elektrolyseur nachgeschal-

tete Synthesereaktoren zur Herstellung von Chemikalien wie Methan, Ammoniak, Di-

methylether (DME), Methanol oder Kerosin werden jedoch typischerweise bei Drücken 

von 10 bis 60 bar betrieben, um hohe Umsätze und Ausbeuten zu erzielen. Darüber hin-

aus können auch die Speicherung und der Transport eine Kompression der gasförmigen 

Elektrolyseprodukte erforderlich machen. Der druckaufgeladene Betrieb von Elektroly-

seuren kann daher insofern vorteilhaft sein, da zusätzlich aufzuwendende Kompressi-

onsarbeit hinsichtlich der erzeugten Gase signifikant reduziert oder vermieden werden 

kann. Bei Polymerelektrolytmembran- und alkalischen Elektrolyseuren ist der druck-

aufgeladene Betrieb bereits Stand der Technik, der Betrieb von druckaufgeladenen 

Festoxidelektrolyseuren ist dagegen kaum erforscht. 

In dieser Arbeit wird der druckaufgeladene Betrieb von SOEC Stacks während der 

Dampf-, Co- und CO2-Elektrolyse experimentell untersucht. Die Versuche wurden mit 

einem Prüfstand durchgeführt, der für den Elektrolysebetrieb verschiedener Stacktypen 

angepasst wurde. Dieser ermöglicht Stackcharakterisierungen in einem Betriebsdruck-

bereich von 1.4 bis 8 bar. Somit kann der Einfluss erhöhter Partialdrücke als zusätzli-

cher experimenteller Parameter genutzt werden, um wissenschaftliche Erkenntnisse zu 

generieren. Für die wissenschaftlichen Untersuchungen wurden Stacks mit 10-Ebenen 

verwendet, die entweder elektrolytgestützte Zellen (ESC) oder brenngaselektrodenge-

stützte Zellen (bei Elektrolyse: cathode supported cell, CSC) enthielten. 

Die ohmschen Widerstände beider Stacktypen wurden über einen weiten Temperaturbe-

reich quantifiziert und mittels mathematischer Ausdrücke in der Literatur zur Verfü-

gung gestellt. Da sich der ohmsche Widerstand als der dominierende Zellwiderstand des 

ESC herausstellte, wurde er mit einem vereinfachten Modell theoretisch untersucht. 

Zwischen dem theoretisch und dem experimentell ermittelten ohmschen Widerstands-

wert wurde eine Abweichung von 15-20 % festgestellt, was auf nennenswerte Kontakt-

widerstände innerhalb des Stacks hindeutet. 
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Es konnte gezeigt werden, dass sich die Gesamtleistung und der Einfluss eines erhöhten 

Betriebsdrucks deutlich beim Betrieb eines Stacks mit elektrolytgestützten Zellen von 

dem eines Stacks mit brenngaselektrodengestützten Zellen unterscheidet. Der Stack mit 

letztgenanntem Zellkonzept zeigte im Vergleich zum Stack mit elektrolytgestützten 

Zellen einen deutlich niedrigeren ohmschen Widerstand und erreichte fast doppelt so 

hohe Stromdichten. Für den CSC-Stack wurde außerdem ein signifikant verringerter 

flächenspezifischer Widerstand (ASR) bei höheren Drücken beobachtet, welcher auf 

reduzierte Aktivierungs- und Diffusionswiderstände zurückgeführt werden konnte. Die-

se Eigenschaft führte innerhalb des untersuchten Dampf-, Co- und CO2-

Elektrolysebetriebs zu einem Kreuzen der Strom-Spannungs-Kennlinien innerhalb des 

endothermen Betriebsregimes. Für den Druckbetrieb des CSC-Stacks konnte somit ein 

deutlicher Leistungsgewinn bei erhöhtem Betriebsdruck beobachtet werden. Im Gegen-

satz dazu, zeigte sich die Leistung des ESC-Stacks durch einen erhöhten Betriebsdruck 

kaum beeinflusst, sondern war aufgrund des dominierenden ohmschen Widerstands in 

erster Linie von der Betriebstemperatur abhängig. Eine Gasanalyse wurde während des 

Co-Elektrolysebetriebs eingesetzt und zeigte, dass das thermodynamische Gleichge-

wicht bei beiden Stacktypen erreicht wird. Folglich finden innerhalb des Stacks sowohl 

die umgekehrte Wassergas Shift (rWGS) als auch die Methanisierungsreaktion statt. 

Beides deutet darauf hin, dass die chemischen Reaktionen entsprechend schnell ablau-

fen und die katalytischen Oberflächen der Stacks bezogen auf die Raumgeschwindigkeit 

der Gase ausreichend aktiv und verfügbar sind. Darüber hinaus wurden bei hohen Be-

triebsdrücken Methangehalte von bis zu 7 % gemessen. Der ASR beider Stacktypen 

wurde mit Hilfe mehrerer stationärer und dynamisch aufgenommener Strom-

Spannungs-Kennlinien bei unterschiedlichen Betriebsdrücken quantifiziert. Somit konn-

ten in dieser Arbeit detaillierte Zusammenhänge über die temperatur- und druckabhän-

gige Leistungscharakteristik sowohl des CSC- als auch des ESC-Stacks bereitgestellt 

werden. 

Mit Hilfe der Analyse elektrochemischer Impedanzspektren wurden die charakteristi-

schen Frequenzen der in den beiden Stacks ablaufenden elektrochemischen Prozesse 

identifiziert. Der Einfluss eines erhöhten Betriebsdrucks auf die elektrochemischen Pro-

zesse wurde sowohl für den Dampf- als auch für den CO2-Elektrolysebetrieb detailliert 

untersucht. Die Untersuchung des druckaufgeladenen Co-Elektrolysebetriebs zeigte 

weiter, dass die Produktion von Kohlenmonoxid hauptsächlich auf die rWGS-Reaktion 

zurückzuführen ist. Inwiefern CO vorwiegend durch die rWGS-Reaktion oder über die 
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elektrochemische CO2-Reduktion während des Co-Elektrolysebetriebs erzeugt wird, 

stellt derzeit noch eine wissenschaftliche Lücke dar, zu der die vorliegende Arbeit einen 

Beitrag leistet. 

Darüber hinaus stellt diese Arbeit eine eingehende Analyse der Langzeitdegradation 

von drei ESC-Stacks vor, welche im druckaufgeladenen Dampf und Co-

Elektrolysemodus betrieben wurden. Mit den Betriebsdauern von 1000 bis 2000 Stun-

den bei konstanter Stromdichte und hohen Umsätzen von 70 % stellen diese Experimen-

te somit die ersten veröffentlichten Analysen des Degradationsverhaltens von SOEC-

Stacks unter relevantem Druckbetrieb für mehr als 200 Stunden dar. Die Degradation 

zeigte sich dabei überwiegend durch einen Anstieg des ohmschen Widerstands be-

stimmt. Außerdem deuten die experimentellen Ergebnisse darauf hin, dass ein höherer 

Betriebsdruck zu einem erhöhten Leistungsverlust führt und der Co-Elektrolysebetrieb 

darüber hinaus einen zusätzlich negativen Effekt auf die Langzeitstabilität der Stacks 

hat. Im Anschluss an die experimentellen Versuche wurden detaillierte Analysen der 

Elektroden und der Bipolarplatten durchgeführt. In der Brenngaselektrode des Stacks, 

der mit dem höchsten Druck betrieben wurde, wurde ein deutlich größerer Verlust von 

Nickel festgestellt. Beobachtete Delaminationen, Kontaminationen und Oxidschichtbil-

dungen im Rahmen der Stackanalysen werden in dieser Arbeit diskutiert. 

Basierend auf einem bestehenden numerischen Modell einer Wiederholeinheit wurde 

ein 1D+1D-Stackmodell entwickelt und mit experimentellen Daten parametrisiert, um 

die Leistung und die auftretenden Temperaturgradienten während des Betriebs des 

ESC-Stacks unter Druck vorhersagen zu können. Das Modell wurde mittels verschiede-

ner Betriebsbedingungen bei unterschiedlichen Betriebsdrücken validiert. Als Ein-

gangsparameter für die mathematischen Gleichungen wurden die dominierenden Wi-

derstandsbeiträge und die druckabhängige Aktivierungsenergie der elektrochemischen 

Dampfreduktion verwendet. Neben der Elektrochemie beinhaltet das Modell ein geeig-

netes Wärmeübergangsmodell entsprechend dem Aufbau des Teststands. 
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1 Introduction 

1.1 Background - Energy storage and sector coupling 

Global warming induced by the extensive emission of greenhouse gases in modern indus-

try is considered to be one of the most threatening and challenging topics of our time. In 

order to mitigate the corresponding climate change, the transition towards a more renew-

able energy powered society is crucial. However, an increased use of renewable energy 

raises new challenges within the power grid and requests smart power management and 

storage options. Since the main production of basic chemicals today is based on fossil 

fuels, an increased use of renewable energy is becoming a further challenge for this in-

dustry sector. Renewable energy sources like solar and wind are intermittent in nature 

and their production varies significantly with time and natural conditions. Furthermore, 

the electricity production is oftentimes not congruent with the temporal energy demand. 

In order to ensure a continuous and stable power supply, effective and highly efficient 

storage options for renewable electrical energy have to be investigated and established 

[1–3]. Since a stringent reduction of the proportion of fossil fuels has to be considered 

within all industrial fields, especially the cross-sectoral use of renewable energy in the 

area of combined heat and power, transport and chemical industry will be of essential 

importance [4,5]. 

One promising method of storing electrical energy is the conversion into valuable chem-

icals. Storing chemical energy is very attractive and beneficial due the high storage ca-

pacities [6–9]. Additionally, the electricity-based conversion offers opportunities for al-

ternative syntheses of industrial chemicals and fuels that are currently produced from 

fossil fuels. The conversion processes are commonly referred to as Power to Chemicals 

(PtX) or depending on the final product more specifically to Power to Gas (PtG) or Power 

to Liquid (PtL). The opportunity to couple the synthesis of valuable commodity chemicals 

like hydrogen or synthesis gas (H2+CO) via PtX with the energy storage industry is ena-

bled by technologies such as electrolysis. 

There are several different types of electrolyzers operating at different temperatures. De-

pending on the type, it is able to convert liquid water or steam into hydrogen, CO2 into 

CO or even both reactions simultaneously into a synthesis gas (or syngas). Syngas itself 
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can be seen as one of the major commodity chemicals for various chemical and fuel syn-

theses in modern industry [10,11]. However, a high yield production of gaseous or more 

complex liquid chemicals and fuels such as methane, ammonia, dimethyl ether (DME), 

methanol or jet fuel requires further downstream processes subsequent to the electrolyzer. 

For example, a conventional process for methanol synthesis with a copper-based catalyst 

is operated at 45-60 bar whereas Fischer-Tropsch reactors are operated in a wide range 

between 10-60 bar depending on the used metal catalyst and the desired product [12–18]. 

Furthermore, for storage or transportation of synthesized gases certain pressurization is 

needed. In order to that, the products of the electrolyzer (H2, CO or syngas) have to be 

pressurized to fulfill the requirements of the respective downstream or storage option. 

However, the compression of gas is generally energy consuming which might conse-

quently not lead to the beneficial synergy the coupling of an electrolyzer with a storage 

or fuel production step could have. Therefore, considerable advantages might be achieved 

if electrolyzers are operated at elevated pressures and thus produce pressurized gases that 

can be fed directly to the downstream option [13,19–22]. Hence, this option provides the 

opportunity to couple the energy storage industry with chemical synthesis industry sector 

via electrolysis. 

1.2 Pressurized operation of solid oxide electrolyzers 

Solid oxide electrolysis cells (SOEC) use solid ion-conducting electrolytes which enable 

the operation at high temperatures between 650 and 1,000 °C. The high operating tem-

perature leads to reduced electrochemical losses, fast kinetics and high reaction rates 

without requiring noble catalysts. In contrast to the low-temperature electrolyzers, SOECs 

can be operated in endothermic, thermoneutral and exothermic electrolysis mode due to 

the generally low voltage of the electrolysis reaction at high temperatures. Additionally, 

these types of electrolyzers can be used for hydrogen and carbon monoxide production or 

for the conversion of steam and carbon dioxide into synthesis gas during co-electrolysis 

operation. 

The pressurization of the SOEC product gas can either be achieved via electric compres-

sion or by pressurizing the whole electrolysis step. The latter offers the possibility for 

increased process intensification since the related PtX systems can be built with a higher 

grade of integration. Furthermore, costs for the auxiliary compressors of the product gas 

can be significantly reduced or omitted [13,23]. For instance, an operation of the 
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electrolyzer at 20 bar reduces the subsequently required compression energy for hydrogen 

by approximately 40 % when aiming at 900 bar for dispenser stations [20]. At the same 

time, the power required for pressurizing the liquid water for generating steam does not 

increase significantly which consequently leads to increased system efficiencies. Further-

more, elevated pressure also supports higher mass flow rates for the same size compo-

nents due to lower flow velocities of the media. On the electrochemical side, elevated 

pressures lead to decreased electrochemical losses within an SOEC and thus a decreased 

power consumption of the electrolyzer can be achieved [24–31].  

However, certain challenges within the operation of SOECs at elevated pressures have to 

be overcome. Since solid oxide cells consist of ceramic materials which are sensitive to-

wards mechanical forces, appropriate pressure controls have to be provided within pres-

surized systems in order to prevent differential pressures between anode, cathode or the 

surrounding atmosphere. However, this pressure control is in fact not trivial due to the 

often unequal gas volumes between the fuel and the air sides of stacks and larger stack 

modules and the high probability of destruction as a consequence of malfunctions. Fur-

thermore, a precise management of a constant and stable steam supply is required since 

condensations within the electrolyzer system lead to pressure fluctuations, influence the 

mechanical robustness of the cell and stack components and can thus lead to increased 

degradation or malfunction of the electrochemical device.  

1.3 Thesis structure 

This cumulative thesis is divided into seven chapters. A brief overview about the specific 

contents is given below: 

Chapter 1: A brief introduction into the scientific field and research topic is provided in 

this section. 

Chapter 2: The current state of the scientific research is described. The identified scien-

tific gap is addressed and the scientific approach is highlighted. 

Chapter 3: The solid oxide electrolyzer technology and the associated electrochemical 

fundamentals are briefly presented in this section. 

Chapter 4: The experimental methodologies are highlighted in this chapter. The used 

experimental facility, the used solid oxide cell stacks, and both the electrochemical and 

physical characterization methods are described. 
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Chapter 5: The numerical stack model is briefly described at the beginning of this chap-

ter. Furthermore, the contribution of the thesis to the model and some simulation results 

are presented in order to show the general capabilities and the achieved agreement be-

tween simulation and experiment. 

Furthermore, this chapter summarizes the addressed research questions and the used ex-

perimental methodologies of the four publications. The main results are highlighted. 

Chapter 6: The four published articles are listed in this chapter. 

Chapter 7: The conclusion of the thesis is presented in this section. 

Chapter 8: Possible follow up activities to continue the research of this thesis are de-

scribed in the last chapter. 
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2 Research motivation 

The scientific motivation behind the thesis is presented in this chapter. The current state 

of the art of the pressurized operation of SOECs is listed within the section 2.1. A brief 

overview of the scientific research in the field and the identified scientific gap in the re-

search is addressed in section 2.2. Finally, the scientific approach and the thesis structure 

are presented in section 2.3 and 1.3. 

2.1 Current state of solid oxide electrolyzers 

The SOEC technology for producing hydrogen, carbon monoxide, or syngas has devel-

oped rapidly in recent years. Developments on material-, cell- and stack levels, to demon-

stration, operation and commercialization of larger systems have been intensified [32–

36]. 

The first time the SOEC technology attracted considerable attention was in the early 

1980s where Dönitz et al. reported about steam electrolysis results achieved within the 

HotElly project from Dornier Systems GmbH [37]. Additionally, Westinghouse Electric 

Corporation Research and Development Center made substantial progress within the cell 

and stack developments due to proper selection of the used materials in terms of their 

thermal, mechanical, and chemical characteristics [38]. However, the research work 

within the high temperature electrolysis field decreased within the 1990s where remark-

able work was solely done in Japan [39,40]. Due to the upcoming demand for efficient 

energy storage options and the considerable potential of the SOEC technology within this 

field of application, the research work increased within the last two decades significantly 

[34]. Next to experimental investigations examined on pure steam electrolysis, co-elec-

trolysis of steam and carbon dioxide and even pure CO2 electrolysis on cell, stack and 

system level were reported [41–45]. In addition, a large number of theoretical and mod-

eling studies including SOECs were provided in literature.  

The majority of published work based on experimental studies are examined on half or 

single cells focusing on material development, novel manufacturing techniques, 

alternative designs or degradation and operational phenomena [45–50]. However, 

experimental investigations of stacks got more attraction within recent years since the 

stack performance and degradation can highly differ to single cell tests. Furthermore, to 

be able to design possible plants and to identify operational strategies, detailed 

performance characteristics and understandings of the operational behavior of stacks have 
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to be prior investigated. Leading research centers and universities in the US, CEA1 in 

France, EIFER2, FZJ3, and DLR4 in Germany and DTU5 in Denmark are just a few 

examples of institutions that intensified their research work on SOEC stack level within 

the last decade. Most of the published studies investigate the performance characteristics 

during different operating modes and the degradation behavior. Furthermore, companies 

like Haldor Topsoe in Denmark, sunfire GmbH in Germany or SolidPower in Italy 

enhance their developments towards components and products for SOEC system 

applications [32,51–53]. The limiting factors of the currently available stacks are the 

considerably high degradation rates which restrict the operational boundaries in terms of 

current density, temperature gradients or the dynamical operation. Furthermore, the 

relatively high investment costs of the stacks in combination with the still small 

production numbers did not help the SOEC technology to get significantly beyond the 

prototype status of >150 kilowatt demonstrations yet. As a minor exception, Haldor 

Topsoe developed the commercially available “eCOs” plant which allows the production 

of CO from CO2 directly at the site of facilities where the gas is needed [33]. However, 

currently only two plants that can deliver up to 96 m3/h CO are in operation in the USA. 

Data about the degradation of the stacks, the operating strategy or the system concept are 

not published. Sunfire GmbH will start the operation of a steam electrolysis system in 

Salzgitter at the end of 2020 that is planned to have a nominal power input of 720 kW. In 

the near future, the same company wants to build the first commercial plant for hydrogen-

based renewable aviation fuel in Europe. The plant with its significant relevance of 

20 MW electrical power input is planned to start in 2023 [54,55]. These examples show 

that the SOEC technology continues to target the mass market entry and several 

manufacturers are rapidly accelerating their production capacities and scale-up. Note that 

all these applications run at atmospheric operating pressures. 

Research and developments in the field of pressurized SOEC operation are thus currently 

considerably less available than for the operation at atmospheric pressures. Consequently, 

scientific publications on the experimental behavior of cells, stacks or systems are rare. 

However, the few publications that are available found considerable advantages in oper-

ating SOECs at elevated pressures. On button cells, oxygen and fuel electrodes have been 

                                                 
1 CEA: The French Alternative Energies and Atomic Energy Commission 
2 EiFER: European Institute for Energy Research 
3 FZJ: Forschungszentrum Jülich 
4 DLR: German Aerospace Center 
5 DTU: Danish Technical University 
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independently studied in symmetrical cell setups at elevated pressures [31,56]. Both stud-

ies found a decreased electrode resistance with increasing pressure and concluded a sig-

nificant potential for the pressurized operation in fuel cell or electrolysis mode. Bernadet 

et al. investigated a circular single cell with an active area of 3.14 cm2 between 1 and 

10 bar in steam and co-electrolysis mode [25–27]. Similar studies were conducted by 

Jensen et al., Momma et al. and Sun et al. for pressure ranges between 0.1 and 10 bar 

[13,28,29]. However, the used gas compositions of these studies contained significantly 

high hydrogen or nitrogen proportions which might not be of relevance for perspective 

hydrogen or syngas production applications. 

First remarkable research work in the field of pressurized electrolysis mode on stack level 

was examined by O’Brien et al. in 2012 [57]. The authors used a 10-cell stack and oper-

ated it at pressures of up to 15 bar in steam electrolysis mode. Although the steam utili-

zation was just 40 %, the authors were able to successfully demonstrate the functionality 

and performance of the stack at elevated pressures. Jensen et al. reported experimental 

results by using an 11-cell stack from Haldor Topsoe in steam electrolysis mode between 

1.2 and 25 bar in 2016 [20,58]. Subsequent investigations were examined by the same 

authors with a 30-cell stack in reversible mode by furthermore performing some co-elec-

trolysis experiments [30,59]. The first system approach regarding the pressurized hydro-

gen production with SOECs has been reported in 2017 by sunfire GmbH [23]. Three 30-

cell stacks with a nominal input power of 10 kW were operated up to 15 bar and were 

coupled with several balance-of-plant (BoP) components like an evaporator, electrical 

heaters and heat exchangers. However, challenges like thermal management of the stack, 

pressure control, stable steam supply and considerable heat losses towards the surround-

ings were observed and must be safely addressed for future approaches. 

2.2 Scientific research gap 

The scientific work performed on the topic of experimental investigations of SOEC stacks 

is rare and by far dominated by non-pressurized operations. The available studies mainly 

focus on dynamical performance characterizations with different gas compositions in the 

feed or the long-term operation in steam and co-electrolysis mode combined with post-

mortem analyses of the stacks. 

Figure 1 illustrates the quantity of relevant publications that have been published for the 

atmospheric and pressurized operation of SOEC stacks. A distinction is made between 
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theoretical and experimental studies. At the time this PhD thesis is written, there are five 

relevant publications that experimentally investigated SOEC stack behaviors at elevated 

pressures [20,23,57–59]. Note that the four publications added in brackets to Figure 1 

come from this cumulative thesis (Article I-IV). 

 

Figure 1: Number of publications related to the operation of SOEC stacks. Distinction is made between 

theoretical and experimental publications for stack operation in electrolysis mode. The given numbers are 

based on scopus database (date: 09/2020). 

With the exception of the author's publications, the other studies primarily investigated 

the dynamical performance characteristics with gas compositions for pure steam electrol-

ysis or the reversible SOC (rSOC) mode, which includes fuel cell and steam electrolysis 

operation. However, for the latter a considerably high proportion of hydrogen in the feed 

was used which would not be reasonable for hydrogen production applications. Within 

the single publication from Jensen et al. examining the co-electrolysis operation at ele-

vated pressure, a gas composition with an H/C ratio of almost seven was used [59]. How-

ever, for relevant downstream processes like Fischer-Tropsch H/C ratios of one to two 

are required [60]. None of the available studies focused on the performance of pressurized 

CO2 electrolysis or the influence of elevated pressures on the differences during steam, 

co- or CO2 electrolysis so far. Moreover, the longest operation on stationary steam elec-

trolysis was studied within the publication of Jensen et al. over 200 hours [58]. Unfortu-

nately, several test incidents occurred during this experiment. Hence, the significance of 

the found degradation behavior is limited and post-test analyses of the cells were not 

carried out. The long-term stability of a stack during pressurized co-electrolysis was not 
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studied in any publications. Within most of the published experiments planar stacks with 

cathode supported cells were used, though stacks with electrolyte supported cells might 

be reasonable for pressurized systems due to better mechanical and redox stability of the 

cells [61]. Only one publication treated the behavior of a stack with electrolyte supported 

cells during steam electrolysis operation, though a considerable amount of nitrogen was 

used in the feed during the study. A direct comparison of the pressure influences on the 

performance and electrochemical characteristics of different stack concepts operated on 

relevant electrolysis conditions was missing. Furthermore, experimentally validated nu-

merical stack models were not developed. The available pressurized SOEC models are 

designed for single cell operation or a single repeating unit of a stack [27,62]. 

Consequently, the resulting gap within the scientific research on the pressurized operation 

of SOEC stacks was addressed within the current thesis. Experimental data about the in-

fluence of elevated operating pressures on the occurring electrochemical processes, on 

the dynamical and stationary performance and on the long-term stability of SOEC stacks 

are provided. The direct comparison of the performance of two different stack concepts 

that are operated in pressurized steam, co- and CO2 electrolysis and thus the quantification 

of the pressure and temperature dependency of the specific resistances was not yet inves-

tigated in previous studies. Hence, the identification, quantification and analysis of the 

dominating physical and electrochemical resistances provide scientific novelty by vary-

ing the partial pressures of the media in a much larger range than it is possible within 

atmospheric pressure operations. The development of a unique numerical stack model 

and its parameterization and validation with experimental results can be used as basis for 

perspective developments of suitable control, operation and integration strategies of pres-

surized SOEC systems. To increase the scientific knowledge and simultaneously support 

the developments of pressurized solid oxide electrolysis systems by delivering highly re-

quired experimental data and analyses, a significant scientific gap is identified and filled. 

2.3 Scientific research approach 

For the current thesis, the electrochemical behavior of two types of planar 10-layer SOEC 

stacks with having either fuel electrode supported cells (in electrolysis: cathode supported 

cells, CSC) or electrolyte supported cells (ESC), were examined under steam, co- and 

CO2 electrolysis at elevated pressures of up to 8 bar. The ESC stack is a commercial 

product from sunfire GmbH whereas the stack with cathode supported cells (CSC) is a 
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research prototype from Forschungszentrum Jülich. Both stacks are presented in detail in 

section 4.2 and Article IV. In order to bridge the scientific gap identified in section 2.2, 

the following methodologies for the experimental investigations were used. Note that two 

CSC stacks were available whereas a number of eight ESC stacks were used for the stud-

ies of this thesis. 

Characteristic physical and electrochemical resistances of the stacks were determined 

with electrochemical impedance spectroscopy (EIS) analyses under different operating 

temperatures, gas compositions and pressures. The quantification of the identified cell 

resistances by using an appropriate equivalent circuit model (ECM) offers scientific 

knowledge about the relationship between the operating conditions and the observed dif-

ferences during steam, co- and CO2 electrolysis operation of the stacks. The methodology 

related to the process identification and quantification via EIS is explained in section 

4.3.2, whereas experimental results are presented in the Articles II and IV. 

Detailed electrochemical characterizations were carried out with the help of steady-state 

and dynamically recorded current-voltage curves. The steady-state characterization offers 

the possibility to investigate the influence of occurring temperature gradients on the volt-

age and area specific resistance of the stacks at a constant conversion. For the co-elec-

trolysis operation, the analysis of the produced gas composition in dependence of the 

operating pressure was investigated. The methodology of steady-state current-voltage 

characteristics is not commonly used within the scientific research and is introduced in 

this thesis as a profound characterization technique. In contrast, dynamically recorded 

current-voltage curves with fast current ramps were conducted for a quasi-isothermal 

characterization of the stack without having dominant horizontal or vertical temperature 

gradients. Hence, the stack performance is evaluated for one specific stack temperature. 

Both electrochemical characterization methods are presented in detail in section 4.3. 

The long-term stability during the pressurized operation of stacks was investigated during 

steam and co-electrolysis mode. The influence of the operating pressure on the stack deg-

radation was quantified and was compared with published single cell experiments and 

stack operations at atmospheric conditions. In contrast to the current state of the pressur-

ized research activities, significantly increased experimental durations of 

1,000-2,000 hours were used. Furthermore, post-test analyses were used to examine the 

influence of the operating conditions on the stack components and cell microstructures. 
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The long-term experiments were conducted with the ESC stack concept due to limited 

availability of the CSC stacks. 

A 1D-simulation model was developed and was parameterized with quantified electro-

chemical and physical data of the stacks. Furthermore, heat losses according to the struc-

ture of the test rig and the used material properties of the setup are considered. Further-

more, the experimental results related to the current-voltage curves, the area specific re-

sistance (ASR) and the quantified resistance values of the stacks were used for the vali-

dation of the simulation results. The 1D model was used to support the experimental char-

acterizations and to predict the operational behavior beyond the experimental possibilities 

of the test rig. 
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3 Solid oxide electrolyzer technology 

In this section the basic structure of SOECs and the electrochemical reactions are de-

scribed.  

3.1 Operating principle of solid oxide electrolyzers 

A solid oxide electrolysis cell is an electrochemical device where electrical energy is con-

verted into chemical energy via redox reactions. An SOEC consists of two spatially sep-

arated electrode compartments and a ceramic membrane as the electrolyte. Figure 2 

shows a schematic of an SOEC in which the electrolyte acts as an ion conductor and 

simultaneously as an electronic insulator between the two electrode compartments. The 

electrolyte permits the transport of oxygen ions (O2-) from the fuel electrode (cathode) to 

the oxygen electrode (anode) whereas the electrons are forced to go through an external 

circuit. 

 

Figure 2: Schematic of a solid oxide cell operated in electrolysis mode. 

The reduction reaction of water and/or carbon dioxide takes place at the fuel electrode 

when a current is applied to the electrochemical device. As a consequence of the applied 

current, the resulting potential difference between both electrode compartments drives 

the oxygen ion towards the air electrode. 

 𝐻2𝑂 + 2𝑒−  ⇌ 𝐻2 +  𝑂2− R 3.1 

 𝐶𝑂2  + 2𝑒− ⇌ 𝐶𝑂 + 𝑂2− R 3.2 
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The oxygen ion migrates through the electrolyte and becomes oxidized at the air elec-

trode. 

 
𝑂2− ⇌

1

2
 𝑂2 + 2𝑒− 

R 3.3 

In addition to the redox reactions, various synthesis reactions can furthermore occur 

within the SOEC depending on the operating mode. Due to the high operating tempera-

tures and the catalytic property of the commonly used fuel gas electrode and support ma-

terials, the kinetics of the respective reactions are fast.  

The co-electrolysis operation of steam and CO2 favors the reverse water-gas shift reaction 

(rWGS, R 3.4) that can significantly contribute to the production of CO in co-electrolysis 

mode. High H2/CO2 ratios and high temperatures favor this endothermic reaction. Fur-

thermore, the methanation reaction (R 3.5) can occur that is favored at high pressures and 

low SOEC operating temperatures (above 650 °C). The co- and CO2 electrolysis opera-

tion implies the use of carbonaceous species, with the risk of solid carbon deposition at 

the fuel electrode due to the Boudouard reaction (R 3.6). Furthermore, CO can be further-

more electrolyzed towards solid carbon within the SOEC at high operating voltages or 

high conversion rates (R 3.7). The formation of solid carbon within the fuel electrode 

compartment can lead to a reduced number of active sites, thus leading to a reduced ac-

tivity and cell performance. Moreover, the formation of larger amounts within the fuel 

electrode support or the porous active electrode material can in worst case cause structural 

damage due to volume expansion and nickel dusting.  

 𝐻2 + 𝐶𝑂2 ⇌ 𝐻2𝑂 + 𝐶𝑂 ∆rh
0 = +41 kJ mol-1 R 3.4 

 𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2𝑂 ∆rh
0 = -206 kJ mol-1 R 3.5 

 2𝐶𝑂 ⇌ 𝐶(𝑠) + 𝐶𝑂2 ∆rh
0 = -172 kJ mol-1 R 3.6 

 𝐶𝑂 + 𝐻2 ⇌ 𝐶(𝑠) + 𝐻2𝑂 ∆rh
0 = -131 kJ mol-1 R 3.7 

3.2 Electrochemical fundamentals 

3.2.1 Thermodynamics 

The electrochemical reduction of H2O and/or CO2 occurs at the fuel electrode and requires 

energy supply due to the endothermic properties of the reactions R 3.1 and R 3.2. The 
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reaction enthalpies of the reduction reactions from H2O to H2 and CO2 to CO are shown 

in Figure 3 as a function of temperature. 

 

Figure 3: Energy demand of the reduction reaction from H2O to H2 and CO2 to CO with the total energy 

demand (reaction enthalpy ΔH, squares), the electricity demand (Gibbs free reaction energy ΔG, points) 

and heat demand (TΔS, triangles). [63]. 

The overall required energy of an electrolysis reaction corresponds to the value of the 

reaction enthalpy ΔH. The Gibbs free energy ΔG corresponds to the electrical energy 

whereas T∆S corresponds to the part of energy that can be supplied by external thermal 

energy to an SOEC. Consequently, from a thermodynamic point of view it is advanta-

geous to operate at high temperatures since a part of the required energy for the electrol-

ysis can be obtained from the thermal energy produced within the cell during operation 

(as a result of cell’s internal resistances) and/or from renewable or waste heat sources.  

The cell voltage of an SOEC can be calculated according to the Nernst equation that de-

scribes a theoretical voltage under non-loaded conditions: 

 
𝑈𝑁𝑒𝑟𝑛𝑠𝑡 = −

∆𝐺0

𝑧𝐹
−

𝑅𝑇

𝑧𝐹
ln ∏ 𝑎𝑖

𝜈𝑖
𝑘

𝑖=1
 

3.8 

Where UNernst is the Nernst voltage, ∆G0 is the Gibbs reaction enthalpy at standard state, 

R the ideal gas constant, T the temperature, z the number of transferred electrons, F the 

Faraday constant, ai the activities of product and reactant species and νi the stoichiometric 

coefficients of the participating species. Using the definition of the mole fraction with 

𝑋𝑖 = 𝑝𝑖/𝑝 and ideal gas 𝑎𝑖 = 𝑝/𝑝0, equation 3.8 yields to the pressure dependent form 

of the Nernst equation for the H2O and CO2 electrolysis reactions: 



3 Solid oxide electrolyzer technology 15 

 
𝑈𝑁𝑒𝑟𝑛𝑠𝑡 = 𝑈0 −

𝑅𝑇

𝑧𝐹
ln

𝑋𝑟𝑒𝑎𝑐𝑡,𝑓𝑢𝑒𝑙

𝑋𝑝𝑟𝑜𝑑,𝑓𝑢𝑒𝑙 + 𝑋𝑂2

0.5 +
𝑅𝑇

2𝑧𝐹
𝑙𝑛

𝑝

𝑝0
 

3.9 

where Xreact,fuel is the reactant H2O or CO2 and Xprod,fuel is the produced species H2 or CO. 

The pressure dependency of the theoretical Nernst voltage is illustrated in Figure 4. Since 

the ΔG values for steam and carbon dioxide reduction are highly similar in the tempera-

ture range between 700-900 °C, the pressure dependent Nernst voltages show similar val-

ues. 

 

Figure 4: Influence of the operating pressure on the Nernst voltage. The values are calculated for relevant 

feed gas mixtures at 800 °C: Steam electrolysis 90/10 H2O/H2; co-electrolysis 60/30/10 H2O/CO2/H2; CO2 

electrolysis 90/10 CO2/CO. 

A higher operating pressure leads to an increased open circuit voltage of the SOEC, which 

is disadvantageous due to the associated higher power consumption. However, this neg-

ative effect on thermodynamics can be compensated or exceeded by decreasing activation 

and diffusion resistances when conversion takes place. Furthermore, the effect of pressure 

is most dominant at low pressures and becomes less at higher operating pressures and is 

in general weak due to the logarithmic function in the Nernst equation. 

3.2.2 Electrochemical losses 

The main loss mechanisms in a SOEC are the ohmic, activation and diffusion losses that 

lead to increased voltages and heat production within the electrochemical device. Conse-

quently, the higher the losses of the electrochemical cell are, the more power needs to be 

supplied to the electrolyzer that leads to a decreased overall process efficiency.  
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The ohmic loss is due to the resistivity associated with the charge carriers. The main 

contributor to the ohmic resistance originates from the electrolyte material and the oxygen 

ion transport. Furthermore, the resistance of electrodes to electron transport and contact 

resistances between the different functional layers in a cell or stack can significantly con-

tribute to the ohmic loss. Consequently, the ohmic resistance can show a temperature-

dependency but is not influenced by the operating pressure. 

Activation losses occur due to the charge transfer reactions at the electrode-electrolyte 

interfaces. In particular, the losses are dictated by the electrode reaction kinetics and the 

specific mechanisms of the reactions. With higher operating pressures, the activation re-

sistances decrease due to increased adsorption rates of the reactants at active sites and the 

overall enhanced surface coverage with reactant species.  

Diffusion losses occur predominantly at high conversion rates when a lower concentra-

tion of reactants at the active surface is present due to the limited diffusion of gases 

through the porous electrodes. Consequently, the diffusion becomes dominant with in-

creased electrode thicknesses and reduced porosities. The diffusion process within a po-

rous electrode is assumed to be governed by both the Knudsen and the ordinary diffusion 

mechanism. At low operating pressures the diffusion mechanism is dominated by Knud-

sen diffusion, thus expecting the collision between molecules and wall to be predomi-

nantly occurring. Since Knudsen diffusion itself is independent of pressure, the mass flow 

of the reactants from the gas channel to the active sites is governed by the concentration 

gradient perpendicular to the porous electrode. It is important to note that the concentra-

tion gradient itself is proportional to pressure. The importance of Knudsen diffusion can 

be expressed with the Knudsen number Kn that is calculated as  

 
𝐾𝑛 =

𝜆

𝑑𝑝
 

3.10 

with the molecular mean free path λ and the pore diameter dp. Hence, equation 3.10 indi-

cates that a small pore size increases the contribution of Knudsen diffusion to the overall 

diffusion process within an SOC electrode. For a typical SOC and the operation at atmos-

pheric pressure, the Knudsen number was shown to be approximately one [64]. Further-

more, Yang et al. showed that for a SOC with an averaged pore size of <3 µm, Knudsen 

diffusion significantly contributes to the effective diffusion of hydrogen within the fuel 

electrode [65]. However, with larger pore sizes (>4 µm), the influence of Knudsen diffu-

sion on the effective diffusion coefficient was shown to decrease considerably. Since 



3 Solid oxide electrolyzer technology 17 

typical pore sizes of SOC fuel electrode materials are in the range of 0.5-2 µm, Knudsen 

diffusion must be taken into account due to its significant contribution to the overall dif-

fusion process within SOC electrodes [65–68]. 

At high operating pressures (Kn<<1), diffusion becomes dominated by ordinary diffu-

sion, thus inter-molecular collisions become predominant. Since ordinary diffusion is re-

ciprocally proportional to the pressure, the influence of the concentration gradient per-

pendicular to the electrode becomes less. Consequently, the highest influence of an ele-

vated operating pressure on the diffusion mechanism takes place within the transition 

region from Knudsen to ordinary diffusion mechanism. 
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4 Experimental Methodologies 

In this section, the test setup, the utilized stack types and the electrochemical and physical 

characterization methods are presented. 

4.1 Pressurized test setup 

The test rig for the scientific investigations on high-temperature SOC stacks at the Ger-

man Aerospace Center can be divided into five sub-areas. The functions are described 

within the Articles I and II where a picture of the bench can furthermore be found. It 

includes the pressure vessel with the integrated furnace, the fuel and oxide gas supply, 

the quench water supply, the equalizing tanks and the gas analysis system. The main 

component is the pressure vessel with an integrated furnace that enables experimental 

investigations in both fuel cell and electrolysis mode up to an operating pressure of 8 bar 

and a temperature of up to 950 °C. The vessel includes an electrical preheater and the 

furnace environment. In the preheater area, the process gases flow through several pipe 

loops and are thus brought to the desired process temperature. The furnace environment 

contains the stack as well as its media inlets and outlets and is flushed with compressed 

air, with which the surrounding operating pressure is set. The connections for the temper-

ature and pressure sensors as well as the power connections are located under the remov-

able base plate of the pressure vessel. 

The test rig was adapted for the investigations of the electrolysis mode within the present 

thesis. As one of the major challenges during the operation at elevated pressures, a func-

tional and precise pressure control between the both electrode compartments and the fur-

nace environment had to be implemented. In order to enable a detailed and fast respond-

ing pressure control, differential pressure sensors were positioned directly at the outlet of 

the media pipes from the pressure vessel, hence as close as possible to the stack. However, 

care had to be taken to ensure that the steam does not condense there, as this would lead 

to considerable pressure fluctuations. Another challenge of the operation in pressurized 

electrolysis mode is the supply of a stable and pulsation-free steam mass flow to the stack. 

Steam pulsations or sudden pressure surges or drops due to condensation can lead to fluc-

tuations in the cell voltage or even to cell ruptures and stack failures. Within the test rig 

an inlet-cooled water evaporator was installed that was developed at the Institute for 

Chemical Process Engineering (ICVT) at the University of Stuttgart. Compressed air is 

used to cool the liquid water inlet directly below the heated area in which the water is 
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evaporated. The sharp transition between the liquid water and heated evaporation area 

successfully prevents pulsations over the entire operating pressure range of the test rig. 

In order to prevent solid carbon deposition in the outlet pipes during co- or CO2 electrol-

ysis studies, an additional evaporator was installed that injects steam into the fuel gas pipe 

directly behind the stack. The underlying principle of this method is described in detail 

in Article II and proved its successful effect during the pressurized studies of this thesis. 

These adaptions were crucial for the successful examination of the pressurized electroly-

sis studies of the current thesis. 

 

Figure 5: Schematic of the pressurized test rig used for the experimental studies of this thesis. The main 

units of the rig are marked with the letters A-E. [63]. 

4.2 Investigated SOEC stacks 

The investigated solid oxide 10-layer stacks are briefly introduced in this section. De-

tailed explanations regarding the setup and the integration into the pressurized test rig can 

be found in Article II and IV. 

4.2.1 10-layer stack with electrolyte supported cells 

The ESC stacks used in this thesis were produced by the company sunfire GmbH. The 

stacks consist of ten electrolyte-supported cells, each with an active area of 127.8 cm2. 
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The fuel electrodes consist of Nickel (Ni) and gadolinium-doped ceria (GDC) that form 

a composite electrode referred to as Ni-GDC. The electrolyte consists of 3 mol% yttria-

stabilized zirconia (3YSZ) and the air electrode of lanthanum strontium cobalt ferrite 

composite (LSCF) material. Thin GDC layers are implemented between the electrolyte 

and the air electrode and between the electrolyte and the fuel electrode due to chemical 

and thermomechanical reasons. The contact layer on the air side is of lanthanum strontium 

manganese chromium (LSMC) material. A schematic of the cell structure with its layer 

thicknesses is shown in Figure 6.  

 

Figure 6: Schematic of the electrolyte supported cell structure. 

The stack has an open external air manifold design. The inlet media are passed over the 

active cell surface of the stack in co-flow direction. One complete repeating unit of the 

stack is shown in Figure 7. The fuel gas inlet and outlet channels are separated by ceramic 

spacers and glass sealings from the air electrode compartment. Furthermore, the electro-

chemically active cell is attached and sealed with glass on the bipolar plate to prevent the 

crossover of gas or air. 
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Figure 7: Complete repeating unit of the ESC stack. The visible area of the active surface represents the air 

electrode. The glass sealing around the active electrode is highlighted in red. 

The ESC stack is housed in a gas tight steel box which was engineered collaboratively 

with sunfire GmbH at the beginning of this thesis (shown in Figure 8). Due to the open 

external air manifold design, the box enables a precise pressure control of the oxygen 

electrode compartment. Furthermore, it prevents the generated oxygen and, in case of a 

leakage, other gases from entering the furnace environment. A thin transfer plate at top 

of the box enables the supply of the required compression force of 100 kg to the stack. 

An overall number of five thermocouples are integrated on the air electrodes of cell 1, 5 

and 10 of the stack. In addition, four thermocouples are implemented into the inlet and 

outlet gas pipes of the steel box. Further description of this setup of the ESC stack is given 

in Article I. 

 

Figure 8: Manufactured stack box at the beginning of the study. 
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4.2.2 10-layer stack with fuel electrode supported cells 

The F10-design CSC stacks used in this thesis were produced and provided by For-

schungszentrum Jülich. The stacks consist of ten fuel electrode-supported cells, each with 

an active area of 80 cm2. Figure 9 shows the schematic of the cell structure. The fuel 

electrodes consist of a Ni-YSZ composite material, the electrolyte of 8YSZ and the air 

electrode of LSCF material. A thin GDC layer is implemented between the electrolyte 

and the air electrode. Manganese chromium ferrite (MCF) is implemented as a chromium 

barrier layer between the air electrode and the interconnector. In contrast to the ESC 

stacks, the CSC stacks operate in counterflow. Furthermore, the stacks have a closed 

manifold design, hence do not require an enclosing stack box for the investigations in the 

pressurized test rig [69]. 

 

Figure 9: Schematic of the fuel electrode supported cell structure used in the F10-design stack. 

The media are supplied via holes in the base plate of the stack. Figure 10 shows a repeat-

ing unit of the F10-design stack with the inlet and outlet channels. A photo of a repeating 

unit can furthermore be found in [70].  
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Figure 10: Schematic of one repeating unit of the F10-design CSC stack provided by Forschungszentrum 

Jülich. 

For the implementation of the stack into the pressurized test rig, an adapter plate was 

designed in collaboration with Forschungszentrum Jülich to meet the required media con-

nection points of the test rig. Shaped mica gaskets were used for the electrical insulation 

between the stack and the adapter plate. For temperature measurements during the oper-

ation, three thermocouples were inserted into the central interconnector of the stack 

whereas one thermocouple was inserted into the top and bottom plate of the stack respec-

tively. Detailed description of the setup can be found in Article IV. 

4.3 Electrochemical characterization methods 

4.3.1 Current-voltage characteristics and the area specific resistance 

Steady state and dynamically recorded current-voltage characteristics were used for the 

performance investigations in this thesis. The main differences are described in this sec-

tion. Furthermore, the area specific resistance was used as a performance indicator that 

offers the possibility to compare and investigate the pressure influence on different stack 

concepts. 

For steady-state U(i)-curves, the current density is increased stepwise. Due to the formed 

temperature gradients in the stacks during operation and the different heat capacity of the 

stacks and the weights on top, reaching stationary conditions takes at least 90 min de-

pending on the operating point. The gas flows for the predefined inlet gas compositions 

are set at every current density point for a constant reactant conversion (RC) at the cells. 

The RC is defined according to the overall inlet mass flow of convertible reactants. The 
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methodology of steady-state current-voltage characteristics is not commonly used within 

the scientific research. However, it has the significant advantage that the temperature pro-

file in the stack and its influence on the voltage and area specific resistance can be deter-

mined in detail. With this method it is possible to record U(i)-characteristics with a cur-

rent density dependent vertical and horizontal temperature profile at a constant and rele-

vant reactant conversion rate. Consequently, the steady-state experiments offer the pos-

sibility to gain insights into the perspective stack operation behavior under different op-

erating modes in larger systems. In contrast, the commonly used dynamically recorded 

U(i)-characteristics are limited in their suitability for these purposes. 

However, dynamically recorded U(i)-curves offer a quasi-isothermal characterization of 

the stack since a fast current ramp is used that leads to a low temperature change over the 

complete range of current density. For this method of stack characterization, the gas flows 

are set for a predefined RC at a respective current density. The advantage of this charac-

terization method is the possible analysis of the ASR at a certain and almost constant 

stack temperature, while horizontal and vertical temperature gradients are insignificant. 

The performance of SOCs can generally be described with the help of the area specific 

resistance value. Since it is a normalized value, it provides the possibility to compare the 

performance of SOCs that are operated at different conditions. The general definition of 

the ASR is given in equation 4.1. In this work, ∆U is calculated via subtracting the reac-

tant conversion dependent ideal Nernst voltage (UNernst, avg) from the measured voltage 

(Umeasured). UNernst, avg is calculated with the actual measured characteristic temperature and 

the averaged gas composition between the inlet and the outlet of the cell, consequently 

assuming a linear conversion along the cell length. This assumption was shown to be 

sufficiently precise and valid in [71]. 

 
𝐴𝑆𝑅 =

∆𝑈

𝑖
=

𝑈𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑈𝑁𝑒𝑟𝑛𝑠𝑡,𝑎𝑣𝑔

𝑖
 

4.1 

In particular, the ideal voltage and thus the ASR associated with the steady-state U(i)-

curves is calculated with the aforementioned procedure for every current density step. In 

case of the dynamically recorded U(i)-curves, the gas composition changes for every cur-

rent density point due to the varying conversion caused by the current ramp. Conse-

quently, the present gas composition and the related Nernst voltage has to be calculated 

for each current density step. These calculations were performed with MATLAB in this 

thesis. The ASR of the dynamically recorded U(i)-curves is thus determined by lineariz-

ing over the current density range from -0.1 A·cm-2 to imax. 
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4.3.2 Electrochemical impedance analysis 

In this thesis EIS was performed to identify and quantify the influence of an elevated 

operating pressure and various operating conditions on the electrochemical processes of 

the ESC and CSC stacks. The analyses were examined with a measurement setup con-

sisting of a TDK Lambda electric power supply, a Zahner Zennium potentiostat and a 

Zahner EL1000 electronic load. The setup allows the measurement of up to five cells of 

the stacks simultaneously. The electrochemical impedance spectra were recorded in a fre-

quency range between 50 mHz and 20 kHz or 100 kHz respectively. Depending on the 

operating conditions, current amplitudes of 0.38 A and 0.96 A were used, whereby linear 

EIS measurements were generally ensured. Nyquist and -Z’’(f) diagrams were used for 

the graphical analyses of the spectra. The first intersection of the recorded spectra with 

the abscissa in the Nyquist diagram correlates to the ohmic resistance of the investigated 

cell. Furthermore, semicircles can be correlated to the additional electrochemical re-

sistances in the spectra. The frequency dependent -Z’’(f) plot was used to determine the 

characteristic frequencies of the remaining contributions to the overall cell resistance. 

Furthermore, a changing peak height by varying the operating conditions can graphically 

indicate a changing resistance in such a graph. The Thales software was used for the 

analyses of the recorded spectra. For the performed quantifications of the electrochemical 

resistances, the spectra were fitted with a suitable electrochemical circuit model shown in 

Figure 11.  

 

Figure 11: Equivalent circuit model used for the fitting procedures of the recorded impedance spectra. 

The ECM consists of one inductive unit (L), a serial resistor to determine the ohmic re-

sistance (R0) and three RQ elements connected in series that correlate to the fuel electrode, 

the air electrode and the concentration resistances. Care is taken that the fit quality was 

generally greater than 99.0 % and that the obtained values were sensible and in accord-

ance with the graphical analyses. 

For the scientific EIS investigations in this thesis, the characteristic frequencies of the 

ohmic, activation, diffusion and conversion impedance were determined by varying the 

experimental operating parameters as a first step. Subsequently, resistances were 
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quantified with the appropriate ECM under varying electrolysis modes and different op-

erating pressures. Consequently, the relationships between experimental parameters, the 

quantified resistances and the performance of the stacks enabled the investigation of the 

observed differences during steam, co- and CO2 electrolysis operation of the stacks.  

4.3.3 Measurement errors 

The author is aware that experimental measurements generally underlie inaccuracies. 

Therefore, a short discussion of possible measurement errors is provided in this section: 

1. Test rig: The test rig was calibrated before the commissioning of each stack with 

regard to the furnace temperature, the integrated thermocouples and the measurement 

devices for the absolute pressure. The latter have a specified accuracy of ±0.3 % of 

the set value. 

2. Temperature measurement: The thermocouples that were implemented in the ESC 

stacks were positioned at quarter, half and three-fourths of the length of the cell. 

Since these sensors were positioned manually at the manufacturer, a certain inaccu-

racy is expected but not quantifiable. However, the impact of the positioning on the 

experimental results is expected to be small. Furthermore, a temperature measure-

ment always includes inaccuracies due to the thermocouples used and the transmis-

sion of the thermoelectric voltage. For the type K thermocouples used in the test rig 

an accuracy of approximately ±3 °C is given by the manufacturer for 800 °C operat-

ing temperature. 

3. Mass flows: The gas flow rates were controlled with industrial standard mass flow 

controllers. The mass flow controllers were regularly calibrated. Furthermore, the 

correctly set gas compositions were evaluated based on the measured open circuit 

voltage (OCV) of the stacks. With this method the leakage of the stacks could fur-

thermore be evaluated. However, the mass flow controllers have an error of 0.05 % 

that significantly increases at the flow boundaries. A discussion about the impact of 

this inaccuracy on the ASR was addressed in Article II. 

4. Voltage measurement: The voltages were measured using a Siemens SPS unit. How-

ever, the specified error of these units is 0.2 % and should therefore not be significant 

for the measured voltage range of 0.7-1.5 V. 

5. Gas analysis: The gas analyzer was calibrated before starting each experimental cam-

paign. Due to its measuring principle, the gas analyzer has a specified inaccuracy of 

±1 % of the measured value for each species. 
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6. EIS: When recording the impedance spectra, care was taken to meet the required 

conditions of stability, causality and linearity of the measurements for valid imped-

ance data as precisely as possible. However, inaccuracies within the measured volt-

age or current responses can be induced by the measurement equipment itself (Zahner 

Zennium, see section 4.3.2), the cables or the plugs. Furthermore, poor electromag-

netic compatibility between e.g. the furnace and the sensible impedance setup can 

lead to undesirable influences. Although these possible influences were considered 

when connecting the measurement system with the test rig, these inaccuracies are 

still difficult to quantify. The input voltage accuracy of the potentiostat is specified 

by the manufacturer with ±50-100µV whereas the current accuracy of the electronic 

load (EL1000) is specified with ±0.25 % of the set value. 

In this work, great effort was put into the exactness of measurements. The measurement 

errors caused by the used hardware were not studied in detail, though. In general, largest 

discrepancies could arise with the temperature measurement that is used for the ASR cal-

culation. With an assumed maximum temperature inaccuracy of 3 K, the error would be 

greatest in the lower current density range where ∆U=Umeasured-UNernst,avg is smallest. To 

exemplify, a stack temperature of 790 °C was measured at a current density of -

0.078 A·cm-2 during steam electrolysis operation with the ESC stack (see Article I). Thus, 

a 3 K higher or lower temperature would lead to a change of the calculated Nernst voltage 

of approximately 2 mV considering the used operating conditions. The ASR consequently 

changes by 11 mΩcm2 that corresponds to a deviation of <1 % in this worst-case scenario. 

Hence, the impact of the measurement inaccuracies on the qualitative and quantitative 

results of this thesis is expected to be low. 

4.4 Physical characterization methods 

4.4.1 Gas analysis 

An online gas analyzer was used to determine the product gas composition during the co- 

and CO2 electrolysis studies. A stream of approximately 1 slpm was taken from the off-

gas of the stack and was continuously analyzed by a Rosemount X-STREAM X2GP gas 

analyzer. The analyzer offers the possibility to determine the molar proportions of H2, 

CO, CO2 and CH4 during operation. The proportions of the carbon-containing molecules 

are measured via a nondispersive infrared sensor (NDIR) whereas the hydrogen content 

is measured via a thermal conductivity sensor. Since the measuring principle of the 
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analyzer is not suitable for determining the H2O content in the gas stream, steam is con-

densed in the upstream with a compressor chiller operated at 3 °C. Hence, the steam con-

tent of the outlet gas composition was calculated via a mass balance for the analyses car-

ried out in this thesis.  

4.4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

spectroscopy (EDX) 

For the post-test analyses of the degradation tests shown in Article III, the stacks were 

disassembled and cross sections of certain areas of different cells and bipolar plates were 

prepared. Therefore, samples with approximately 1x1 cm2 were cut and embedded in 

resin. The SEM analyses were carried out with a Zeiss UltraPlus, providing an electron 

beam range of 2.0 to 10 kV. Combined with SEM measurements, the energy dispersive 

x-ray spectroscopy allowed the identification and quantification of the chemical elements. 
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5 Results and discussion 

The most important results of this thesis are presented in this chapter. First, the parame-

terized and validated numerical stack model and the author's contribution to it are de-

scribed. Second, the four publications (Article I-IV) are summarized. Each publication is 

treated separately in a sub-chapter that is divided into the underlying scientific research 

questions, the experimental procedure and the presentation of the most important results.  

5.1 Numerical cell and stack model 

A model built by S. Santhanam for a single repeating unit was the starting point for the 

development of the presented stack model [62]. The model was used by R. Lin to create 

a stack model in collaboration with the author to accurately simulate the stack operation 

within the experimental test rig [72]. The author supported the theoretical stack model 

developments by providing material properties, experimental parameters and specially 

designed experiments for the parameterizations (see section 5.1.2). The identified and 

quantified relations obtained from the electrochemical characterizations of the ESC stack 

were implemented into the stack model that can therefore support the experimental char-

acterization and predict the operation behavior beyond the experimental possibilities. Re-

sults are presented in section 5.1.3 in order to show the general possibilities of the model 

and the agreement between simulated and experimentally obtained data. 

5.1.1 Model description 

The stack model is implemented into the open source equation-based and object-oriented 

software language Modelica. It is hierarchically built and consists of different sub-models 

for the electrochemical and physical parts that are interlinked to form a complete stack. 

One essential part of the stack model is the underlying model that was developed by S. 

Santhanam for a single repeating unit of an SOC stack [62]. This 1D model considers the 

geometrical axis parallel to the gas flow direction. Hence, it is assumed that the fluid, 

thermodynamic and electrical properties along the other two axes are distributed uni-

formly. A schematic representation of the control volume considered for the 1D model is 

shown in Figure 12. It consists of five parts which are treated in the corresponding sub-

models: The fuel and air chamber, the electrochemical cell compound and two half-width 

interconnectors. Several infinitesimal control volumes as shown in Figure 12 can be ar-

ranged in row to form a complete cell with multiple discretization units.  
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Figure 12: Schematic of an infinitesimal control volume considered for the 1D model of a single repeating 

unit. 

The figure shows the parameters for the inlets and outlets of both the fuel and air chamber 

of the control volume with the mass flow ṁ, temperature T, pressure p and gas composi-

tion X. Furthermore, the directions of the conductive heat transfer Q̇cond, the radiative heat 

transfer Q̇rad and the convective heat transfer Q̇conv are described. Hence, the model for 

the repeating unit lays the foundation for the entire stack modeling task. The sub-models 

and their main assumptions are briefly summarized below: 

Within the 1D model, the air electrode, electrolyte and fuel electrode are assembled in a 

triple layer referred to as membrane electrode assembly (MEA). This model primarily 

calculates the cell voltage and the irreversible losses that arise from electrochemical re-

action kinetic, charge transfer and mass transfer. The cell voltage is calculated using the 

equation 

 𝑈𝑐𝑒𝑙𝑙 = 𝑈𝑂𝐶𝑉 − 𝑖 · (𝐴𝑆𝑅Ω − 𝐴𝑆𝑅𝑎𝑐𝑡 − 𝐴𝑆𝑅𝑑𝑖𝑓𝑓) 5.1 

where UOCV describes the theoretical voltage, i the applied current density, ASRΩ the nor-

malized serial resistance, ASRact the activation losses and ASRdiff the diffusion losses. The 

activation resistance within the MEA sub-model is described by a Butler-Volmer equa-

tion. The corresponding equation for the exchange current density i0 of each electrode has 

the following form [73,74]: 

 
𝑖0,𝑓𝑒 = 𝛾𝑓𝑒𝑇𝑀𝐸𝐴 ∙ (

𝑝 ∙ 𝑋𝐻2,𝑓𝑒

𝑝0
)

𝑎

∙ (
𝑝 ∙ 𝑋𝐻2𝑂,𝑓𝑒

𝑝0
)

𝑏

∙ 𝑒𝑥𝑝 (
−𝐸𝑎𝑐𝑡,𝑓𝑒

𝑅 ∙ 𝑇𝑀𝐸𝐴
)  

5.2 
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𝑖0,𝑎𝑒 = 𝛾𝑎𝑒𝑇𝑀𝐸𝐴 ∙ (

𝑝 ∙ 𝑋𝑂2,𝑎𝑒

𝑝0
)

𝑚

∙ 𝑒𝑥𝑝 (
−𝐸𝑎𝑐𝑡,𝑎𝑒

𝑅 ∙ 𝑇𝑀𝐸𝐴
)  

5.3 

with the fuel and air electrode prefactors γfe and γae, the exponents for the partial pressure 

dependencies a, b, and m as well as the activation energies Eact,fe and Eact,ae.  

The serial resistance behavior was determined experimentally and corresponds directly 

to the actual temperature of the electrochemical device (see 5.1.2 and Article I). The ac-

tivation losses are evaluated using a parameterized Butler-Volmer equation. The diffusion 

losses related to the mass transport through the porous electrode material are modeled 

using extended Fick’s law model with Knudsen diffusion employment. The theoretical 

equations according to the activation and diffusion losses can be found in [62,72,75]. 

The relevant phenomena that are accounted for in the fuel gas and air channel sub-models 

are mass storage, energy balance and pressure loss. Furthermore, both the methanation 

and water-gas shift reaction and their reverse reactions are considered within the fuel gas 

sub-model. To simplify the model routines, electrochemical steam reduction is assumed 

to take place at the fuel electrode-electrolyte interface whereas CO/CO2 reactions proceed 

via the rWGS/WGS reaction. The experiments that were carried out in this work underline 

this assumption as being sufficiently precise for relevant co-electrolysis operations (see 

Article II). The interconnectors are modeled as solid components where only thermal en-

ergy accumulation is accounted. Its function as an electrical conductor with certain elec-

trical losses is not considered, since ohmic losses are considered within the MEA sub-

model. By connecting the different sub-models, the convective, conductive and radiative 

heat transfer rates between the MEA and the interconnector sub-models are considered. 

The stack model is developed on the basis of the above described model of a single re-

peating unit. Each repeating unit interacts with adjacent units or the surrounding via gas 

flow, electric flow and heat flow. The stack model is resolved in the gas flow direction 

(x) and in the vertical orientation (z), hence resolved as a 1D+1D model.  

For the stack modeling purpose, it is assumed that the inlet gas is equally distributed 

among all cells. The discretized units of the single repeating unit model are electrically 

connected in parallel to form a complete cell and multiple cells are connected in series to 

form a stack. The heat conduction between adjacent repeating units and the heat flow into 

or out of the stack is implemented in x and z direction (see Figure 13). Therefore, a model 

attached to every discretized unit of a single repeating unit and between adjacent inter-

connectors is implemented that calculates the heat conduction rate between the 
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infinitesimal control volumes. Furthermore, the heat transfer between the stack and its 

surrounding along y direction is considered. 

Since the stack model is used to support the characterization of SOEC stacks in the pres-

surized test rig, it had to be adapted according to the structure of the test bench. In partic-

ular, proper heat transfer must be considered due to its large influence on the modeling 

accuracy. This includes the geometric properties as well as the consideration of the com-

ponents integrated in the test setup, such as the weights on top of the stack box or the 

support structure underneath the stack. Figure 13 shows the general heat transfer scheme.  

 

Figure 13: Schematic of the structure of the test rig with the integrated stack and the associated heat transfers 

between stack and surroundings [72]. 

Except for radiation, the heat transfer paths in x and z direction is modeled as a series 

connection of transfer resistances and heat capacities in order to preserve the simplicity 

of the model. Furthermore, a pressure dependency of the heat transfer through porous 

insulation materials in x, y or z direction could be neglected due to the operation of the 

stack within a furnace environment. Note that this aspect can additionally be integrated 

into the model, as the pressure dependency of the heat transfer through insulation mate-

rials significantly affects the simulation accuracy when the model is applied to pressur-

ized non-furnace test environments. Radiation between the solid parts and the outer fur-

nace environment is calculated with the assumption that the furnace area is much larger 
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than the parts attached to the stack. Consequently, the equation of the radiative heat trans-

fer is implemented into the model via 

 �̇� = Ꜫ𝑖 ∙ 𝑘𝐵 ∙ (𝑇𝑓𝑢𝑟𝑛𝑎𝑐𝑒
4 − 𝑇𝑘

4) ∙ 𝐴𝑖 5.4 

where k stands for the stack box, the support underneath the stack or the weights on top, 

Ꜫ for the emissivity and kB for the Stefan-Boltzmann constant. The thermal properties of 

the stack components and the materials that are implemented in the furnace environment 

are derived from literature [72,76–78]. 

5.1.2 Parameterization of the stack model 

The experimental investigations of the current thesis were used to obtain several values 

for the parameterization of the stack model. Since the ESC stack concept was mainly used 

for the experiments carried out in this thesis, the model is set and validated for this con-

cept. However, the basis for modeling of the CSC stack concept was furthermore laid 

since the temperature and pressure dependency of the ohmic resistance and the overall 

ASR was quantified and provided to the literature (see Article IV). 

The ohmic resistance was identified as the major loss of the ESC. It was extensively stud-

ied in Article I via EIS for operating temperatures between 650-850 °C. Furthermore, the 

correlation between a theoretical resistance based on the used materials in the stack and 

the actual measured stack resistance was shown. The temperature dependency of the 

ohmic resistance was directly implemented into the MEA model via the normalized ASRΩ 

value in equation 5.1. Furthermore, a possible degradation of the stack can be simulated 

via the pressure and time dependency of the ohmic resistance as shown and quantified in 

Article III. However, note that this specific correlation is valid for the experimentally 

tested operating temperatures, current densities and RC during steam and co-electrolysis 

modes. Hence, different operating parameters might lead to a different evolution of the 

time dependent ohmic resistance behavior and degradation. 

Several parameters for the equation of the exchange current density related to the Butler-

Volmer equation were obtained experimentally. The exponents a and b of the terms of 

equation 5.2 that describe the partial pressure dependencies were obtained via the elec-

trode resistance during a separate variation of the partial pressures of H2 and H2O. The 

parameters were obtained from the slope within the double logarithmic diagram of the 

resistance versus the partial pressure. 
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Figure 14: Determination of the a) parameter a as a function of the hydrogen partial pressure and b) param-

eter b as a function of the steam partial pressure on a double-logarithmic scale. The obtained parameters 

are used for equation 5.2 and are implemented into the stack model. The linear fits achieved a) R2=0.94 and 

b) R2= 0.96. 

The exponent m related to the oxygen partial pressure dependency of the exchange current 

density was used from literature (m=0.22) due to limitations of the pressurized test rig 

[79]. The behavior of the air electrode and the commonly used LSCF material are well 

investigated within the scientific literature for the fuel cell and electrolysis operation. 

The activation energy of the fuel electrode was obtained via the quantification of the fuel 

electrode resistance during a temperature variation. The value is reflected by the slope 

within an Arrhenius approach. Since the activation energy is pressure dependent, it was 

experimentally investigated at three different operating pressures of 1.4, 4 and 8 bar. The 

values were fitted to an exponential expression in order to implement the relation via a 

pressure dependent equation into the model. Consequently, it is assumed that the values 

of the activation energy follow this expression for operating pressures >8 bar.  
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Figure 15: a) activation energies obtained for the operating pressures of 1.4, 4 and 8 bar. b) shows the fit 

and the corresponding equation associated with the experimentally obtained activation energies shown in 

a) for a pressure range from 1.4 to 30 bar. The activation energies are implemented into the stack model. 

The temperature dependent prefactors γfe and γae of the exchange current densities were 

determined according to Leonide et al. with the found activation energies for the operating 

pressures of 1.4, 4 and 8 bar [79]. The charge transfer coefficients αFE and αAE of the 

Butler-Volmer equation were taken as 0.5, thus assuming reversible reactions. 

5.1.3 Simulation results 

Figure 16 shows the simulated U(i)-curve for the middle cell of the ESC stack during co-

electrolysis operation with an inlet gas composition of 60/30/10 (H2O/CO2/H2) for a) 1.4, 

8 bar and b) 30 bar. The furnace temperature of 800 °C and the RC of 70 % are constant 

throughout the current density range. The simulated data is furthermore compared with 

the experimentally obtained data shown in Article II. 
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Figure 16: a) Comparison of the simulated and measured voltage behavior of the middle cell of the ESC 

stack. b) shows the corresponding simulated U(i)-curve for 30 bar. 

As can be seen in the diagrams, the voltage behavior of the simulated data is generally in 

good agreement with the measured values. However, at highly exothermic operation, a 

slight deviation between the experimentally obtained and simulated voltage is found. This 

phenomenon can be attributed to a deviation of the simulated stack temperature as dis-

cussed below (see Figure 17). However, compared to the simulated voltage at 1.4 bar the 

voltage reduces by 31 mV at a pressure 30 bar. Note that the stack temperature also 

changes significantly with pressure and contributes to the decreased voltage (see Figure 

17). 

Generally, horizontal or vertical temperature profiles within the stack can be simulated 

with the parameterized stack model in order to determine critical operating conditions or 

the dynamic changes. Figure 17 shows the temperature profiles within the middle cell for 

pressures of 1.4, 8 and 30 bar according to the operating conditions shown in Figure 16. 

The measured temperatures for the operating pressures of 1.4 and 8 bar are furthermore 

shown within the diagram according to the experiment presented in Article II. For the 

simulation, the cell length of 90 mm was discretized into ten units and temperature pro-

files for two steady-state current density points were modeled. The current density 

of -0.16 A·cm-2 corresponds to an endothermic operation mode of the ESC stack at 1.4 

and 8 bar whereas a current density of -0.47 A·cm-2 is associated with an exothermic be-

havior. Note that the corresponding voltages for these current density points can be found 

in Figure 16.  
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Figure 17: a) temperature profile of the middle cell of the ESC stack during co-electrolysis operation at 1.4 

and 8 bar. The cell is discretized into ten units along the length. The simulated data is compared with ex-

perimentally obtained temperatures presented in Article II. b) simulated temperature profile of the same 

cell at a pressure of 30 bar.  

As already observed during the co-electrolysis studies of the ESC stack shown in Arti-

cle II, the decreased voltage at 8 bar is predominantly related to an increased temperature 

and thus a decreased ohmic resistance. The temperature during the pressurized operation 

increases due to the occurring exothermic methanation reaction. The simulated tempera-

tures of the stack model are generally in good agreement with the measured values for 

1.4 and 8 bar. However, a slight deviation between the simulated and measured tempera-

ture data can be observed for the exothermic operation. This phenomenon can be at-

tributed to inaccuracies associated with the heat capacities considered for the materials 

inside the furnace environment or a poor uniformity of the furnace heating that can con-

sequently lead to slightly different heat transfers. However, the deviations do not lead to 

qualitatively different results. At a pressure of 30 bar, the operation of the stack at a cur-

rent density of -0.16 A·cm-2 shifts close to a thermoneutral behavior. It can be assumed 

that the extent of methanation is approximately four times higher than during the opera-

tion at 8 bar. In particular, the chosen operating conditions would lead to a methane con-

tent of up to 10 % assuming that the gases reach thermodynamic equilibrium as it was 

already shown for the operation at lower pressures (see Article II and IV). Figure 16 

shows that applying a higher current density leads to a more significant temperature gra-

dient along the cell length which might affect the mechanical robustness of stacks over 

long-term operations. 
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As a consequence, the successful parameterization and experimental validation of the 

stack model offers the possibility to investigate operating conditions that go beyond the 

experimental feasibilities. For instance, the investigation of temperature gradients along 

the cell or the vertical temperature profile of larger stacks can be investigated in detail 

and offer a significant value for the safe operation of SOECs. The unique model can thus 

serve as a basis for the development and optimization of suitable control, operation and 

integration strategies of pressurized SOEC systems. Consequently, the development and 

experimental validation of a stack model for the pressurized SOEC operation addressed 

the identified scientific gap described in section 2.2. 

5.2 Article I: Analysis of the pressurized steam electrolysis 

operation of an ESC stack 

5.2.1 Research questions 

The research needs identified in section 2.2 about the performance characterization of the 

ESC stack and the quantification of its dominant cell resistances during the pressurized 

operation in steam electrolysis with high steam contents in the feed and high electrochem-

ical conversions are addressed within Article I. 

The scientific study evaluated the influence of the increased partial pressures of the sup-

plied gases on the behavior of both the cell voltages and the temperatures in the stack. In 

particular, the temperature behavior and the resulting horizontal and vertical temperature 

gradients in endothermic, thermoneutral and exothermic operation were examined for the 

pressurized steam electrolysis mode. The voltage behavior of the ESC stack at elevated 

pressure was examined in detail since a performance gain could already be observed for 

CSCs at higher operating pressures in literature [58]. 

The detailed performance characterization and the influence of the elevated pressure have 

been quantified in Article I over a wide temperature range using the ASR. This normal-

ized value offers the possibility to compare different stacks under different operating con-

ditions and is furthermore a valuable input parameter for stack and system simulation 

studies. Since the ohmic resistance was expected to make a significant contribution to the 

overall resistance of the ESC, a detailed study of its contribution was carried out over a 

wide temperature range. The quantification of this temperature dependent proportion of 

the total ASR was directly implemented into the stack model of the current work. 
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Additionally, the measured ohmic resistance of one repeating unit of the ESC stack was 

compared with a theoretical one that is based on the resistivity of the used materials. This 

investigation could indicate the amount of the contact resistances encountered in a stack 

and could point out perspective paths for improvements.  

The long-term stability of a second ESC stack operated close to atmospheric pressure 

with relevant current density and high steam conversion was investigated. This experi-

ment could serve as a basis for the perspective investigation of the influence of an elevated 

operating pressure on the degradation behavior. Consequently, a 1,000 hours test was 

carried out with each proportion of the cell resistance being resolved in detail every 

200 hours by means of EIS. 

5.2.2 Experimental 

Two 10-layer ESC stacks were used in this study. Both were equipped with temperature 

sensors that were placed according to the description in 4.2.1. One stack was used for the 

characterization of the pressure influence on the performance via U(i)-curves and the 

quantification of the above described cell resistances. The second stack was used for the 

investigation of the long-term stability over 1,000 hours during steam electrolysis opera-

tion close to an atmospheric operating pressure of 1.4 bar. 

In order to evaluate the influence of an elevated pressure on the voltage and temperature 

behavior, steady-state and dynamically recorded U(i)-curves were performed. In particu-

lar, the steady-state U(i)-curves were used to investigate the resulting horizontal and ver-

tical temperatures in the stack during the endothermic, thermoneutral and exothermic op-

eration. The characteristics were performed according to the description in chapter 4.3.1 

with a stepwise increase of the current density. The furnace temperature was 800 °C. The 

inlet gas composition with high steam content of 90 % (with 10 % H2) was chosen due to 

its relevance for perspective system applications. The reactant conversion was 60 % for 

every measuring point of the steady-state curves that were recorded at 1.4, 4 and 8 bar. 

Dynamically recorded U(i)-curves were furthermore used for the characterization of the 

stack and the quantification of the ASR under quasi-isothermal operation. The character-

istics were recorded with an increase of the current density of 1.96 10-3 A·cm-2·s-1. The 

gas flows were defined for a RC of 60 % at -0.8 A·cm-2. The stack was operated at the 

same pressure levels as for the steady-state characteristics and at three temperatures of 

750 °C, 800 °C and 850 °C. The ASR values were calculated according to the equation 

4.1 by linearizing the dynamically recorded U(i)-curves. The quantification of the 



5 Results and discussion 40 

temperature dependent ohmic resistance was carried out via impedance spectra that were 

recorded close to the open circuit voltage. The resistance was quantified within the tem-

perature range of 650-850 °C. It was ensured that the stack temperature was equal to the 

furnace temperature. With the help of the quantified ASR and the ohmic resistance values, 

the polarization resistance was calculated in dependence of the temperature and pressure. 

For all of the recorded U(i)-curves 1 slpm per cell air was used at the anode sides of the 

stack. 

The long-term steam electrolysis experiment was carried out over 1,000 hours at an op-

erating pressure of 1.4 bar using the second ESC stack of this study. The applied current 

density was -0.5 A·cm-2 with a RC of 70 %. EIS was performed at the same current den-

sity for every 200 hours of the experiment in a frequency range of 100 kHz to 50 mHz. 

5.2.3 Results and discussion 

The characterization of the stack showed a higher OCV at higher pressure and thus a good 

agreement with thermodynamics’ theory. The core temperature of the stack decreased at 

low current densities due to the endothermic steam reduction reaction. The steady-state 

curves showed a minimum stack temperature of approximately 782 °C at 

around -0.15 A·cm-2. At a voltage of 1.28 V for thermoneutral operation, the current den-

sity showed values of -0.36 to -0.4 A·cm-2 depending on the operating pressure. By fur-

ther increasing the current density, the stack showed an exothermic behavior whereby the 

temperatures at the maximum operating point of -0.63 A·cm-2 reached close to 850 °C. 

The U(i)-curves recorded at 4 and 8 bar showed a slight decrease of the slope with higher 

current densities compared to the U(i)-curve recorded at 1.4 bar. Associated is a slight 

convergence, but a crossing of the U(i)-curves and thus a performance gain was not ob-

served within the investigation of the ESC stack. Consequently, the performance of the 

stack was shown to be dominantly dictated by the ohmic resistance. Despite the fact that 

the ESC stack does not show a significant pressure influence on the performance, the 

electrical power applied for the electrolysis operation at 8 bar is almost the same as at low 

pressure due to the convergence of the U(i)-curves at high currents. Thus, the advantage 

of obtaining pressurized hydrogen at the outlet remains. 

Figure 18 a) shows the temperature profile in the stack during the recorded steady-state 

curves. Within the endothermic operating mode, the center cell of the stack was found to 

be the coldest and the outer layers of the stack to be the warmest. The vertical temperature 

gradient in the 10-layer stack was 5 K, whereas it was about 10 K in exothermic 
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operation. Consequently, the horizontal temperature gradient that formed during these 

experiments was small and thus did not pose a risk to the stack during steam electrolysis. 

The cell voltages depicted in Figure 18 b) furthermore show the thermal influence of the 

surrounding furnace that acts as a heat sink during the exothermic operation of the stack. 

Consequently, the outer layers of the stack showed the highest voltage due to their low 

temperature when compared to the inner cells of the stack. 

  

Figure 18: a) temperature distribution within the stack during the steady-state U(i)-curves recorded at 

1.4 bar. The sensor location is indicated by the colored crosses in the scheme. b) shows the cell voltages of 

specific cells of the same experiment. The cells shown in the graph are indicated by colors. [80]. 

A detailed investigation of the ohmic resistance was carried out via recorded EIS spectra 

in a temperature range between 650 °C and 850 °C. The obtained relation of the ohmic 

resistance followed the exponential expression of ASRΩ = y0+A·exp(B·T). The quantifi-

cation of this temperature-dependent proportion of the total ASR was furthermore directly 

implemented into the stack model of the current work (see chapter 5.1.2). Furthermore, 

values of the ohmic resistance obtained out of impedance spectra recorded at steady-state 

conditions under current (blue triangles in Figure 19) were compared to the ones obtained 

from the measurements close to OCV. Under operating conditions, the cells of the stack 

have a distinct horizontal temperature profile that has a significant impact on their local 

ionic transport conductivity. However, the steady-state measured points nevertheless fit 

very well with the temperature dependent ohmic resistance curve analyzed before. Hence, 

this behavior indicates that the measured core temperature of the ESC stack reflects a 

good average and can thus be used as the characteristic temperature within the electrolysis 

mode. This observation could thus be applied to stack modules where multiple stacks are 

implemented. Instead of measuring temperatures via thermocouples that are generally 
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implemented and distributed in many stacks, the ohmic resistance value could be used. 

This opens up a possibility for a significant saving of costs and working time which are 

incurred for the placement and manual installation of the temperature measurement sen-

sors in large modules. 

 

Figure 19: Temperature dependency of the ohmic resistance obtained for the middle cell of the stack. [80]. 

Since the ohmic resistance was found to have a major influence on the ESC stack perfor-

mance, it was theoretically analyzed based on the structure and used materials of one 

repeating unit. Figure 20 a) shows the schematic of the structure and highlights the sim-

plifications for the presented modeling approach. The components with very low total 

resistivities (<103 Ω·m) are assumed to be negligible and were scored out with diagonal 

bars. The resistivities of the considered layers are taken from literature (see Article I). 
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a)

 

b) 

 

Figure 20: a) Simplified sketch of one single repeating unit of the ESC stack. Arrows represent the electrical 

(ρe-) and ionic (ρionic) resistivities of each material and the contact resistances (Rcontact) between each com-

ponent. Neglected resistivities and resistances for the presented modeling approach are scored out with 

diagonal bars. b) Comparison between the measured ohmic resistance of one cell of the stack with the 

theoretical resistance based on the resistivities of the used materials. [80]. 

It was observed that the experimentally obtained values of the ohmic resistances are 

higher than the calculated ones of the total ASR. In the considered temperature range 

from 650 °C to 850 °C a deviation of 15-20 % between the modeled and experimentally 

obtained ohmic resistance was found. Since contact resistances were not considered in 

this simplified model, it is likely that the origin of one or more additional resistances in 

the repeating unit can be attributed to a poor contact between the electrochemically active 

cell materials and the electronically conductive parts. Consequently, it could be a prom-

ising path for perspective improvements of the ESC stack to reduce these additional re-

sistances and thus increase its performance. Additionally, an increased performance can 

furthermore be obtained by decreasing the electrolyte thickness or using an electrolyte 

material with higher oxygen ion conductivity (e.g. 8YSZ). However, the mechanical 

properties must be considered and the robustness of the ESC must be maintained.  

Out of the performed dynamically recorded U(i) curves shown in Article I, the ASR val-

ues were obtained. The found values are summarized within Table 1. In addition to the 

successful quantification of the total ASR for different temperatures and pressures, the 

values show that the largest pressure effect can be observed at lower temperatures. There, 

the pressure dependent activation and diffusion losses are more dominant than at high 

temperatures. However, even at the low temperatures, the decrease of the ASR at 8 bar is 
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not sufficient to compensate completely for the thermodynamic effect of the higher volt-

age at higher pressure. Consequently, a performance gain at an elevated operating pres-

sure was not observed for either the steady-state characteristics or the dynamically rec-

orded ones. 

Table 1: Summary of the obtained ASR values out of the dynamically recorded U(i)-curves for 1.4, 4 and 

8 bar. 

ASR / Ohm·cm2 1.4 bar 4.0 bar 8.0 bar 

750 °C 1.674 1.615 1.588 

800 °C 1.069 1.018 1.003 

850 °C 0.681 0.662 0.660 

 

With the information about the temperature relation of the ohmic resistance, the polari-

zation resistances from the dynamically recorded U(i)-curves could be analyzed. Figure 

21 shows the significant dependency of the polarization resistances from the operating 

temperature. As the resistance at 750 °C was approximately 0.5 Ω·cm2, it was more than 

halved when the temperature increased up to 850 °C. As already observed within the 

analysis of the ASR values obtained from the dynamically recorded U(i)-curves, the pres-

sure dependency is more significant especially at lower temperatures. In contrast, the po-

larization resistance at a high operating temperature showed hardly any pressure depend-

ency. 

 

Figure 21: Analysis of the temperature and pressure dependency of the polarization resistances obtained 

out of the dynamically recorded U(i)-curves. [80]. 

The second stack of this study was successfully operated over 1,000 hours at 1.4 bar in 

steam electrolysis and showed a promising low degradation. A detailed analysis of the 
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results with a comparison to the steam electrolysis operation at 8 bar is presented in Ar-

ticle III. Hence, it is referred to section 5.4. 

Consequently, the experimental data on pressurized steam electrolysis presented in this 

publication significantly complement to the scientific field of electrochemical perfor-

mance characterization of the ESC stack and the quantification and investigation of its 

dominant cell resistances. 
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5.3 Article II: Analysis of the pressurized co- and CO2 

electrolysis operation of an ESC stack 

5.3.1 Research questions 

The research questions described in section 2.2 that are related to the performance char-

acterization of the ESC stack during the pressurized operation in co- and CO2 electrolysis 

are addressed within Article II. Furthermore, the major differences between the steam 

electrolysis performance investigated in Article I and the co- and CO2 electrolysis provide 

scientific knowledge in terms of the electrochemical characteristics that are influenced. 

The research questions related to the stack performance are similar to the ones described 

in Article I. However, the influence of the co-electrolysis operation with two different 

inlet gas compositions that result in different H2/CO ratios of the produced synthesis gas 

were evaluated. In particular, H2/CO ratios of 1-2 are considered to be of major relevance 

for Fischer-Tropsch downstream processes [60]. The associated scientific question was 

whether the stack shows a significantly difference in performance with the different inlet 

gas compositions or whether the carbon formation limit in the stack restricts the mode of 

operation under increased operating pressures. Since rWGS reaction and CO2 reduction 

have an influence on the thermal behavior of the stack, the horizontal and vertical tem-

perature profiles were investigated during the pressurized co-electrolysis operation. An 

analysis of the produced synthesis gas evaluated if the thermodynamic equilibrium can 

be reached at endothermic and highly exothermic operating points for every pressure 

level. 

The major influences of the operating condition of steam, co- and CO2 electrolysis and 

the influence of an elevated operating pressure on the electrochemical resistances were 

determined experimentally. In particular, different hypotheses on the processes taking 

place during the co-electrolysis operation can be found in literature. From an exclusively 

and parallel occurring electrochemical reduction of steam and CO2 up to an exclusively 

running rWGS equilibrium reaction is reported [43,81,82]. The stack measurements car-

ried out in this study should contribute to provide sound investigations on this particular 

scientific question. Furthermore, the influence of an elevated operating pressure on the 

difference between characteristic processes during pure steam and pure CO2 electrolysis 

were investigated and quantified. 
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5.3.2 Experimental 

A 10-layer ESC stack was used for the characterization of the pressure influence on the 

performance under co-electrolysis operation. Steady-state and dynamically recorded 

U(i)-curves were performed in order to evaluate the performance over a wide temperature 

range and to quantify the ASR at the pressures of 1.4, 4 and 8 bar. The steady-state U(i)-

characteristics were performed according to the description in chapter 4.3.1 with a step-

wise increase of the current density of 78.24 mA·cm-2 and at 800 °C furnace temperature.  

Furthermore, the outlet gas composition at different current densities was analyzed and 

compared with the calculated thermodynamic equilibrium. Two different inlet gas com-

positions were used. The first composition consisted of 60 % H2O, 30 % CO2 and 10 % 

H2 whereas the second one consisted of 45 % H2O, 45 % CO2 and 10 % H2. With an RC 

of 70 % and assuming thermodynamic equilibrium at the outlet of the stack, these com-

positions were expected to lead to H2/CO ratios of 2 and 1 respectively. 

EIS was used to investigate the influence of different proportions of CO2 in the inlet gas 

on the resistances that become visible in the impedance spectra. An overall number of 

five gas compositions was used. Pure steam electrolysis with a 90/10 (H2O/H2) mixture, 

co-electrolysis compositions with 60/30/10 and 45/45/10 (H2O/CO2/H2) and CO2-elec-

trolysis with 90/10 (CO2/H2 and CO2/CO) were investigated. For the co-electrolysis and 

the CO2/H2 compositions rWGS reaction can occur, whereas for the CO2/CO mixture 

electrochemical reduction of CO2 is ensured. The outlet gas composition of the stack was 

close to a 60/40 reactant/product mixture where the concentration impedance is highly 

reduced due to the more balanced composition between reactants and products in the 

cells. Furthermore, a direct comparison between pure steam and pure CO2 electrolysis 

operation was carried out for temperatures of 700 °C and 850 °C in order to investigate 

the influence of the operating temperature on the characteristic resistances at two pres-

sures. The impedance spectra were fitted with the ECM described in chapter 4.3.2 in order 

to quantify and compare the resistances. 

5.3.3 Results 

The steady-state characteristics with the two predefined co-electrolysis inlet gas compo-

sitions (60/30/10 and 45/45/10 H2O/CO2/H2) show comparable cell voltages during op-

eration. A significant pressure effect was not observed with either the steam or the two 

co-electrolysis mixtures. However, the steady-state characteristics of the co-electrolysis 
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mode show a more significant convergence of the U(i)-curves at higher operating pres-

sures. A difference in the cell voltage is not observed for current densities <-0.3 A·cm-2. 

Consequently, the electrical energy required at 1.4, 4 and 8 bar is equal. However, this 

effect was found not to be related to an electrochemical pressure effect, but to the 

methanation reaction that takes place within the stack. Methanation primarily occurs at 

high pressures and low temperatures. This exothermic reaction leads to an increased stack 

temperature and consequently to reduced cell resistances. As shown within Article I, the 

performance of the ESC stack is strongly associated with the operating temperature due 

to the high proportion of the ohmic resistance. In addition, the gas analysis carried out for 

the steady-state characteristics shows a good agreement between the measured gas con-

centration of H2, CO2, CO and CH4 and the equilibrium composition that is calculated on 

the basis of the measured stack temperature. As expected, a slightly higher methane con-

centration was shown for the used 60/30/10 (H2O/CO2/H2) mixture due to the higher 

H2/CO ratio. Consequently, for a high-pressure operation with a high amount of stack-

internally produced methane, the stack is operated at higher temperatures and larger tem-

perature gradients form along the cell lengths. This is in agreement with 5.1.3, where the 

simulated temperature profile for the co-electrolysis operation at 30 bar is shown. Hence, 

temperature control strategies such as decreased applied current densities or active cool-

ing via the air side might be required for high pressure co-electrolysis applications. 

The comparison of the dynamically recorded U(i)-curves between steam and co-electrol-

ysis show a comparable behavior at both operating temperatures. The voltage shows an 

almost linear behavior up to the maximum current density with a slightly reduced slope 

of the U(i) curves that were recorded at increased pressure. 

The ASR values obtained from the steady-state and dynamically recorded U(i)-curves 

were compared with one another for the steam and the two co-electrolysis mixtures. Fig-

ure 22 shows that during steam electrolysis operation the ASR follows the characteristic 

of the ohmic resistance with an additional and temperature dependent resistance. 
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Figure 22: ASR values derived from steady-state and dynamically recorded U(i)-characteristics for co-

electrolysis (a), (b) and pure steam-electrolysis (c). (d) shows the fitted ASR curves of a-c. Values of the 

temperature-dependency of the ohmic resistance are derived from Article I. [63]. 

This additional part can be attributed to the polarization resistance. Note that the fitted 

curves shown in Figure 22 have slight inaccuracies due to the fit across different pres-

sures, but are able to elucidate the general trend of the relation of the ASR with tempera-

ture. The obtained parameters for the mathematical expression of the ASR 

(ASR=A·exp(B·T)) are summarized in Table 2. 
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Table 2: Summary of the obtained fit parameters for calculating the temperature dependent ASR for steam 

and co-electrolysis operation of the ESC stack with the equation: ASR=A·exp(B·T). 

ASR / Ω·cm2 A·103 / Ω·cm2 B·10-3 / °K-1 

Steam electrolysis 90/10 5.05 -7.99 

Co-electrolysis 60/30/10 9.52 -8.57 

Co-electrolysis 45/45/10 13.63 -8.87 

In case of co-electrolysis operation, the polarization resistance shows a higher tempera-

ture dependency. At low temperatures, the ASR shows a higher proportion of the polari-

zation resistance while at high temperatures (>820 °C) a significant difference between 

steam- and co-electrolysis is not observed. Thus, the increasing partial pressure of CO2 

has a worsening influence on the cell and stack performance during co-electrolysis espe-

cially at lower temperatures. An influence of the presence of CO2 was hypothesized 

within Article II and was confirmed with EIS measurements shown in Figure 23 and Fig-

ure 24. 

The recorded EIS spectra of the five gas compositions with steam, co- and CO2 electrol-

ysis compositions show an apparent influence of the operating pressure. The peak in the 

-Z”(f) diagram attributable to the concentration resistance at a characteristic frequency of 

0.1-0.5 Hz becomes less prominent and shows a decreased frequency at elevated pressure. 

This can be attributed to a decreasing diffusion resistance. For the detailed explanation of 

the relationship and the made conclusion, it is referred to the section within Article II. 
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Figure 23: Comparison of five gas compositions for steam, co- and CO2 electrolysis at 1.4 (a) and 8 bar (b). 

[63]. 

The process related to the frequency of 10–20 Hz can be attributed to a surface process at 

the fuel electrode since it highly depends on the partial pressures of the reactants. With 

higher pressure the resistance and the characteristic frequency decreases due to the in-

creased concentration of reactants at active sites. Additionally, the peak and the resistance 

can be observed to get more prominent with an increasing content of CO2 in the feed gas. 

Since the activation energy of electrochemical CO2 reduction is reported to be higher than 

that for steam reduction, it strongly indicates that CO2 is reduced electrochemically to 

some extent during co-electrolysis operation. However, it is shown by the results of Ar-

ticle II that the hypothesis that the main reaction pathway for the production of CO during 

relevant co-electrolysis operations (for H2/CO ratios of 1-2) at relevant operating temper-

atures of the ESC stack via the rWGS reaction is valid. 

Since a temperature dependency of the ASR is found to be associated with the CO2 con-

tent in the feed gas for low temperatures, the difference between steam and CO2 electrol-

ysis was examined for a comparison at 700 °C and 850 °C. At 700 °C the difference be-

tween steam and CO2 electrolysis is significant for both the fuel electrode and the con-

centration impedance. The difference can be attributed to a more significant diffusion 

resistance for CO2 electrolysis operation. At higher pressure the diffusion resistance de-

creases due to superior mass transport and the peaks are shifted towards lower resistance 

values and lower frequencies. The fuel electrode process shows higher values for CO2 
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electrolysis and consequently a decreased frequency. The decrease of the resistance at 

elevated pressure was observed to be more significant for the CO2 electrolysis. This indi-

cates a higher pressure sensitivity during CO2 electrolysis compared to pure steam elec-

trolysis operation. Note that for the dynamically recorded U(i)-curves presented in Article 

IV, an increased pressure sensitivity was indeed shown for the CO2 electrolysis operation. 

 

Figure 24: Comparison of EIS spectra during steam and CO2 electrolysis at 700 °C and 850 °C respectively 

and 1.4 and 8 bar of pressure. RC is 30 % at a current density of -0.20 A·cm−2. [63]. 

At a stack temperature of 850 °C the observed resistances at 1.4 and 8 bar show lower 

values due to the generally faster kinetics at higher temperatures. The concentration pro-

cess is observed to be similar for both steam and CO2 electrolysis, which indicates an 

equal diffusion rate of the reactants through the porous layer at these conditions. The 

frequency of the fuel electrode process shows slightly higher resistances for CO2 reduc-

tion compared to steam reduction at both 1.4 and 8 bar. However, in relation to the total 
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ASR, the proportion of the fuel electrode process resistance is marginal in both operation 

modes and at both pressures whereas the concentration part takes almost a proportion of 

one fourth of the total ASR at 850 °C and at the studied conditions. 

To conclude, Article II presents detailed investigations about the performance character-

istics during co- and CO2 electrolysis via steady-state and dynamically recorded U(i)-

curves. The influence of the rWGS and methanation reactions on the characteristic stack 

performance was elucidated. Furthermore, the dependency of the total ASR and the oc-

curring electrochemical processes from the CO2 content in feed for relevant co-electrol-

ysis mixtures was quantified for a wide temperature range and different operating pres-

sures. The direct comparison between steam and CO2 electrolysis provided further scien-

tific knowledge about the pressure sensitivity of different operating modes. These find-

ings significantly contribute to the addressed research questions described in section 2.2 

for the pressurized co- and CO2 electrolysis operation of an ESC stack. 
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5.4 Article III: Analysis of the long-term stability of stacks 

operated at elevated pressure in steam and co-

electrolysis mode 

5.4.1 Research questions 

The research questions that were addressed by Article III are associated with the long-

term stability of ESC stacks under pressurized steam and co-electrolysis operation. Since 

experimental data on the long-term performance of stacks are highly required for the fur-

ther development of the SOEC technology and its usability in perspective applications, 

several scientific institutions are investigating this topic. However, a research gap as dis-

cussed in section 2.2 for the pressurized operation was identified, since the longest deg-

radation test that has been published was for about 200 hours where several test incidents 

occurred. Consequently, a sound investigation about the influence of an elevated pressure 

on the degradation was missing within the scientific research. 

In this study, the degradation rates during pressurized steam and co-electrolysis under 

constant-current operation was investigated and quantified over durations of 

≥1,000 hours. In order to increase the relevance of the obtained results, gas compositions, 

current densities and reactant conversions were used that have a high probability to be 

used within perspective SOEC system applications. The influence of the elevated operat-

ing pressure on the stability of the cell and stack components was investigated in detail 

within post-test analyses. In particular, the stacks were investigated with regard to formed 

oxide layers in the stacks, delamination, contamination or material depletion effects that 

might have contributed to the observed degradation behavior. 

5.4.2 Experimental 

In this study, three 10-layer ESC stacks were used that were evaluated via EIS before the 

beginning of the tests regarding comparable resistances. Constant‐current tests at a fur-

nace temperature of 800 °C were performed. Two stacks were used for the investigation 

of the stability during pressurized steam electrolysis operation at 1.4 (stack A) and 8 bar 

(stack B) respectively. An inlet gas composition of 90 % H2O with 10 % H2 was used 

with a RC of 70 % and at a constant current density of -0.5 A∙cm-2. The test at 1.4 bar was 

examined over a duration of 1,000 hours. The experiment at 8 bar was examined over 

2,000 hours whereas a short operation in fuel cell mode was performed in between. The 
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third stack (stack C) was used for the co-electrolysis experiment over 1,000 hours. In 

order to compare the performances, the first 160 hours were carried out in steam electrol-

ysis at 1.4 bar with this stack. Subsequently, co-electrolysis with an inlet gas composition 

of 63.7 % H2O, 31.3 % CO2, 3.3 % of H2, and 1.7 % CO was performed. After 500 hours 

of testing at 1.4 bar, the operating pressure was increased to 8 bar for the rest of the test 

duration. The current density and the RC were the same as for the steam electrolysis tests. 

Furthermore, the outlet gas composition was monitored throughout the test duration.  

At the beginning of the tests and several times within the experiments, EIS was carried 

out at the operating points, in order to evaluate the time‐dependent change of the re-

sistances. After the degradation tests, the three stacks were disassembled and the middle 

cells of the stacks were used for post‐test analyses with the help of SEM and EDX. 

5.4.3 Results 

All stacks showed highly similar resistances according to their respective temperature 

dependency at the beginning of the tests, indicating a high level of accuracy and repeata-

bility during manufacturing. 

Figure 25 shows the test results of both steam electrolysis experiments at 1.4 bar and 

8 bar. With the chosen values for the conversion and current density, both stacks were 

operated exothermically. The diagrams show the increase of the voltage, of the charac-

teristic temperature and of the total ASR per kh. Furthermore, the ohmic resistances re-

ceived from the EIS measurements are shown in the lower graphs. The depicted polari-

zation resistances ASRpol were thus calculated with the difference between the total ASR 

and the measured ASRΩ. 
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a)

 

b)

 

Figure 25: Constant-current steam electrolysis operation over a) 1,000 h at 1.4 bar and b) 2,000 h at 8 bar. 

[83]. 

Comparing both experiments shown in Figure 25, it can be seen that the voltage and char-

acteristic stack temperature related to the 8 bar test increased rapidly. The ASR showed 

a degradation rate almost four times higher compared to the 1.4 bar test. Figure 26 shows 

the EIS measurements that were regularly recorded during the 1,000 h and 2,000 h exper-

iments. The spectra show a dominant increase of the ohmic resistance in both cases. How-

ever, the increase of the ohmic resistance was more apparent within the 8 bar test than at 

1.4 bar. Furthermore, the degradation was found to be primarily associated with an in-

crease of the ohmic resistance. In comparison to that, the polarization resistances were 

hardly affected. 
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a) 

 

b) 

 

Figure 26: Recorded impedance spectra of the steam electrolysis operation over a) 1,000 h at 1.4 bar and 

b) 2,000 h at 8 bar. [83]. 

The observed degradation of stack A is in a similar range to relevant stack investigations 

at ambient pressure [35,84]. Furthermore, published results about the CSC and the ESC 

long-term stability at ambient pressure showed that the ohmic resistance predominantly 

increased [84,85]. This phenomenon can be attributed to considerable oxide layer for-

mation, delamination, contamination or a decreased contact between the electrically and 

oxide ion conducting materials in the cells. These observations were also made within the 

post-test analyses of the stacks within Article III, whereas the extents were different in 

dependence of the operating conditions and test durations. 

Within the post-test analyses of the two stacks, the bipolar plates and the electrodes of the 

middle cells were investigated with the help of SEM and EDX. Apparent formation of 

oxide layers on the bipolar plates towards the air chambers was observed, with the bipolar 

plates of the stack operated at 8 bar having oxide layers almost twice as thick as observed 

for stack A. However, the oxide layer formation is attributable to the duration of the ex-

periment and not to the increased partial pressure of oxygen, since the growth of oxide 

layers generally follows a parabolic time law in the temperature range of 750-950 °C [86]. 

Figure 27 shows the cross section of the fuel electrode (Ni-GDC) and partly of the elec-

trolyte (3YSZ) of the stacks that were operated in steam electrolysis at a) 1.4 bar and b) 

8 bar. Coarsening and depletion of Nickel are apparent within the fuel electrode of the 

stack that was operated at 8 bar. Furthermore, a comparably denser layer of Nickel on the 

surface of the electrode was observed. Since these observations were particularly made 
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at the inlet of the stack where the partial pressure of H2O was highest during operation, 

the results indicate a direct correlation between steam partial pressure and Ni depletion 

rate. The mobility of Nickel can most likely be attributed to the occurring hydroxide spe-

cies Ni(OH)2 whose concentration shows a linear dependency on the partial pressure of 

steam. Consequently, the mobility of Nickel increases with the operating pressure and 

leads to the observed depletion within the fuel electrode operated at 8 bar. The loss of 

Nickel in the porous electrode can furthermore lead to the observed increased ohmic re-

sistance since the ionic conduction pathway of the O2- ions becomes longer. This effect 

was also shown in literature for Ni-YSZ electrodes before [87–89].  

 

Figure 27: Cross section showing the fuel electrode and electrolyte of the stacks that were operated at a) 

1.4 bar over 1,000 h and b) 8 bar over 2,000 h. [83]. 

Furthermore, a partial delamination of the air electrode was observed particularly at the 

outlet of the stack that was operated at the highest pressure for 2,000 hours. Although this 

delamination could significantly contribute to the observed degradation behavior, it could 

not be confidently attributed to the operating conditions, since it may have occurred dur-

ing the disassembly of the stack. 

The third stack used in this study (stack C) was initially operated in steam electrolysis 

mode at 1.4 bar and showed a similar degradation as the operation of stack A within the 

first 160 hours. The degradation was found to increase noticeably within the subsequent 

operation over 500 h in co-electrolysis mode at 1.4 bar. The ohmic resistance was 
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identified again to be the dominant cause of the performance loss. Furthermore, the co-

electrolysis operation at an elevated pressure of 8 bar showed that the degradation in-

creases. However, the stack failed after a total operating time of 930 h due to a steam 

starvation incident that caused a detrimental increase of the ohmic resistance. Figure 28 

a) shows the experimental results with the voltage, temperature and quantified ASR de-

velopment for the co-electrolysis operation.  

  

Figure 28: a) Constant-current operation in steam and co-electrolysis mode over 1,000 h at 1.4 

bar and 8 bar. b) Overview of the temperature corrected increase of the ohmic resistance observed 

for the three independently operated stacks. [83]. 

Figure 28 b) shows the development and a direct comparison of the normalized ohmic 

resistances of the three independently operated stack experiments. Due to the slightly 

different operating voltages and different degradation rates, the ASRΩ development was 

temperature corrected in order to obtain a sound comparison. Consequently, the experi-

ments indicate a significantly pressure dependency of the degradation behavior. Further-

more, the results indicate a negative influence of the used CO2 or CO on the long-term 

performance. A higher degradation during co- electrolysis operation has already been ob-

served within single cell and stack tests and was ascribed to additional contaminants like 

sulfur which can be brought in by the carbonaceous gas leading to an inactivation of the 

catalyst [90–92]. The possible contamination brought in by the CO2 or CO feed was iden-

tified as a topic for perspective research needs.  

To conclude, Article III shows the degradation phenomena of three identically con-

structed stacks that were operated at different pressurized conditions. These tests thus 

represent the first experimental results about the long-term stability during relevant 
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pressurized electrolysis operations. The results showed that higher operating pressures 

lead to a higher degradation and that co-electrolysis has furthermore a detrimental effect 

on the stack stability. Correlations between the steam partial pressure and Ni depletion as 

well as increased oxide layer formation with test durations were obtained. Overall, the 

ohmic resistance was found to be the most dominating cell resistance that contributes to 

the performance loss. However, an increased number of experiments with post-test anal-

yses have to be conducted in order to reproduce the results shown in this Article and in 

order to increase the statistical significance. Nonetheless, the experiments and analyses 

carried out in this article addressed and helped to fill the scientific gap described in section 

2.2 about the stack stability during pressurized electrolysis operations. 
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5.5 Article IV: Comparison of the performance of stacks with 

different cell concepts at elevated operating pressure 

5.5.1 Research questions 

As described in section 2.2, extended research needs were identified for the comparison 

of the pressure influence on the performance and characteristic cell resistances of stacks 

using different cell concepts. Hence, these research questions were addressed within Ar-

ticle IV. 

Stacks with either electrolyte supported or fuel electrode supported cells were investi-

gated and were compared during pressurized steam, co- and CO2 electrolysis operation. 

The experiments carried out with the ESC stack were intended to show whether the results 

agree with those of the steam and co-electrolysis shown in the Articles I and II and thus 

reflect the reproducibility and accuracy during the production process of the cells and 

stacks. This attribute is of major interest of the SOC technology suppliers since similar 

stack performances are important for efficient operating strategies of large modules con-

taining multiple stacks. The stack with fuel electrode supported cells, referred to as CSC 

stack, was provided by Forschungszentrum Jülich. Its investigation is the first scientific 

study at elevated pressure. Hence, the main purpose of this work was to provide experi-

mental data about the quantified temperature and pressure dependent ASR and the general 

performance data associated with the CSC stack architecture. The impedance study and 

the direct comparison of the recorded spectra provides scientific knowledge about the 

influence of an elevated operating pressure during steam and CO2 electrolysis related to 

the different cell concepts and electrode materials used within both stack types. Further-

more, the results provide the basis for perspective stack and system modeling activities 

associated with the CSC concept where experimental data are crucial for the reliability of 

the simulation results. 

5.5.2 Experimental 

The structure, the sensor equipment and the integration into the test rig of both stacks can 

be found in chapter 4.2. In order to investigate the pressure influence on the performance, 

steady state U(i)-curves were carried out in steam and co-electrolysis with both stack 

types. A fuel gas flow for a constant RC of 70 % at each current density point was used. 

Steam electrolysis operation was performed with an inlet gas composition of 90/10 
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(H2O/H2), whereas co-electrolysis operation was performed with an inlet gas composition 

of 60/30/10 (H2O/CO2/H2). Due to thermal operating limits of the stacks, the CSC type 

was operated at a furnace temperature of 750 °C whereas the ESC stack was operated at 

a furnace temperature of 800 °C.  

For the dynamically recorded U(i)-curves the fuel gas flows were set according to a RC 

of 70 % at a current density of -0.75 A·cm-2 for each gas composition. Due to a current 

ramp of -0.16 A·cm-2⋅min-1 a quasi-isothermally recorded U(i)-curve was performed with 

each stack. In order to quantify the ohmic resistance of the CSC stack, impedance spectra 

were recorded close to OCV conditions in a temperature range from 650 to 820 °C. The 

furnace temperature was increased in 20 K steps. 

The impedance measurements for analyzing the differences during the performed elec-

trolysis modes were recorded galvanostatically at -0.2 A·cm-2 and a current amplitude of 

0.38 A. For all experiments a constant air flow of 1 slpm air per cell was used for the air 

side of the stacks. 

5.5.3 Results 

The observed ohmic resistance of the CSC stack is shown in Figure 29 a) together with 

data of the ESC stack published in Article I. Due to the thinner electrolyte and the en-

hanced oxide ion conductivity of the 8YSZ material, the CSC shows a significantly lower 

ohmic resistance. Thus, the temperature dependency of this loss contribution is limited 

whereas it is predominant for the ESC stack. 
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Figure 29: Characterization of the ohmic resistance of the ESC and CSC stacks. The values were obtained 

from impedance measurements at 1.4 bar for the middle cell of each stack. Data of the ESC can be found 

in Article I. [69].  

The comparison of the pressure influence on the performance of each stack during differ-

ent electrolysis modes shows that the overall performance is significantly different due to 

the different cell types. A performance gain that is reflected by crossing U(i)-curves was 

observed for current densities lower than -0.5 A·cm-2 in case of the CSC stack whereas a 

significant pressure influence on the ESC stack was not observed. Furthermore, the 

achieved current density of the CSC stack is almost twice as high as for the ESC stack 

although both stacks were operated at close to their system relevant operating tempera-

tures. During the performed co-electrolysis operation, the gas analysis showed that the 

outlet gas compositions of the stacks are in good agreement with the thermodynamic 

equilibrium and methane contents of up to 7% at a pressure of 8 bar were found.  
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Figure 30: Steady-state U(i)-curves recorded for the co-electrolysis operation for a) the CSC stack and b) 

the ESC stack at 1.4, 4 and 8 bar. Inlet gas composition is 60/30/10 (H2O/CO2/H2) with a reactant conver-

sion of 70 % at every measuring point. [69]. 

The increase of pressure from 1.4 bar to 8 bar leads to a decrease of the ASR of the CSC 

stack of approximately 20 % at the highest current density point. Out of the performed 

steady-state and dynamically recorded U(i)-curves, a temperature and pressure dependent 

ASR relation was quantified for 1.4, 4 and 8 bar. The values were fitted to an exponential 

expression that can be used as an input parameter for stack and system studies of both 

stack architectures. The parameters can be found in table 2 of Article IV. The pressure 

effect on both the CSC and the ESC stack was found to be more prominent at lower 

temperatures and can thus be ascribed to the more prominent kinetics and the conse-

quently more prominent polarization resistances. 
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Figure 31: Temperature and pressure dependent total ASR of the CSC and the ESC stack. The ASR of the 

ESC stack is plotted jointly with values obtained with a different but identically constructed stack used in 

Article II (unfilled squares). [69]. 

The dynamically recorded U(i)-curves carried out with both stacks show that the re-

sistance increases by adding CO2 into the feed. Particularly, the operation of the CSC 

stack under pure CO2-electrolysis shows a more significant bending of the U(i)-curve at 

high voltages for a RC ≥ 45%. This phenomenon is attributable to a higher diffusion 

resistance since CO2 and CO have a larger molecular size and molecular mass than H2O 

or H2 that can lead to more significant mass transport limitations. Furthermore, it is shown 

by the quantified ASR values that the pure CO2 electrolysis operation shows an increased 

pressure dependency when compared to the pure steam or co-electrolysis operation for 

this stack type. However, a more prominent pressure dependency during CO2 electrolysis 

was observed for both the CSC and the ESC stack. This could indicate the existence of a 

significant different electrochemical reaction mechanism during the reduction process. 

Hence, EIS was performed in order to investigate the cell resistances of both the CSC and 

ESC stack during pressurized steam and CO2 electrolysis mode. Due to the variety of fuel 

gases used, it was possible to assign the observed peaks in the -Z”(f) diagrams to concrete 

processes. The EIS spectra related to the CSC stack show that the fuel electrode surface 

process is located in a frequency range around 103 Hz. Thus, this process is found to be 

located almost two magnitudes higher in frequency than for the ESC stack with its Ni-

CGO fuel electrodes. The influence of pressure that leads to a reduced resistance of the 

fuel electrode process as a consequence of an increase of reactants present at the triple-

phase boundary can be shown for the steam electrolysis mode of the CSC (see Figure 32 



5 Results and discussion 66 

a and b). However, the same process does not show a significantly reduced resistance 

during pressurized CO2 electrolysis. It is hypothesized that this phenomenon indicates a 

different and less pressure-influenced rate-determining step within the reduction mecha-

nism and/or that adsorption/desorption rates of CO2 or CO at the TPB significantly differ 

from the H2O/H2 operation for Ni-YSZ electrodes. However, due to the large cell area in 

a stack, mechanistic details are highly difficult to be elucidated with EIS since tempera-

ture gradients, distinct current density and flow distributions generally occur. Nonethe-

less, the indication of a different electrochemical mechanism for the Ni-YSZ and Ni-CGO 

fuel electrodes was identified as a topic for perspective research needs. It might be inves-

tigated in more detail with segmented cells or even segmented stacks and can thus provide 

significant scientific knowledge about this specific electrochemical process in depend-

ence of the used material. 

 

Figure 32: EIS spectra of the CSC during a) pure steam and b) pure CO2 electrolysis at pressures of 1.4, 4, 

and 8 bar at 750 °C. c) and d) show the same experiment for the ESC stack at a temperature of 700 °C. [69]. 

The diffusion resistance is observed to be significantly influenced by both the operating 

pressure and the type of fuel gas used for the CSC stack. In contrast, the fuel electrode 

peak of the ESC stack shows a significant decrease indicating a significantly decreasing 
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electrode resistance during both the steam and CO2 electrolysis operation. Furthermore, 

the peak attributed to the gas diffusion and conversion resistance is not affected signifi-

cantly by pressure. Consequently, the increased pressure effect during CO2 electrolysis 

which was evaluated and quantified during the dynamically recorded U(i)-curves of both 

stacks can possibly be attributed to the diffusion process in case of the CSC stack and 

possibly more to the fuel electrode process in case of the ESC stack.  

To conclude, the research need described in section 2.2 was addressed in Article IV by 

operating a CSC stack type from Forschungszentrum Jülich for the first time under ele-

vated operating pressures in electrolysis mode. The performance and electrochemical be-

havior were compared with the ones of the ESC stack. The performances of both stack 

types were apparently different during steam, co- and CO2 electrolysis. The CSC stack 

furthermore showed significantly higher achievable current densities than the ESC stack. 

Furthermore, a performance gain was achieved with the CSC during its operation at ele-

vated pressures. The total ASR and the ohmic resistance were quantified over a large 

temperature and pressure range and can thus be used as input parameters for subsequent 

stack or system studies. The EIS analyses showed considerable differences of the fuel 

electrode mechanisms between the Ni-YSZ (CSC stack) and Ni-CGO (ESC stack) elec-

trodes during steam and CO2 electrolysis mode. This aspect furthermore opens up a field 

for future research activity on the electrochemical mechanisms that occur in different cell 

types and under different electrolysis modes. 
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5.6 General context of the results 

The results of the Articles I-IV are placed into the general context of the current SOC 

research within this chapter.  

The presented experimental results have shown previously unknown pressure effects for 

SOC stacks with different cell concepts under various operating modes. At elevated pres-

sure, the ESC stack performance was hardly influenced whereas the CSC stack showed a 

considerable performance gain. This observed behavior can be used to describe the influ-

ence of the elevated operating pressure on the ESC and CSC stack performance in terms 

of efficiency. Figure 33 shows the pressure dependency of the voltage efficiency ηU for 

steady state operations in steam and co-electrolysis mode with 70 % conversion for both 

cell concepts. The calculated efficiencies are based on the resulting temperatures for cur-

rent densities that lead to similar voltages of the ESC and CSC stack for an endothermal, 

exothermal and close to thermoneutral operation (CSC: 720-780 °C, ESC: 790-850 °C, 

see Articles II and IV). The voltage efficiency is calculated by dividing the reactant con-

version dependent ideal Nernst voltage (UNernst, avg, see chapter 4.3.1) by the measured 

voltage.  

  

Figure 33: Pressure dependency of the voltage efficiencies of the ESC and CSC stack for an endothermal, 

exothermal and close to thermoneutral operation during steam and co-electrolysis. 

Within the endothermic operating regime, the generally low cell voltages lead to high 

voltage efficiencies whereas an increased current density and the related more exothermic 

operation leads to decreasing voltage efficiencies. Furthermore, the CSC stack shows 

generally higher efficiencies than the ESC stack due to its significantly lower operating 

temperature and lower ohmic loss. Hence, a low stack voltage in combination with a low 

operating temperature is favorable for high voltage efficiencies of SOCs. Compared to 
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steam electrolysis, the endothermic rWGS reaction can additionally reduce the stack tem-

perature. However, a low operating temperature in the pressurized co-electrolysis mode 

leads to increased exothermic methanation and, in turn, to increased stack temperatures 

and thus to reduced voltage efficiencies. Furthermore, compared to the steam electrolysis 

operation, the CSC stack exhibits slightly higher voltages at low pressures in co-electrol-

ysis mode due to increased activation and diffusion resistances that consequently lead to 

reduced voltage efficiencies. Hence, the dominance of the different effects of operating 

pressure, occurring rWGS or methanation reaction and stack temperature on the voltage 

efficiency highly depends on the current density and thus the operating regime of an SOC 

stack. However, within both steam and co-electrolysis modes, it is shown that the influ-

ence of an increased operating pressure on the voltage efficiency is more significant for 

the operation of the fuel electrode supported cell concept. 

Within the current thesis, the degradation rates investigated with the ESC stack were 

found to increase considerably with higher steam and oxygen partial pressures. Hence, 

by using the existing SOC materials and cell and stack structures for the pressurized op-

eration, several challenges have been identified. 

However, a possible option for adapting existing SOCs for an increased benefit during 

the pressurized operation can be the usage of a reduced electrolyte thickness or an elec-

trolyte material with increased ionic conductivity. Both would lead to a lower pressure 

independent ohmic resistance and thus an increased benefit due to more prominent acti-

vation and diffusion resistances. As identified for the ESC within Article I, a considerable 

proportion of contact resistances contribute to the total ohmic resistance, thus offering 

potential for perspective improvements and increased benefits when operated under pres-

sure. 

A challenge by adapting existing SOCs for the pressurized operation was identified to be 

related with the degradation behavior. Generally, impurities represent an important aspect 

for the degradation of SOCs within both the atmospheric and the pressurized operation. 

The post-test analyzes of the fuel electrodes carried out in Article III found silicon, which 

is known to contribute significantly to the degradation of SOCs. The origin of this species 

is not yet clearly identified, but there is a high probability that a high proportion originates 

from the used glass sealings that are placed around the cells and flow channels within the 

stack. The used liquid water or components of the pressurized test rig could have been 

excluded as major silicon sources. For the pressurized operation with high partial 
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pressures of steam, the usage of other type of glass sealants with lower content of silica 

might be necessary in order to circumvent or reduce the silicon contamination of the fuel 

electrode and its impact on the degradation behavior [93]. The co-electrolysis operation 

carried out within Article III showed a higher performance loss compared to steam elec-

trolysis operation. As already stated in literature, sulfur impurities that likely originate 

from the used CO2 or CO gas at ppb level can trigger this accelerated degradation as it 

adsorbs and occupies parts of the reaction surface area of the fuel electrode [91,94]. It can 

be assumed that for pressurized operation, the higher partial pressure of the specific sulfur 

containing gas and therefore the increased proportion of pollutants in the electrode com-

partment lead to a larger deactivated surface area. Hence, an effective desulfurization of 

the inlet gases is necessary especially for pressurized co-electrolysis operations. 

However, one of the predominant degradation phenomena in SOECs that have been ob-

served in literature and which was found within the current thesis to become more signif-

icant under elevated operating pressure is the coarsening and depletion of metallic nickel 

within the fuel electrode. In addition, the degradation of the SOEC operation caused by 

Ni coarsening has been shown in literature to be highly dependent of other operating 

parameters such as temperature, current density or fuel electrode overpotential [95]. 

Hence, a possible option is to operate the electrolyzer within part load regimes and/or at 

lower temperature in order to decrease the Ni mobility and thus increase the long-term 

stability. However, this operation strategy might lead to a lower efficiency of SOEC sys-

tems.  

Within the state-of-the-art fuel electrode materials of Ni-YSZ or Ni-CGO, the nickel con-

tent generally leads to two advantages for the cermet of the electrode: it exhibits a high 

electronic conductivity and is an excellent reforming catalyst and electrocatalyst for the 

electrochemical reduction. Research is currently being carried out on alternative materials 

for the use in fuel electrodes that have similar positive properties as the nickel material 

while achieving an enhanced morphological stability. For instance, promising approaches 

with ceria-doped lanthanum and strontium chromo-manganite (Ce-LSCM) or CGO with 

strontium iron molybdenum oxide (SFM) have been shown [50,96]. Another important 

argument for the development of alternative materials is that it continues to be a challenge 

to operate continuously in a safe operating regime during the pressurized co- and CO2 

electrolysis modes where carbon deposition within the fuel electrode compartment is pre-

vented. The deposition of solid carbon can lead to mechanical failures via electrode de-

lamination or cracking of the cell. Additionally, it can be assumed that carbon deposition 
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is favored by the nickel content of state-of-the-art electrode material due to its excellent 

catalyst properties. Perovskite materials for alternative fuel electrodes in SOCs are prom-

ising due to their flexibility in composition which enables to adjust their electrocatalytic 

properties. For instance, it has been shown that titanate electrodes show a particularly 

high coking tolerance and promising results for a lanthanum strontium chromite-based 

perovskite material (L65SCrN) under CO2 electrolysis operation have been published 

[97,98]. Hence, the development and usage of alternative Ni-free fuel electrodes for the 

electrolysis operation is one of the most promising strategies to increase the long-term 

stability for the pressurized operation. 

A potential synergy with the development and usage of alterative electrode materials for 

the pressurized operation might arise with the aim to prevent internal methanation when 

the electrolyzer is coupled with specific downstream processes in the PtX context. For 

instance, the presence of methane can be disadvantageous for a high yield production of 

a Fischer-Tropsch reactor [99]. Furthermore, it was shown within the Articles II-IV and 

chapter 5.1 that the methanation has a significant effect on the stack temperature and can 

lead to significant temperature gradients along the cell length. As the simulation results 

of Figure 17 in chapter 5.1.3 show, a thermal hotspot is located at approximately three 

quarters of the cell length in the studied ESC stack. Depending on the operating parame-

ters, the formed temperature gradient can increase and pose a risk to the cell due to ther-

momechanical stress. In addition to the possible reduction of internal methane production 

with alternative fuel electrode materials, reducing the thermomechanical stress and 

achieving a more uniform temperature distribution can help to increase the stability for 

the pressurized operation. Therefore, stacks with a counterflow or crossflow setup might 

be considered and investigated for the pressurized operation. 
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a b s t r a c t

High temperature steam electrolysis using solid oxide electrolysis cell (SOEC) technology can

provide hydrogen as fuel for transport or as base chemical for chemical or pharmaceutical

industry. SOECs offer a great potential for high efficiencies due to low overpotentials and the

possibility for waste heat use for water evaporation. For many industrial applications

hydrogen has to be pressurized before being used or stored. Pressurized operation of SOECs

can provide benefits on both cell and system level, due to enhanced electrode kinetics and

downstream process requirements. Experimental results of water electrolysis in a pressur-

ized SOEC stack consisting of 10 electrolyte supported cells are presented in this paper. The

pressure ranges from 1.4 to 8 bar. Steady-state and dynamically recorded U(i)-curves as well

as electrochemical impedance spectroscopy (EIS) were carried out to evaluate the perfor-

mance of the stack under pressurized conditions. Furthermore a long-term test over 1000 h

at 1.4 bar was performed to evaluate the degradation in exothermic steam electrolysis mode.

It was observed that the open circuit voltage increases with higher pressure due to well-

known thermodynamic relations. No increase of the limiting current density was observed

with elevated pressure for the ESC-stacks (electrolyte supported cell) that were investigated

in this study. The overall and the activation impedance were found to decrease slightly with

higher pressure. Within the impedance studies, the ohmic resistance was found to be the

most dominant part of the entire cell resistance of the studied electrolyte supported cells of

the stack. A constant current degradation test over 1000 h at 1.4 bar with a second stack

showed a voltage degradation rate of 0.56%/kh.

© 2019 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Solid Oxide Electrolysis Cells (SOECs) offer a great potential for

a highly efficient conversion of renewable electrical energy

and the production of fuels for mobility or commodity

chemicals for chemical and pharmaceutical industry. High

temperature steam electrolysis (HTSE) using SOECs can

therefore function as a key technology for sector coupled en-

ergy storage systems. The high operating temperature of

SOECs leads to reduced electrochemical losses, fast kinetics

and offers the option to use waste heat [1]. Hydrogen, as the

product of the HTSE is arguably a versatile, efficient and

environmentally friendly fuel [2,3]. It can be stored under
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pressure in gas tanks, injected into the natural gas grid or can

further be used directly as a commodity chemical for indus-

trial processes. The operation of the HTSE under elevated

pressure offers several benefits. Costs for auxiliary compo-

nents like compressors for the pressurization of the produced

hydrogen in HTSE systems can be omitted or reduced.

Furthermore, the operation of the HTSE under elevated pres-

sure has already been published to be energetically evenmore

efficient for fuel electrode supported cells [4e8]. In most of the

reported studies single cells have been tested for electrolysis

performance and durability under elevated pressure. Howev-

er, only a limited number of studies focus on the performance

of stacks in HTSE mode [9e11].

In this study experimental data of commercially available

10-layer planar stacks with electrolyte supported cells oper-

ated at pressures ranging from 1.4 to 8 bar in steam electrol-

ysis mode is presented. Steady-state and dynamically

recorded U(i)-curves were performed, as well as electro-

chemical impedance spectroscopy (EIS) to investigate the

pressure effect in more detail. A long-term test over 1000 h at

1.4 bar was furthermore performed to investigate the dura-

bility of the stack during steam electrolysis operation.

Test setup

The pressurized SOC stack test facility at DLR is shown in

Fig. 1. The experimental test setup offers the opportunity to

characterize short stacks in SOEC as well as in SOFC mode in

an absolute pressure range between 1.4 and 8 bar. The stack is

placed inside a furnace that is installed inside a pressure

vessel. During operation the whole setup is pressurized. The

pressurization can be conducted with a maximum speed of

1 bar/100 min. The temperature range for the experimental

investigations is between 650 and 950 �C. On the fuel side

gases like H2, N2, He, CH4, CO and CO2 can be supplied.

Furthermore the test rig offers a stable steam supply for the

fuel feed of up to 100%. For the oxygen electrodes air, N2 and

O2 are available. All gases are controlled by mass flow con-

trollers and preheated via an electric heater before entering

the stack. The temperature of the preheater can be controlled

independently from the furnace temperature.

A challenge in the operation of SOC stacks on elevated

pressure is to keep the pressure differences between anode

and cathode gas compartment and the surrounding furnace

atmosphere constantly very low (<20 mbar). Since a large

pressure difference may lead to the destruction of the whole

stack, all pressures are controlled by a sensitive differential

pressure control system of the test rig. The differential pres-

sures between fuel side/air side and air side/vessel are

measured at the outlet pipes of the three gas compartments.

To enable the precise pressure control, the gas volume of the

stack is balanced by equalizing tanks (500 l each) at the anode

and cathode outlet to match the furnace volume. Three

independently controlled valves for the gas volumes of the

two equalizing tanks and the pressure vessel are installed to

maintain the set pressure differences between all gas com-

partments. The released gases are combusted in an off-gas

burner. Further information about the setup operated in fuel

cell mode are given in Ref. [12].

As well as the possibility to record current-voltage char-

acteristics of the stack and of its individual cells, the test rig

offers the opportunity to perform impedance spectroscopy

during operation. For determining the gas compositions of the

in- and outlet streams a gas analysis system is available.

Since the investigated stacks have an open oxygen elec-

trode design and pure oxygen with its corrosive characteristic

is produced during electrolysis, oxygen gas compartment had

to be decoupled from the furnace environment to prevent

oxidation of the furnace components. Furthermore, in case of

a leakage between anode and cathode gas compartment, re-

actants would stream into the furnace unimpededly and may

force oxidation or electric short circuits in the test rig. Due to

these aspects, the stack is housed in a gastight steel box with

internal gas manifolding (Fig. 2). The necessary compression

force is supplied to the stack through a thin transfer metal

sheet on the top of the box. Current collectors and voltage

wires are lead through the stack box to the designated

connection points of the test rig. For measuring the temper-

atures inside the stack during operation, five thermocouples

are placed directly on the oxygen electrodes of the stack. This

offers the possibility for an accurate temperature measure-

ment and an investigation of the temperature profile in the

stack during operation. One thermocouple is placed on layer

one and ten respectively. The three remaining thermocouples

are placed at quarter, half and three-fourths of the length of

the middle cell of the stack.

The commercially available planar stacks used in this

study are co-flow setups and contain 10 electrolyte sup-

ported cells, each with an active area of 127.8 cm2. Each cell

consists of an approximately 55 mm thick lanthanum

strontium cobalt ferrite oxide (LSCF) as oxygen electrode, a

90 mm thick 3 mol% yttria-stabilized zirconia (3 YSZ) as

electrolyte, gadolinia-doped ceria layer (GDC) between

electrolyte/fuel electrode and electrolyte/air electrode, and a

30 mm thick nickel gadolinia-doped ceria (Ni-GDC) as fuel

electrode.

Experimental methodology

In this study steady-state as well as dynamically recorded

current-voltage curves were performed for characterizing the

stacks under pressurized operation in steam electrolysis

mode. For steady-state U(i)-curves, current density wasFig. 1 e Pressurized SOC stack test facility of DLR.
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increased stepwise by 39.12 mA cm�2 for every measuring

point. The gas flows with a composition of 90% H2O and 10%

H2 were adjusted at every current density point for a constant

steam conversion rate (RC) of 60% at the cells. A flux of 10 slpm

air was supplied to the stack on the anode side. Reaching

stationary conditions in the stack took at least 90 min

depending on operating point. Afterwards cell voltages and

temperatures were logged and the experimental parameters

were switched to the next measuring point with a higher

current density. Due to this method it is possible to record a

U(i)-characteristic with a current density dependent temper-

ature profile at a constant steam conversion rate.

In contrast to that, dynamically recorded U(i)-curves were

performed with a fast increase of current density of

1.96 � 10�3 A cm�2 s�1. The gas flows were defined for a steam

conversion rate of 60% at 0.8 A cm�2. Air with 10 slpm was

supplied to the anode side of the stack. Due to the fast current

ramp a quasi-isothermally recorded U(i)-curve with a very

small temperature change over the complete range of current

density could be performed.

Electrochemical impedance analysis was performed gal-

vanostatically with a Zahner Zennium at 7.8 � 10�3 A cm�2

with an AC amplitude of 0.38 A. The applied current density

leads to a voltage which is very close to OCV at the studied

conditions and ensures measuring in pure electrolysis mode.

The frequency range for impedance spectroscopy was defined

to be in the range of 100 kHz to 50 mHz with single sine wave

impedance.

Results and discussion

Steady-state U(i)-curves

Fig. 3 shows the performed steady-state U(i)-curves at a

furnace temperature of 800 �C and three different operating

Fig. 2 e (a) Sketch of the steel box with the implemented 10 layer stack and positioning of the five thermocouples. (b) Photo

of one manufactured stack box at the beginning of the study.

Fig. 3 e Steady-state U(i)-curves recorded with a 10-layer planar SOC stack at a furnace temperature of 800 �C, air and 90%

H2O þ 10% H2 with a constant steam conversion rate of 60% at every measuring point.
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pressures of 1.4, 4 and 8 bar respectively. The showed voltage

belongs to the middle cell of the stack. Additionally, the core

temperature T3, which is assumed to be the characteristic

stack temperature, and the theoretical Nernst voltage for

every measuring point are plotted against current density.

The recording of the U(i)-curves was aborted before the

maximum stack temperature of 860 �C or cell voltages above

1.4 V were reached.

The Nernst voltage was calculated with the following

equation by using the definition of themole fraction Xi ¼ pi=p0
and by assuming ideal gases ðai ¼ pi=p0Þ.

Uideal ¼ U0 þ RT

zF
ln

�
XH2$X

0:5
O2

XH2O

�
þ RT

2zF
ln

�
p

p0

�
(1)

Considering the SOC stack to behave as a continuous

stirred-tank reactor (CSTR), an averaged gas composition be-

tween inlet and outlet of the stack is taken as basis for the

calculation of the temperature and conversion rate dependent

Nernst voltage (Uideal) [13]. Only at OCV conditions, the gas

composition of the inlet is taken for calculating the theoretical

values.

As predicted by the Nernst equation, the open circuit

voltage was found to increase with increasing operating

pressure. The measured cell voltages of Fig. 3 are in good

agreement with the theoretical values, indicating an accurate

water dosage and hardly any leakage in the stack.

The core temperature of the stack decreases at low current

densities due to the endothermic water reduction reaction. At

a voltage of 1.28 V for thermoneutral operation, the current

density shows values of approximately �0.36 to �0.4 A cm�2

depending on operating pressure. Due to the higher OCV and

the low influence of kinetics on the stack performance at

higher operating pressures, the current density for thermo-

neutral operation is decreased with higher pressure.

The measured core temperature T3 (characteristic stack

temperature; see Section Ohmic Resistance) shows slightly

higher values than the furnace temperature at thermo-

neutral operation. This behavior could possibly indicate

that the thermocouple for the measurement of the core

temperature at the middle length of cell 5 measures closer

to a hotspot and may not be a well-chosen characteristic

stack temperature within these experimental conditions.

Nevertheless, the temperature deviation at the thermo-

neutral operating point between core of the stack and

furnace temperature is only in the range of 2e6 K. With

higher current densities heat production increases due to

the internal resistances of the cells and the stack shows an

exothermic behavior.

In the range of low current densities, thermodynamics'
influence on the stack and cell performance is bigger than the

influence of electrochemical reactions’ kinetics. The higher

the current density becomes, the more ionic and electronic

conduction, activation and diffusion resistances affect the cell

performance. At elevated pressure, internal cell resistances

are known to decrease due to superior mass transport and

decreased diffusion overpotential. Due to this aspect, the

impact of pressurization on cell performance becomes bigger

with higher current densities. The U(i)-curves recorded at 4

and 8 bar show a slight decrease of the slope with higher

current densities compared to the U(i)-curve recorded at

1.4 bar. Associated is a slight convergence of the U(i)-curves

with higher current densities. Nevertheless a crossing of the

U(i)-curves, as already reported in literature for fuel electrode

supported cells, cannot be observed with the investigated

electrolyte supported cell stack up to a cell voltage of 1.4 V and

the investigated maximum operating pressure of 8 bar

[4,14,15].

During the performed steady-state U(i)-curves, a distinct

vertical and horizontal temperature profile forms within the

stack. By means of the five thermocouples implemented on

certain oxygen electrodes in the 10-layer stack, the tempera-

ture distribution depending on the operating point can be

described. Fig. 4 shows the current-dependent temperature

profile and the voltage of cell 1, 3, 5, 7 and 10 of the stack

during the 1.4 bar steady-state U(i)-curve shown in Fig. 3.

The recorded temperatures show a maximum deviation of

5.2 K in the endothermic and 10.4 K in the exothermic oper-

ating mode. As expected, the surrounding furnace environ-

ment shows the most significant thermal influence on both

outer layers of the stack. During endothermic operation both

layers have the highest and in exothermic operation the

lowest temperature. The temperatures measured along the

length of layer 5 show a maximum deviation of 3 K, whereas

the thermocouple close to the inlet recorded the lowest

values. The temperature profile along the height of the stack

leads to the inequality of the cell voltages shown in Fig. 4 b. At

high current densities the cell voltages show a maximum

deviation of 31 mV. At the operating pressures of 4 and 8 bar,

the described behavior of the temperatures and cell voltages

were not observed to be significantly different. At 4 bar and

8 bar, a maximum temperature deviation of 4.9 K and 5.2 K in

endothermic and 10.8 K and 9 K in the exothermic mode is

determined. The cell voltages show a maximum deviation of

35 mV and 29 mV respectively.

Dynamically recorded U(i)-curves

Dynamically recorded U(i)-characteristics are shown in Fig. 5

and Fig. 6. Due to the already mentioned fast current ramp

for the dynamically recorded U(i)-curves, only a small tem-

perature deviation in the stack of less than 7 K was observed.

The small temperature spread leads to a very low voltage

deviation between all 10 cells of the stack. Therefore, the

middle cell of the stack with the corresponding core temper-

ature is shown in the following graphs. The voltage shows an

almost linear behavior up to the defined maximum voltage of

1.4 V. The slope is slightly decreased with higher operating

pressures, which is also indicated by the ASR values shown in

the diagrams.

The ASR values are calculated by linearizing the U(i)-

curves. Due to the fact that the conversion rate over the

current density range is not constant, theoretical Nernst

voltage is calculated with the actual current depending gas

composition and the actual measured characteristic tem-

perature for every measuring point. By subtracting the

theoretical voltage from the measured voltage and dividing it

by the current density, ASR values are obtained for every

measuring point. The values shown in the diagram of Fig. 5
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are averaged values over the range of a current density from

0.1 to 0.45 A cm�2.

The diagrams in Fig. 6 show two different U(i)-curves

recorded at furnace temperatures of 750 �C and 850 �C
respectively.

The ASR values shown in diagram (a) are averaged over the

range of a current density from 0.1 to 0.25 A cm�2 and the

values in diagram (b) over the range of 0.1e0.6 A cm�2. At all

three operating temperatures shown in Figs. 5 and 6, no pos-

itive pressure effect on the achievable current density of the

stack could be observed up to a cell voltage of 1.4 V and an

operating pressure of up to 8 bar.

Investigation of the pressure effect via EIS

To investigate the pressure influence on the cell performance

in more detail, impedance spectra were recorded at operating

pressures of 1.4, 4 and 8 bar. As feed gas 1 slpm/cell with a

composition of 90% H2O and 10% H2 was supplied to the stack.

The anode side was flushed with 1 slpm/cell air. A small

current density of 7.8 � 10�3 A cm�2 was applied to the stack.

Despite the applied small current, cell voltages remained very

close to OCV at the studied conditions and recording of the

spectra via single sine wave impedance in pure electrolysis

mode was ensured.

The inset in Fig. 7 shows the Nyquist plot of the three

different impedance spectra. As can be seen, the ohmic

resistance is not influenced by pressure and was found to be

the most dominant part of entire cell resistance with

0.85 U cm2 at 800 �C. The total area specific resistance (ASRtot)

shows a very slight decrease with elevated pressures, which

explains the already shown U(i)-characteristic with the

slightly decreased slope at higher operating pressures. In the

frequency dependent plot of Fig. 7 a big resistance in the low

frequency part of the spectra could be observed. This resis-

tance is typically attributed to the gas concentration

Fig. 5 e Dynamically recorded U(i)-curves at three different

operating pressures, a furnace temperature of 800 �C, air
and 90% H2O þ 10% H2 with a steam conversion rate of 60%

at 0.8 A cm¡2.

Fig. 4 e During the 1.4 bar steady-state U(i)-curve recorded (a) temperature distribution within the stack. The sensor location

is indicated by the colored crosses. (b) shows the cell voltages of specific cells of the same experiment. The cells shown in

the graph are indicated by colors. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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impedance, the coupled phenomena of gas conversion and

gas diffusion. The peak frequency was found to decrease with

higher pressures, which is in good agreement with already

existing literature about pressurized operations of SOCs [16].

These findings state that as pressure increases, the number of

gas molecules in the gas distribution layer and the fuel elec-

trode increases and results in an increase of the gas conver-

sion capacitance and therefore the decrease of the peak

frequency.

Next to the lowered peak frequencies, a slight decrease of

the resistance could be observed in the described low

frequency part with increased operating pressure. As stated

by Primdahl et al. the resistance related to gas concentration is

predicted to be independent of pressure [16,17]. The observed

phenomena of a decreasing resistance in the low frequency

partwith increasing pressure could possibly be explainedwith

a pressure dependent charge-transfer process of the fuel

electrode located in that frequency part. Riegraf et al. already

observed a charge transfer to be located at very low fre-

quencies for Ni-GDC10 electrodes [18]. With higher pressures,

the resistance of charge transfer processes is decreased due to

an increased concentration of reactants at active sites of the

cells. Accordingly, the resistance of converting the reactants is

reduced and could therefore lead to the observed decreased

resistance in the low frequency part of the spectra. Further-

more, the change of the diffusion resistancemay be negligible

for electrolyte supported cells due to the thin electrodes and

can therefore not be observed in the recorded impedance

spectra [19,20].

Ohmic resistance

Since the ohmic resistance is the most dominant part of the

entire cell resistance for electrolyte supported cells, a further

investigation of the temperature behavior of the ohmic part

was performed. Therefore, impedance spectra were recorded

for the middle cell of the stack, at 1.4 bar, OCV and in a

temperature range between 650 and 850 �C. Furnace tem-

perature was increased in 20 K steps. To ensure the stack

temperature to be equal to furnace temperature at every

measuring point, a dwell time of at least 90 min had to expire

before EIS was performed. Out of the obtained impedance

spectra, the ohmic resistance was analyzed for every tem-

perature step. In Fig. 8 the obtained experimental data for the

Fig. 6 e Dynamically recorded U(i)-curves at three different operating pressures, gas flows of air and 90% H2O þ 10% H2 for a

steam conversion rate of 60% at 0.8 A cm¡2 and a furnace temperature of (a) 750 �C and (b) 850 �C.

Fig. 7 e EIS recorded at 800 �C for 1.4, 4 and 8 bar. For each

cell 1 slpm was supplied with 90% H2O and 10% H2 at the

fuel electrodes. The oxygen side was flushed with 1 slpm/

cell air.
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temperature dependent ohmic resistance of the stack is

shown.

The resistance was fitted with the exponential expression

ASRU ¼ y0 þ A$expðB$TÞ. The values obtained for the fit

(R2 ¼ 0.998) can be found in Table 1.

The ohmic resistance was further determined for the

middle cell of the stack from impedancemeasurements under

load corresponding to the steady state U(i)-curves. T3 was

there used as the characteristic stack temperature. In contrast

to a measurement at OCV, under operating conditions the

cells within the stack will have a distinct horizontal temper-

ature profile that has a significant impact on the local ionic

transport conductivity of the cells. Therefore the values of the

ohmic resistance obtained out of impedance spectroscopy are

an average over the cell area. As can be seen in Fig. 8, these

steady-state measured points nevertheless fit very well with

the temperature dependent ohmic resistance curve analyzed

before. This behavior indicates that the measured core tem-

perature of the stack is a rather good average. It can be used as

the characteristic stack temperature.

With the obtained data for the temperature dependent

ohmic resistance, values for an Arrhenius plot were calcu-

lated. Fig. 8b shows the logarithmic scaled conductivity over

the reciprocal temperature. Out of the slope of the curve, an

activation energy of 0.929 eV can be calculated. This value is in

good agreement with already published activation energies

for YSZ as an electrolyte material [21].

With the detailed information of the temperature de-

pendency of the ohmic resistance, the polarization re-

sistances out of the ASR values of the dynamically recorded

U(i)-curves of Section Dynamically recorded U(i)-curves can

be calculated by assuming the total ASR to consist of an ohmic

(ASRU) and a polarization part (ASRpol).

As can be seen in Fig. 9, the polarization resistances

decrease with increasing temperature and increasing pres-

sure. The largest influence of the operating pressure on the

polarization resistance is found to be at the lowest experi-

mentally performed operating temperature of 750 �C. There,
the resistance is reduced by 59mU cm2 from1.4 to 4 bar and by

27 mU cm2 from 4 to 8 bar. In contrast, at 850 �C the resistance

Fig. 8 e (a) Temperature dependency of the ohmic resistance for the middle cell of the stack. (b) Arrhenius plot for the

activation energy of the ohmic resistance.

Table 1 e Fit values of the temperature dependent ohmic
resistance.

ASRU ¼ y0 þ A$expðB$TÞ
y0 /U cm2 27.266 � 10�2

A /U cm2 35.316 � 104

B /K�1 �1.264 � 10�2

Fig. 9 e Analysis of the temperature and pressure

dependency of the polarization resistances obtained out of

the three dynamically recorded U(i)-curves shown in

Section Dynamically recorded U(i)-curves.
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is merely reduced by 19 mU cm2 from 1.4 to 4 bar and by

2 mU cm2 from 4 to 8 bar. Consequently, it can be seen that at

lower temperatures the pressure effect plays a more signifi-

cant role. This behavior can be explained with the slower

electrochemical reaction kinetics at lower temperatures and

thus the higher sensitivity of the polarization resistance to-

wards changes of the operating pressure affected activation

and diffusion resistances. At higher operating temperature,

reaction kinetics are inherently faster and the pressure effect

on the polarization resistance is reduced. Henke et al. pub-

lished the pressure dependency of the activation and con-

centration overvoltages up to a pressure of 20 bar [5]. It was

shown that these resistances are following a logarithmic

behavior, i.e. the major pressure influence is found at lower

pressures. Hence, it can be assumed that the shown U(i)-

curves of this study would not show a significant higher

pressure dependency by expanding the operating pressure to

higher values.

Theoretical analysis of the ohmic resistance

In the following section a simple theoretical analysis of the

ohmic resistance of a single repeating unit of a stack is

introduced. To the experimentally obtained ohmic cell resis-

tance shown in Fig. 8a, several single resistances as e.g. the ion

transfer through the electrolyte, the electrical resistance of

the electrochemically active material (anode/cathode func-

tional layer), the protective layers of a single repeating unit,

the electrically conductive parts (Nickel mesh, interconnect,

wires), contact resistances or delamination effects between

the cell layers or eventually occurring oxide layers may

contribute. This modeling approach was made to investigate

and quantify the proportion of the ohmic resistance coming

from (i) the used materials with significant resistance, (ii) the

used materials without significant resistance and (iii) addi-

tional contact resistance of one repeating unit.

According to Eq. (2), an idealized ohmic resistance can be

calculated using the electrical or ionic conductivities of the

individual materials of one single repeating unit of the stack.

ASRU ¼ dic

r�1
ic

þ dmesh

r�1
mesh

þ dfe

r�1
fe

þ 2dbarr
r�1
barr

þ del

r�1
el

þ dae

r�1
ae

þ dcl

r�1
cl

þ dcrb

r�1
crb

(2)

Here d stands for the thickness of the specific layer and r

for the resistivity of the characteristic material. The resistivity

of the Nickel mesh (rmesh) as the current conductor in the fuel

compartment and the stainless steel material of the inter-

connect (ric) is much lower than the one of the ceramic ma-

terials of the electrochemical cell (see Fig. 10). Furthermore,

the total resistivities of thematerials of the fuel electrode (rfe),

the air electrode functional layer (rae) and the contact layer at

the air side (rcl) are generally considered to be much lower

than the values for the electrolyte (rel) or the GDC barrier

layers (rbarr) between the two electrodes and the electrolyte.

The barrier layer on the interconnect to prevent chromium

poisoning of the air electrode (rcrb) is neglected for the pre-

sented modeling approach due to its very low thickness.

Among the materials under consideration, the total resistivity

of GDC is close to the same order of magnitude as the elec-

trolyte material at the regarded operating temperature range

for SOECs.

Fig. 10 shows a simplified sketch of one single repeating

unit and highlights the simplifications for the presented

modeling approach.

Electrical- (re-) and ionic (rionic) resistivities of the different

materials (i, ii) as well as the contact resistances (Rcontact) be-

tween each material layer (iii) are represented by arrows. The

components with very low total resistivities (<10�3 U m) were

assumed to be negligible for this modeling approach and are

Fig. 10 e Simplified sketch of one single repeating unit of the stack. Arrows represent the electrical- (re-) and ionic (rionic)

resistivities of each material and the contact resistances (Rcontact) between each component. Neglected resistivities and

resistances for the presented modeling approach are scored out with diagonal bars. The magnitudes of the material

resistivities are shown on the right side [22e28]. *Value experimentally obtained by DLR with a pure GDC pellet in a furnace

condition.
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scored out with diagonal bars in Fig. 10. Furthermore, the

contact resistances between thematerial layers are neglected,

but are assumed to have a significant influence on the overall

ohmic resistance.

The temperature dependent specific conductivity, as the

reciprocal value of the resistivity of the GDC material, was

calculated by the following equation reported by Park et al.

[29].

sGDC ¼ 1:3$105S$K$cm�1

T
$exp

�
� 0:7 eV

k$T

�
(3)

In contrast to the dense electrolyte material, the GDC layer

is very porous (ε ¼ 0.4). The porosity was taken into account

via the equation reported by Wahl et al. [30].

s
ε
¼ s$ð1� εÞ1:5 (4)

Out of the conductivities for each material, the ohmic re-

sistances were calculated with the characteristic thickness of

the specific layer in the cell. The temperature dependent

ohmic resistance of the 3 YSZ electrolyte (data by Kerafol) and

GDC material is shown in Fig. 11. The temperature de-

pendency of the resistance of the GDC material was analyzed

by DLR in a furnace environment. The modeled area specific

resistance of GDC and 3 YSZ material is furthermore

compared with the experimentally obtained results for the

ohmic resistance of one single repeating unit of the charac-

terized stack (Section Ohmic resistance).

It can be observed that the experimentally obtained values

for the ohmic resistances are higher than the calculated ones

of the total ASRUðASRtotal
U;calculatedÞ. In the considered temperature

range from 650 to 850 �C a deviation of 15e20% between the

modeled and the experimentally obtained ohmic resistance

can be observed. This indicates a noticeable influence of one

or more additional resistances in the repeating unit. Most

likely this is reasoned by a poor contact between the electro-

chemically active cell materials and the electronic conductive

parts of the repeating unit. It could therefore be a promising

path to investigate the origin and reduce the additional

resistance for prospective improvements. As can be seen in

this study, a proportion of the ohmic resistance of 15e20%

which is not purely driven by the used material in the

repeating unit reveals significant potential for an improve-

ment of the performance of prospective stacks.

1000 h durability test at 1.4 bar

For a durability test at 1.4 bar in steam electrolysis mode, a

new stack was used. In Fig. 12 the cell voltage of the middle

cell of the 10-layer stack and the core temperature as a func-

tion of time at constant-current steam electrolysis is shown.

The chosen gas composition for the durability test was a

mixture of 90% H2O with 10% H2 at a furnace temperature of

800 �C. Gas flows were adjusted for a steam conversion rate of

70% at a current density of�0.5 A cm�2. At these experimental

conditions the applied current density corresponded to an

exothermic operation of the stack (Ucell>1.28 V).

Within the 1000 h durability test the voltage degradation

per cell was found to be 0.008 V kh�1. This corresponds to a

voltage degradation rate of 0.56%/kh and a degradation rate of

the ASR of 2.11%/kh. Due to the increasing operating voltage

during the test, core temperature increased by 3.13 K over the

1000 h of testing time.

In order to get a deeper insight into the degradation

behavior, EIS was performed every 200 h of operating time.

As can be seen in Fig. 13a, the ASR increases over the 1000 h

of operation. This behavior can be mainly attributed to an in-

crease of the ohmic resistance. Although the stack tempera-

ture is increased due to the increase of the cell voltages, one

could see the ohmic resistance of the middle cell of the stack

still increases. Fig. 13b shows the change of the ohmic resis-

tance, theASR and the polarization resistance over 1000 h. The

values for the ohmic resistance and the total ASR were ob-

tained out of the Nyquist plots of Fig. 13a. The values for the

polarization resistance were obtained by subtracting the

ohmic from the total resistance and were found to decrease

over the 1000 h of operation. This behavior can be attributed to

the increased stack temperature and the related faster elec-

trochemical reaction kinetics. The slight decrease of the po-

larization resistance points to the fact to be triggered by the

increased stack temperature, so that significant microstruc-

tural changes in the thin electrodes and an impact on e.g.

diffusion resistances are unlikely. Nevertheless, a detailed

analysis of the cells is ongoing and will be published subse-

quently. Due to the increase of the core temperature by 3.13 K

over the 1000 h of operation, the temperature independent

voltage degradation rate can be calculated with the informa-

tionof theohmic resistancegiven inSectionOhmicResistance.

With an increase of the characteristic temperature by 3.13 K

the ASRU is decreased by 2.13%. Assuming a linear change of

the gas composition along the lengthof the cell, the theoretical

voltage is reduced due to that temperature effect by 1.0mV. As

a consequence, by neglecting the change of the polarization

resistance and by taking the change of the theoretical voltage

into account, it leads to a slightly higher temperature inde-

pendent voltage degradation rate of 0.64%/kh.

To determine the degradation rate at higher operating

pressures, long-term experiments at 4 and 8 bar will be

Fig. 11 e Comparison between the ohmic resistance of one

cell of the stack (see Section Ohmic resistance) and the

ohmic resistance of GDC and 3 YSZ material.
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conducted. A distinctly higher degradation rate at higher

operating pressures is expected due to the possible higher

mobility of Nickel with higher partial pressures of steam [31].

Furthermore, delamination effects at the air electrode could

be observed due to the higher partial pressure of oxygen [32].

The results will be presented in a following publication by the

authors.

Conclusion

In this work two commercially available SOC stackswere used

for an electrochemical characterization in steam electrolysis

mode. The stacks consist of 10 planar electrolyte supported

cells. SOC test results for steady-state and dynamic recorded

Fig. 12 e 1000 h durability test on 1.4 bar, a furnace temperature of 800 �C, 90% H2Oþ 10% H2 with a steam conversion rate of

70% at ¡0.5 A cm¡2.

Fig. 13 e (a) EIS recorded at 0, 200, 400, 600, 800 and 1000 h of operating time. (b) Change of the ohmic and polarization

resistance and the total ASR over 1000 h of operation.
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characterizations were demonstrated under elevated oper-

ating pressures up to 8 bar.

The results show that the cell voltages increase with the

increase of pressure as predicted by the Nernst equation.

Furthermore a slight positive influence on the performance of

the stack could be observed in the dynamically and stationary

recorded U(i)-curves as well as in the obtained impedance

spectra. Due to the dominant and pressure independent

ohmic resistance combined with the thin electrodes and the

high operating temperature of the electrolyte supported cells,

the decrease in the activation and diffusion resistances is low.

Impedance data showed a high resistance at low fre-

quencies which is normally attributed to gas concentration

impedance. The peak frequency of this low frequency process

decreased with increasing operating pressure. Furthermore

the resistance at this low frequency process was slightly

decreased. Pure gas concentration impedance should not be

affected by pressure [10]. This behavior could possibly be

explained with a pressure dependent charge transfer process

on the fuel electrode which was already found at quite low

frequencies for Ni-GDC electrodes in literature [18].

The most dominant part of the impedance spectra was

found to be the ohmic resistance which was closely investi-

gatedwithin a temperature range from650 �C to860 �Candwas

fitted with an exponential expression. A highly simplified

model was set up to analyze the ohmic resistance part of the

electrolyte supported cells. A comparison between the experi-

mentally obtaineddata for the ohmic resistance and the values

of GDC and 3 YSZmaterial showed a deviation of 15e20% over

the considered temperature range (650e860 �C). This could be

reasoned by a poor contact between the electrochemically

active cell materials and the electrical conductive parts or by

eventually formed oxide layers during the operation on the

metal-based components of the repeating unit. The study

showed that the proportion of the ohmic resistance which is

not purely driven by the used material in the repeating unit

reveals significant potential for an improvement of the per-

formance of prospective stack developments, especially

because the ohmic resistance is the major part of entire cell

resistance for electrolyte supported cells.

The second stack in this study was used for a long term

degradation test at 1.4 bar and a steam conversion rate of 70%

at 0.5 A cm�2 over 1000 h. These conditions lead to an

exothermic behavior of the stack (U > 1.28 V). A voltage in-

crease of 8 mV was observed over the 1000 h of operation

which corresponds to a voltage degradation rate of 0.56%/kh.

Due to the voltage driven parallel increase of the stack tem-

perature, the actual degradation rate was calculated to be

slightly higher. With the performed detailed analysis of the

temperature dependency of the ohmic resistance of the stack,

the voltage degradation rate was corrected on account of the

temperature increase. The actual voltage degradation rate

was found to be 0.64%/kh.
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Nomenclature and abbreviations

Abbreviations

SOC Solid Oxide Cell

SOEC Solid Oxide Electrolysis Cell

HTSE High Temperature Steam Electrolysis

EIS Electrochemical Impedance Spectroscopy

LSCF Lanthanum Strontium Cobalt Ferrite

YSZ Yttria-stabilized zirconia

GDC Gadolinium-doped ceria

Ni Nickel

OCV Open Circuit Voltage

CSTR Continuous Stirred-Tank Reactor

Latin letters

U Voltage, V

i Current density, A cm�2

R Gas constant, J mol�1 K�1

z Number of electrons,

F Faraday constant ¼ 96485.33, C/mol

slpm Standard liters per minute, l min�1

T Temperature, �C/K
RC Reactant Conversion, %

p Pressure, bar

ASR Area Specific Resistance, U m2

Greek letters

r Resistivity, U m

s Conductivity, S m�1

ε Porosity, %

Subscripts

tot Total

pol Polarization

ic Interconnect

mesh Mesh

fe Fuel electrode

barr Barrier Layer

el Electrolyte

ae Air Electrode

cl Contact Layer

crb Chromium barrier layer
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Jülich planar short stack with reversible solid oxide cells in
both fuel cell and electrolysis modes. Int J Hydrogen Energy
2013;38(11):4281e90.

[2] Vezirolu TN, Barbir F. Hydrogen: the wonder fuel. Int J
Hydrogen Energy 1992;17(6):391e404.

[3] Edwards PP, Kuznetsov VL, David WIF, Brandon NP.
Hydrogen and fuel cells: towards a sustainable energy future.
Energy Pol 2008;36(12):4356e62.

[4] Jensen SH, Graves C, Chen M, Hansen JB, Sun X.
Characterization of a planar solid oxide cell stack operated

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 4 5 7 0e4 5 8 14580

Article I   84 

 

  



at elevated pressure. J Electrochem Soc
2016;163(14):F1596e604.

[5] Henke M, Willich C, Kallo J, Friedrich KA. Theoretical study
on pressurized operation of solid oxide electrolysis cells. Int J
Hydrogen Energy 2014;39:12434e9.

[6] Bernadet L, Gousseau G, Chatroux A, Laurencin J, Mauvy F,
Reytier M. Influence of pressure on solid oxide electrolysis
cells investigated by experimental and modeling approach.
Int J Hydrogen Energy 2015;40(38):12918e28.

[7] Sun X, Chen M, Jensen SH, Ebbesen SD, Graves C, Mogens M.
Thermodynamic analysis of synthetic hydrocarbon fuel
production in PSOEC. Int J Hydrogen Energy
2012;37:17101e10.

[8] Momma A, Takano K, Tanaka Y, Kato T, Yamamoto A.
Experimental investigation of the effect of operating
pressure on the performance of SOFC and SOEC. ECS
Transaction 2013;57:699e708.

[9] O ’brien JE, Stoots CM, Herring JS, Mckellar MG, Harvego EA,
Sohal MS, Condie KG. “High Temperature Electrolysis for
Hydrogen Production from Nuclear Energy e Technology
Summary. 2010.

[10] Jensen SH, Sun X, Ebbesen SD, Chen M. Pressurized
operation of a planar solid oxide cell stack. Fuel Cell
2016;16(2):205e18.

[11] Riedel M, Heddrich MP, Friedrich KA. 1st international
conference on electrolysis. In: Book of abstracts; 2017. p. 71.

[12] Seidler S, Henke M, Kallo J, Bessler WG, Maier U,
Friedrich KA. Pressurized solid oxide fuel cells: experimental
studies and modeling. J Power Sources
2011;196(17):7195e202.

[13] Santhanam S, Heddrich MP, Riedel M, Friedrich KA.
Theoretical and experimental study of Reversible Solid Oxide
Cell (r-SOC) systems for energy storage. Energy
2017;141:202e14.

[14] Bernadet L, Gousseau G, Chatroux A, Laurencin J, Mauvy F,
Reytier M. Assessment of pressure effects on high
temperature steam electrolysis based on solid oxide
technology. ECS Trans. 2015;68(1):3369e78.

[15] Sun X, Bonaccorso AD, Graves C, Ebbesen SD, Jensen SH,
Hagen A, Holtappels P, Hendriksen PV, Mogensen MB.
Performance characterization of solid oxide cells under high
pressure. Fuel Cell 2015;15(5):697e702.

[16] Primdahl S. Gas conversion impedance: a test geometry
effect in characterization of solid oxide fuel cell anodes. J
Electrochem Soc 1998;145(7):2431.

[17] Primdahl S. Gas diffusion impedance in characterization of
solid oxide fuel cell anodes. J ElectrochemSoc1999;146(8):2827.

[18] Riegraf M, Yurkiv V, Costa R, Schiller G, Friedrich KA.
Evaluation of the effect of sulfur on the performance of
nickel/gadolinium-doped ceria based solid oxide fuel cell
anodes. ChemSusChem 2017;10(3):587e99.

[19] Bessler WG, Gewies S. Gas concentration impedance of solid
oxide fuel cell anodes. J Electrochem Soc 2007;154:548e59.

[20] Zhu H, Kee RJ. A general mathematical model for analyzing
the performance of fuel-cell membrane-electrode
assemblies. J Power Sources 2003;117:61e74.

[21] Nielsen J, Hjelm J. Impedance of SOFC electrodes: a review
and a comprehensive case study on the impedance of
LSM:YSZ cathodes. Electrochim Acta 2014;115:31e45.

[22] Yang ZG, Paxton DM, Weil KS, Stevenson JW, Singh P.
Materials Properties Database for Selection of High-
Temperature Alloys and Concepts of Alloy Design for SOFC
Applications. 2002.

[23] Abadlia L, Gasser F, Khalouk K, Mayoufi M, Gasser JG. New
experimental methodology, setup and LabView program for
accurate absolute thermoelectric power and electrical
resistivity measurements between 25 and 1600 K:
Application to pure copper, platinum, tungsten, and nickel at
very high temperatures. Rev Sci Instrum 2014;85:095121.

[24] Infortuna A, Harvey AS, Muecke UP, Gauckler LJ. Nanoporous
NieCe0.8Gd0.2O1.9�x thin film cermet SOFC anodes prepared
by pulsed laser deposition. Phys Chem Chem Phys
2009;11(19):3663e70.

[25] Brett DJL, Atkinson A, Brandon NP, Skinner SJ. Intermediate
temperature solid oxide fuel cells. Chem Soc Rev
2008;37:1568e78.

[26] Yashiro K, Nakano I, Kuhn M, Hashimoto S, Sato K,
Miuzusaki J. Electrical conductivity and oxygen diffusivity of
perovskite-type solid solution LSCF. In: 219th ESC Meeting;
2011. p. 739.

[27] Chen X, Hou PY, Jacobson CP, Visco SJ, De Jonghe LC.
Protective coating on stainless steel interconnect for SOFCs:
oxidation kinetics and electrical properties. Solid State Ionics
2005;176(5e6):425e33.

[28] Ivers-Tiffe�e E, Weber A, Herbstritt D. Materials and
technologies for SOFC-components. J Eur Ceram Soc
2001;21:1805e11.

[29] Park SH, Yoo HI. Defect-chemical role of Mn in Gd-doped
CeO2. Solid State Ionics 2005;176(15e16):1485e90.

[30] Wahl S, Segarra AG, Horstmann P, Carr�e M, Bessler WG,
Lapicque F, Friedrich KA. Modeling of a thermally integrated
10 kW planar solid oxide fuel cell system with anode offgas
recycling and internal reforming by discretization in flow
direction. J Power Sources 2015;279:656e66.

[31] Mogensen MB, Hauch A, Sun X, Chen M, Tao Y, Ebbesen SD,
Hansen KV, Hendriksen PV. Relation between Ni particle
shape change and Ni migration in NieYSZ electrodes e a
hypothesis. Fuel Cell 2017;17(4):434e41.
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This study examines the performance of a solid oxide cell (SOC) stack during co-electrolysis of CO2 and H2O at elevated pressures
up to 8 bar. Steady-state and dynamically recorded U(i)-curves were performed in order to evaluate the performance over a wide
temperature range and to quantify the area specific resistance (ASR) at different pressure levels. Furthermore, the outlet gas
composition at various current densities was analyzed and compared with the thermodynamic equilibrium. The open circuit voltage
(OCV) was found to increase with higher pressure due to well known thermodynamic relations. An increase of the limiting current
density at elevated pressure was not observed for the investigated stack with electrolyte supported cells. The ASR of the stack was
found to decrease slightly with higher pressure. It revealed an increase of the cell resistance with lower H/C ratios in the feed at
lower temperatures, whereas the performance of the co-electrolysis was very similar to steam electrolysis for temperatures above
820 °C. Within an impedance study for steam, co- and CO2 electrolysis operation it was shown that pure CO2 electrolysis exhibits a
higher pressure sensitivity compared to pure steam or co-electrolysis due to significantly increased activation and diffusion
resistances.
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List of symbols

Latin letters

U Voltage, V
i Current density, A∙cm−2

ASRtotal Total area specific resistance, Ω∙cm2

ASRpol Area specific polarisation resistance, Ω∙cm2

ASRΩ Area specific ohmic resistance, Ω∙cm2

slpm Standard liters per minute, l∙min−1

RC Reactant Conversion, %
p Pressure, bar
RMF Resistance of the middle frequency process, Ω∙cm2

RLF Resistance of the low frequency process, Ω∙cm2

Ji Area specific inlet gas flux with the unit of mol cm−2 s−1

xi,educt Mole fraction of educt in the inlet gas, %
xi,product Mole fraction of product in the inlet gas, %
V CSTR volume, m3

A geometric electrode area, m2

f Frequency, Hz
xb Mole fraction of product or educt in the bulk, %
Deff Effective diffusion coefficient, m2∙s−1

The goals set by the European Union for the near future until 2050
foresee a stringent reduction of the proportion of fossil fuels in all
sectors, in particular also in power, transport and industry.1 Moreover,
the constant increase of electric power from renewables will enable
new uses apart from electricity if the technologies for conversion are
flexible, efficient and economical.2–4 Especially cross-sectoral use
with a storage function in the area of combined heat and power,
transport and chemical industry will be of essential importance.
Producing chemicals from steam and CO2 with solid oxide electro-
lysis cells (SOECs) as energy converters could become a key
technology for expanding the energy transition beyond the electricity
sector.5,6 Due to the high operating temperature (>700 °C), SOECs
offer significant benefits like high thermodynamic efficiency, fast
kinetics and reduced electrochemical losses with steam electrolysis.
Moreover it is possible to conduct co-electrolysis operation to convert

H2O and CO2 simultaneously into synthesis gas (H2 + CO). This
syngas can be used as feedstock for the production of base chemicals
or synthetic fuels in downstream processes. Fischer–Tropsch or
methanol synthesis reactors are typically operated at elevated pres-
sures in the range of 10 to 60 bar to achieve high conversion or high
yield.7–9 Furthermore storage and transportation of gaseous products
also require pressurization of the products. Combining a SOEC stack
and the catalytical downstream reactor in a pressurized system could
therefore be highly beneficial since additional compression work
could be significantly reduced or omitted.10 Furthermore, previous
studies have shown that with increasing the pressure, the total area
specific resistance (ASRtotal) decreases significantly with fuel electrode
supported cells.11–15

During co-electrolysis operation H2O and CO2 reduction occur at
the fuel electrode and require energy supply due to the endothermic
properties of the reactions shown in Eqs. 1 and 2. Additionally, both
reactions are related via the endothermic reverse-watergas-shift
(rWGS) reaction shown in Eq. 3:

H O H ½O H 860 C 249 kJ mol 12 2 2 r
1( ) · [ ] + D  = + -

CO CO ½O H 860 C 283 kJ mol 2r2 2
1( ) · [ ] + D  = + -

H CO H O CO H 860 C 34 kJ mol 32 2 2 r
1( ) · [ ]+  + D  = + -

The high temperature electrolysis mode requires the enthalpy of
formation for the reactions to be provided as electrical and thermal
energy. Figure 1 shows the energy demand for the reactions shown
in Eqs. 1 and 2 over temperature at standard pressure.

The total energy demand (ΔH) slightly increases for H2O
reduction and is nearly constant for CO2 reduction respectively
whereas for both reduction reactions the electrical energy demand
(ΔG) strongly decreases and the thermal energy demand (T ·ΔS)
increases with temperature accordingly. As depicted in Fig. 1 the
CO2 reduction generally requires a higher amount of thermal (and
total) energy supply whereas the electrical energy demand is fairly
equal with water reduction at temperatures >750 °C. In literature the
co-electrolysis operation is sometimes stated to solely take place via
electrochemical steam reduction and CO is purely produced by
rWGS reaction.16,17 The additional thermal energy demand of
the rWGS leads to lower stack temperatures and increasedzE-mail: Marc.Riedel@dlr.de

Journal of The Electrochemical Society, 2020 167 024504

Article II   87 

  



overpotentials. Furthermore, SOECs operated in pure CO2 electro-
lysis mode reveal a significantly higher thermoneutral voltage than
steam electrolysis operation due to the higher enthalpy of the related
reduction reaction.

Test Setup

In this study a commercially available stack with 10 electrolyte
supported cells was used. Each cell consists of a Ni-CGO fuel
electrode, a 3YSZ electrolyte and a LSCF air electrode.
Additionally, CGO barrier layers are implemented between the
fuel electrode/electrolyte and the air electrode/electrolyte respec-
tively. Since the stack has an open oxygen electrode design, it is
housed in a specially designed gas tight steel box. For measuring the
temperatures inside the stack during operation, five thermocouples
are placed directly on the air electrodes. One thermocouple is placed
on layer one and ten respectively. The three remaining thermo-
couples are placed at quarter, half and three-fourths of the length of
the middle cell of the stack. Further details about the stack and the
implementation into the test setup are already published and can be
found elsewhere.18

The experimental test setup at DLR offers the opportunity to
characterize short stacks in SOEC as well as in SOFC mode in an
absolute pressure range between 1.4 and 8 bar. Figure 2 shows the
schematic of the test setup which mainly consists of the media
supply (A), the pressurized vessel with an integrated oven (C) and
the pressure control combined with two equalizing tanks for the
anode and cathode streams (D). A stable and low pulsation steam
supply is assured by an evaporator without the use of carrier gas (B).
Ultrapure water for evaporation is stored in a water tank with an
integrated UV-lamp and is continuously circulated through a self-
constructed water purification system with fine filters and a
desalination unit in order to prevent any contaminants entering the
test rig and/or lead to enhanced degradation of the investigated
stacks. Except the steam, all feed gases are supplied via mass flow
controllers at the gas supply panel. Before entering the pressure
vessel, the feed gases are heated to 300 °C via an electric heater and
are mixed with the required steam mass flow in order to prevent
condensation and thus caused pressure drops and instable cell
voltages. The mixture is led through the vessel wall and is further
heated via an electric preheater to the furnace temperature before

entering the stack. However, the carbon containing gases (CO, CO2

or CH4) are led directly via a stub to the furnace compartment in
order to prevent solid carbon deposition in the preheater due to the
possible lower heating rates. The carbon containing gases are mixed
with the remaining gases of the preheater upstream of the stack.

In order to maintain very small differential pressures between
fuel side, air side and the surrounding furnace atmosphere (<5
mbar), a highly sensitive pressure control system is implemented in
the test rig. Differential pressure sensors at the outlet pipes are
constantly surveilling the pressure differences between the pressure
vessel and the fuel outlet stream and between the fuel side and the air
side. To enable a precise pressure control, the gas volumes of the
anode and cathode side have to match the vessel volume and are
therefore balanced by two equalizing tanks (D, 500 l each). The
pressures in the equalizing tanks are controlled by pneumatic valves,
which let specific volumes stream into the off-gas burner to match
the exact pressure difference between the gas compartments. The
fuel side is generally operated at slightly higher pressure in order to
prevent gas transition towards the air electrode in case of cell
leakages.

The pipe connecting the fuel outlet of the stack and the
equalizing tank of the fuel side is constantly heated to 250 °C to
prevent condensation of the containing steam content and thus an
instable voltage of the upstream-located stack. In order to prevent
solid carbon deposition within the outlet pipe of the test setup during
co- and CO2-electrolysis studies, a second water evaporator is
installed (B). Generally, solid carbon can deposit during the chilling
of the produced hot CO or syngas in the outlet pipes and could clog
the whole system with a likely associated damage to the stack. The
risk of carbon deposition especially takes place in a temperature
range between 500 °C–700 °C and becomes more severe with higher
operating pressures. Therefore, the second evaporator injects addi-
tional steam directly behind the stack outlet and increases the partial
pressure of H2O in the fuel outlet pipe. Combined with a rather quick
cross of the risky temperature window to 250 °C, no carbon
deposition occurred during the presented studies of this publication.
Due to that configuration, detailed investigations of risky operation
conditions can be made without endangering the test facility or the
stack. Figure 3 shows a theoretical consideration for the amount of
steam need to be injected into the fuel outlet pipe to prevent solid
carbon deposition based on thermodynamic equilibrium. mH O

add
2

represents the mass flow of steam to be injected into the outlet
pipe and mreact is the mass flow of gas which is supplied to the stack
at the media inlet. The gas inlet composition and the reactant
conversion (RC) are in accordance to the experimental parameters
used in this study where a considerable risk of solid carbon
formation due to the low H/C ratio of 2.44 (inlet gas composition
45% H2O, 45% CO2 and 10% H2) exists. 1.4 bar is the lowest, 8 bar
the highest possible operating pressure of the described test rig at
DLR. Furthermore, the theoretically needed steam injection to
prevent carbon deposition at an operating pressure of 30 bar is
shown in the graph. This pressure level represents the operation of a
co-electrolysis system with a directly coupled downstream process e.
g. Fischer–Tropsch where much higher pressures are needed.

Due to slower reaction kinetics at lower temperatures and the
limitation of catalytic reaction sites in the steel pipe, the values given
in Fig. 3 can be considered to be maximum values for a safe
operation of a pressurized test setup. Experimental investigations
showed that the injection of additional steam into the outlet pipe of
the test rig does not affect the OCV or performance of the stack in all
investigated cases.

In order to constantly monitor the outlet gas composition of the
stack, a gas analyzing system is connected to the test rig (Fig. 1e).
During the experiments a continuous gas flow of 1 slpm is taken
from the fuel outlet pipe and sent to a Rosemount X-Stream analyzer
with sensors for H2, CO, CO2 and CH4. Due to the optical measuring
principle of this analyzer the steam of the gas mixture is removed via
a compressor chiller operated at 3 °C. All gases can be analyzed in a
range of 0%–100% with an accuracy of ⩽ ±1%.

Figure 1. Energy demand of the H2O and CO2 reduction reactions depicting
the total energy demand (reaction enthalpy ΔH, squares), the electricity
demand (Gibbs free reaction energy ΔG, points) and the heat demand
(T ·ΔS, triangles).
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Experimental Methodology

In this study two inlet gas compositions were used with an H/C
ratio of 2.44 (45% H2O/45% CO2/10% H2) and 4.67 (60% H2O/30%

CO2/10% H2). Steady-state as well as dynamically recorded current-
voltage curves were performed for characterizing the stacks under
pressurized operation in co-electrolysis mode. For steady-state U(i)-
curves, current density was increased stepwise by 78.24 mA∙cm−2(
10 A steps). The gas flows for each composition were adjusted at
every current density point for a constant reactant conversion (RC) of
70% at the cells. The RC is always defined according to the overall
inlet mass flow of convertible reactants, i.e. the overall amount of H2O
and CO2 during co-electrolysis operation that can be converted to H2

and CO (and not further to C). A constant flux of air was supplied to
the stack on the anode side. Reaching stationary conditions in the
stack took at least 90 min depending on the operating point. The outlet
gas composition was constantly monitored during all experiments.
Due to this method it is possible to record a U(i)-characteristic with a
current density dependent temperature and gas composition profile at
a constant reactant conversion rate.

In contrast, dynamically recorded U(i)-curves were performed
with a fast increase of current density of 1.96∙10−3 A∙cm−2∙s−1

(20 A min−1). The gas flows were defined for a reactant conversion
of 70% at −0.47 A∙cm−2. 10 slpm air was supplied to the anode side
of the stack. Due to the fast current ramp a quasi-isothermally
recorded U(i)-curve with a very small temperature change over the
complete range of current density could be performed.

Electrochemical impedance analysis was performed galvanosta-
tically with a Zahner Zennium at −0.20 A∙cm−2 with an AC
amplitude of 380 mA. The frequency range for impedance spectro-
scopy was defined to be in the range of 20 kHz to 50 mHz with
single sine wave impedance. The recorded spectra were analyzed
with the commercial software THALES.

The stack was operated over approximately 700 hours for the
characterizations of the steam, co-, and CO2 electrolysis shown in
this study. A significant degradation during that operating time was
not observed.

Figure 2. Schematic of the experimental test setup for pressurized SOC stack investigations at DLR.

Figure 3. Ratio between mass flow of steam to be injected (mH O
add

2 ) and the
inlet mass flow of gas supplied to the 10 layer stack (mreact ) in order to
prevent carbon deposition during chilling in the outlet pipe. Calculations are
based on thermodynamic equilibrium for an inlet composition of 45% H2O,
45% CO2 and 10% H2 at a stack temperature of 850 °C and a conversion rate
of 70% at a current density of −1.0 A∙cm−2.
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Results and Discussion

Steady state U(i)-characteristics and gas analysis.—Before
starting the experimental investigations, the stack was operated in
non-loaded conditions with a 50/50 mixture of hydrogen and
nitrogen at 800 °C. The temperatures measured inside the stack
were equal to furnace temperature and the stack voltage was above
12.5 V. Hence, leakages were considered to be negligible.

To exemplify the accuracy of the gas analyzing system, Fig. 4
shows the recorded outlet gas composition during stack measure-
ments at OCV conditions, 1.4 bar, a stack temperature of 800 °C and
an inlet gas composition of 45/45/10 (H2O/CO2/H2). At OCV
condition and at a constant furnace temperature, an effect of the
occurring endothermic rWGS reaction cannot be noticed since the
content of reducing gas (H2, CO) in the used feed composition is low
and the extent of reaction is therefore limited. The outlet gas
composition was analyzed over the full range of inlet volume flows
according to the steady-state U(i)-curves with 70% reactant conver-
sion presented in Fig. 5. The maximum flow corresponds to a current
density of 0.63 A∙cm−2. Note that H2O is completely removed out of
the outlet gas composition by the gas analyzing system due to its
measuring principle. The straight lines represent the thermodynamic
equilibrium of the gases H2, CO, CO2 and CH4 respecting a
H2O-free gas composition. Thermodynamic equilibrium was calcu-
lated with the CEA tool (Chemical Equilibrium with Applications)
and the included gas properties published by the National
Aeronautics and Space Administration (NASA).19

The maximum deviation between the thermodynamic equili-
brium and the experimentally recorded measurement points can be
found at small gas flows supplied to the stack. The maximum
deviation of 1.9%-points (CO2) can likely be attributed to the
increasing inaccuracy of the mass flow controllers at small gas
flows. Note that the impact of the inaccuracy on the OCV is marginal
due to the present reducing gas content (H2, CO) of more than 10%.
Generally, the outlet gas composition is in good accordance to the
calculated thermodynamic equilibrium over the full range of inlet
volume flows. Firstly, this indicates the precise supply of the feed
gases and the analytical system to work accurately over a wide range

Figure 4. Comparison between thermodynamic equilibrium and the mea-
sured outlet gas composition of the stack operated with an inlet composition
of 45/45/10 (H2O/CO2/H2), at 1.4 bar and 800 °C over the full range of
volume flows for the steady-state U(i)-curves shown in Fig. 5.

Figure 5. Steady-state U(i)-curves recorded at 1.4, 4 and 8 bar at a furnace termperature of 800 °C. Inlet gas composition is (a) 45/45/10 (H2O/CO2/H2) and (b)
60/30/10 (H2O/CO2/H2) with a reactant conversion of 70% at every measuring point.
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of operation. Secondly, it shows that the chemical reactions are fast
and the catalytic surface is sufficiently active and available to
equilibrate the inlet gases rapidly within the cells via the reverse
water-gas shift reaction (rWGS).

Figure 5 shows steady-state U(i)-curves with the inlet composi-
tions 45/45/10 and 60/30/10 (H2O/CO2/H2) for 1.4, 4 and 8 bar and a
furnace temperature of 800 °C. The inlet gas compositions corre-
spond to an H/C ratio of 2.44 and 4.67 respectively. The cell voltage
of the middle cell, the core temperature of the stack and the
calculated total ASR (ASRtotal) are plotted against the current density.
Furthermore the ohmic ASR (ASRΩ) is plotted based on the core
temperature of the stack for the measurements at 1.4 bar. An
equation for the temperature-dependency of the ohmic resistance
of the studied stack was already published by the authors and can be
found in.18

For calculating the ASRtotal the conversion is considered to be
linear over the cell length. The theoretical voltage at every
measuring point is hence calculated with the equilibrated averaged
gas composition between inlet and outlet of the stack and the actual
measured stack temperature. The justification of that method for
calculating the ideal voltage is published elsewhere.20 The ASRtotal

was subsequently calculated by dividing the difference between
theoretical and measured voltage by the current density.

As can be seen, both experiments on co-electrolysis show similar
performance although the H/C ratio is different by a factor of almost
2. As expected, the open circuit voltages were found to increase with
increasing operating pressure. In the range of low current densities,
the influence of thermodynamics on the stack and cell performance
is more significant than the influence of electrochemical reaction
kinetics. The core temperatures of the stack decrease at low current
densities due to the endothermic reduction reaction of H2O (and
CO2), the endothermic rWGS reaction and the comparably low
overvoltages at low currents. With higher current densities the stack
temperature increases due to the higher heat generation (or higher
losses).

By increasing the current density, the cell voltages are found to
converge, particularly the U(i)-curves recorded at 4 and 8 bar show a
decreased slope in both cases. This could be attributed to the
measured stack temperature which increased with higher pressures

due to the occurring internal methanation reaction. The higher
temperature lowers the cell voltage due to the reduced cell resistance
which may explain the convergence with higher pressures.
Furthermore, at elevated pressure internal cell resistances are known
to decrease due to superior mass transport and decreased diffusion
overpotentials.21–24 Hence, the impact of pressurization on cell
performance becomes more significant with higher current densities.
To exemplify, in Fig. 5a the maximum spread of the characteristic
stack temperature between 1.4 and 8 bar is 8.9 K at a current density
value of −0.39 A · cm−2. According to the relation published in18

this temperature spread leads to a deviation of the ohmic resistance
of 0.055 Ω · cm2. At this current density point the deviation of the
calculated ASRtotal between 1.4 and 8 bar is 0.110 Ω · cm2 and thus
two times higher than the ohmic resistance spread. At the highest
investigated current density of −0.54 A · cm−2, the temperature
deviation between 1.4 and 8 bar is 5.5 K, which corresponds to 0.023
Ω · cm2 in ohmic resistance. The ASR deviation at this measuring
point is 0.062 Ω · cm2, thus almost three times higher than the ohmic
resistance deviation.

Comparing both experiments with different inlet compositions,
Fig. 5a with the higher content of carbonaceous gas in the feed
shows a slightly increased cell voltage and subsequently a decreased
maximum achievable current density. The performance loss indi-
cates the contribution of an increased diffusion and activation
overpotential with increasing CO2 content in the feed gas.
However, the measured stack temperatures show almost same values
in both experiments.

The bottom charts in Fig. 5 show the calculated ASRtotal for each
recorded current density step based on the measured characteristic
stack temperature. The ASRΩ represents the specific ohmic resistance
for the measured temperatures at 1.4 bar and follows the temperature
profile shown in the graph above. Due to the fact that for ESC stacks
the overall cell resistance is dominated by the ohmic part, the
ASRtotal was expected to follow the shape of the ASRΩ curve.
Though, at low current densities the ASRtotal shows comparably high
values for both co-electrolysis experiments at every operating
pressure. Most likely this behavior results from the inaccuracy of
the mass flow controllers of the test rig at little gas flows as shown in
Fig. 4 where a slightly increased molar fraction of H2 and a

Figure 6. Polarization resistance for the steady-state U(i)-curves recorded at 1.4, 4 and 8 bar at a furnace termperature of 800 °C.
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simultaneously decreased CO2 fraction were found at the outlet. The
inaccuracy leads to slightly higher measured voltages and hence to a
higher calculated ASRtotal. With increasing current density and stack
temperature, Fig. 5 indicates that the polarization resistance, derived
from the difference between ASRtotal and ASRΩ decrease with current
density. In Fig. 6 the polarization resistances are plotted against
current density for each pressure. Note, the points related to a current
density of 0.08 A·cm−2 are plotted in grey due to the inaccuracy of
the mass flow controllers according to Fig. 4 and will not be part of
further analysis.

Comparing both experiments, the polarization resistances show
higher values for the lower H/C ratio which is congruent with the
findings of the higher ASRtotal with the higher CO2 content in the
feed gas shown in Fig. 5. With increasing current density, the
polarization resistances are found to decrease due to the higher stack
temperature and the consequently faster reaction kinetics.
Furthermore the activation and diffusion resistances are known to
decrease with elevated pressure. However, the pressure dependency
was already found to be marginal due to the thin electrodes and the
comparably high ohmic resistance of the ESCs used in the studied
stack. Hence, the decrease of the polarization resistances at higher
pressures is induced by two effects: the faster reaction kinetics due
to higher temperature and the decrease of the activation and
diffusion resistances due to the elevated operating pressure.

During the co-electrolysis experiments, the outlet gas composi-
tion at every stationary current density step was recorded. Figure 7
shows the measured values of H2, CO, CO2 and CH4 for 1.4 bar
(squares), 4 bar (dots), 8 bar (triangles) and the thermodynamic
equilibrium based on the measured stack temperature (dashed lines).
As described above, the steam content is removed out of the mixture
before the analyzer due to its optical measurement principle.

The measured concentrations for the outlet gases are in good
accordance with the calculated thermodynamic equilibrium over the
full range of current density. As can be seen, in both experiments the
major deviation between theoretical and experimentally recorded
values can be found at low current densities, especially for H2 and
CO2. As mentioned above, this is likely due to an inaccurate dosage
of the mass flow controllers of the test rig at little gas flows. The
experimental results of the gas analysis indicate that the rWGS and
the methanation reactions are fast and shift the gas mixture into
equilibrium within the stack even at high flow rates and a RC of
70%.

For high methanation extent of reaction, high pressures, high
H2/CO ratios and low temperatures are favorable. During the
experiments a methane content of almost 5% was measured at
8 bar and 790 °C for the inlet composition of 60/30/10
(H2O/CO2/H2) with the H2/CO ratio of 2.5 after 70% conversion.
With higher current densities the methane content was found to
decrease due to the increased stack temperature and thus a
decreasing H2/CO ratio. Within the conducted experiments, the
H2/CO ratio at the stack outlet is in a range of 1.18-1.27 for the inlet
composition of 45/45/10 and between 2.31-2.48 for the 60/30/10
composition.

The measured temperature distribution within the stack during the
steady-state co-electrolysis operation with the 45/45/10 mixture at 1.4
and 8 bar is shown in Fig. 8. The nomenclature of the temperatures Ti,j
in the legend indicate the position of the thermocouple in the stack. i is
the specific layer and j the position along the flow direction of the
active cell area where the thermocouple is located.

The recorded temperatures show a maximum deviation of 5.9 K
at 1.4 bar and 6.3 K at 8 bar in the endothermic operating mode. In
the exothermic mode it is 6.1 K and 12.9 K respectively. As
expected, the surrounding furnace environment shows the most
significant thermal influence on both outer layers of the stack (TL1,1/2
and TL10,1/2) at both pressures. During endothermic operation both
layers have the highest and in exothermic operation the lowest
temperature. The temperatures measured along the flow direction of
layer 5 show a maximum deviation of 3.9 K at 1.4 bar and 8.7 K at
8 bar, whereas the thermocouple close to the inlet (TL5,1/4) always

recorded the lowest and the thermocouple close to the outlet (TL5,3/4)
the highest values. The temperature profile along the height of the
stack contributes to the inequality of the cell voltages shown in
Fig. 8b. As can be seen, at maximum current density the cell voltage
of layer 10 show the maximum deviation of 45 mV.

Dynamically recorded U(i)-characteristics.—The aim of the
dynamically recorded U(i)-curves is the quasi-isothermal character-
ization with only a small temperature deviation within the stack.
This ensures determining the performance at a certain stack
temperature. Figure 9 shows a comparison between co- and pure
steam electrolysis at 800 °C and 850 °C with a reactant conversion
of 70% at −0.47 A∙cm−2. In both cases, the voltage shows an nearly
linear behavior up to the maximum current density with a slightly
decreased slope of the U(i)-curves recorded at elevated pressure.

Figure 7. Gas analysis of the stack outlet composition during the steady
state co-electrolysis experiments for an inlet composition of (a) 45/45/10
(H2O/CO2/H2) and (b) 60/30/10 (H2O/CO2/H2). The reactant conversion is
70%.
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However, an overall positive pressure effect on the achievable
current density could not be observed for the ESC stack at the
studied steam- or co-electrolysis conditions.

Determination of the area specific resistance during co-electro-
lysis operation.—In order to determine the ASR values, the
theoretical Nernst voltage is calculated based on the actual current
dependent gas composition and the measured characteristic stack
temperature for every measuring point due to the increasing
conversion rate over the recorded current density. Note, for co-
electrolysis operation the averaged gas composition between the
inlet and outlet of the stack is equilibrated before calculating the
theoretical voltage. The ASR values shown in the graphs are
averaged values in the range of 0.08 A∙cm−2 to the maximum
achieved current density of the experiment. As depicted in the
graphs, the increase of 50 K furnace temperature leads to a decrease
of the ASR by almost 30%.

Due to increased temperature deviations over the range of current
density, the recorded U(i)-curves in co-electrolysis mode show slightly
higher voltages and ASR values compared to pure steam electrolysis at
both furnace temperatures. In co-electrolysis operation the measured
temperature deviation is more significant at lower pressures due to the
occurring endothermic rWGS reaction and less extent of exothermic
methanation. At elevated pressure the voltage increases due to
thermodynamics influence and the exothermal methanation reaction
becomes more prominent. Hence, increasing heat production at
elevated pressure contributes to counterbalance the characteristic of
the pure endothermal electrolysis- and rWGS reactions and lead to
decreased overvoltages. The described temperature behavior at higher
pressures can also be observed for pure steam electrolysis. However
the lower temperature deviation at higher pressure is solely caused by
the thermodynamically driven higher voltages in that operating mode.

The following Table I shows the temperature deviations for the
recorded U(i)-curves:

Figure 8. Measured temperatures and cell voltages of the stack during the steady-state co-electrolysis experiment at 1.4 and 8 bar respectively and an H/C ratio
of 2.44 in the feed gas (45/45/10 mixture).
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The temperature deviation during co-electrolysis operation at
800 °C furnace temperature and 1.4 bar was found to be 8.7 K over
the complete range of current density. The ASRtotal was calculated to

be 0.965 Ω∙cm2 accordingly. In pure steam electrolysis operation the
ASRtotal was calculated to be 0.950 Ω∙cm2 and a temperature
deviation of 5.5 K was observed. Hence, the difference of the

Figure 9. Dynamically recorded U(i)-curves at three different operating pressures a conversion rate of 70% at −0.47 A∙cm−2 and 800 °C and 850 °C furnace
temperature. (a) and (c) show the results for co-electrolysis, (b) and (d) for pure steam electrolysis operation.
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characteristic stack temperature between steam and co-electrolysis
operation is about 3.2 K (ΔASR = 0.015 Ω∙cm2) at this pressure. The
lower temperature during co-electrolysis operation leads to an
increased ohmic resistance of about 0.017 Ω∙cm2.18 At 8 bar the
ΔASRtotal was found to be 0.012 Ω∙cm

2 with aΔT of about 2 K. This
leads to an increase of the ohmic resistance of 0.013 Ω∙cm2.
Therefore it can be concluded that the performance of the stack
within the studied dynamical conditions in pure steam- and in co-
electrolysis is highly similar and mainly influenced by the stack
temperature.

Out of dynamically recorded and steady state measurements for
steam- and co-electrolysis operation, detailed characteristics of the
ASRtotal could be obtained for the studied ESC stack. Figs 10a–10c
shows the ASRtotal and the characteristic ASRΩ over a wide
temperature range for the inlet gas compositions of 45/45/10, 60/
30/10 (H2O/CO2/H2) and 90/10 (H2O/H2). The ASR values were
fitted to the exponential expression ASRtotal = y0 + A∙exp(B∙T) and
are furthermore plotted for all studied gas compositions in Fig. 10d.

During steam electrolysis operation the ASRtotal follows the
characteristic of the ohmic resistance with an additional and
temperature dependent resistance. This additional part indicated by
the difference between ohmic and overall resistance can be attributed
to the polarization overvoltage. It accounts for approximately 20%
of the overall resistance in steam electrolysis over a wide tempera-
ture range of the ESC. In case of co-electrolysis operation the
polarization resistance shows a higher temperature dependency. At
low temperatures the ASRtotal shows a higher proportion of the
polarization resistance while at high temperatures (>820 °C) a
significant difference between steam- and co-electrolysis cannot be
observed. Thus the increasing partial pressure of CO2 has a
worsening influence on the cell and stack performance during co-
electrolysis especially at lower temperatures. This could be related to
the decreased partial pressure of steam at the TPB and thus the
increased activation and concentration overpotentials. This would
imply CO to be solely produced by the rWGS reaction. However it is
very likely that for some extent CO2 is reduced electrochemically
which leads to higher overpotentials due to a higher required
activation energy of the reduction process at the TPB and a higher
diffusion overpotential due to its comparably larger molecular size
and molecular mass.25–27 Furthermore, the effective diffusion
coefficient is proportional to the operating temperature. Both can
lead to a higher diffusion overpotential at lower temperatures and
thus an increased concentration overpotential.21 Since at higher
temperatures the influence of reaction kinetics is less prominent, the
ASRtotal of the co-electrolysis operation converges towards the
ASRtotal of steam electrolysis operation.

Impedance analysis during steam, co-, and CO2 electrolysis
operation.—EIS was performed in order to investigate in more
detail the pressure influence on the performance of the stack during
co-electrolysis mode. Recorded EIS data of the middle cell of the
stack were fitted with an equivalent circuit model (ECM) consisting
of an inductive unit, a serial resistor and three RQ elements
connected in series. Figure 11 shows a comparison of EIS spectra
at 1.4 (a) and 8 bar (b) with five different gas compositions. Pure

steam electrolysis with a 90/10 (H2O/H2) mixture, co-electrolysis
compositions with 60/30/10 and 45/45/10 (H2O/CO2/H2) and
CO2-electrolysis with 90/10 (CO2/H2 and CO2/CO) are investigated.
For the co-electrolysis and the CO2/H2 compositions rWGS reaction
can occur, whereas for the CO2/CO mixture pure electrochemical
reduction of CO2 is ensured. The measurements were recorded at a
stack temperature of 780 °C and a current density of −0.2 A∙cm−2.
The outlet gas composition of the stack was close to a 60/40
reactant/product mixture where the concentration impedance is
highly reduced due to the more balanced composition between
reactants and products in the cells.28 Due to the different inlet gas
compositions, the furnace temperature had to be adjusted in order to
ensure an equal stack temperature and thus similar serial resistances
for all recorded measurements.

The comparison between the EIS spectra recorded at 1.4 and
8 bar shows an apparent influence of the operating pressure. The
peak in the –Z″(f) diagram for the process at 0.1–0.5 Hz becomes
less prominent and shows a decreased frequency at elevated
pressure. The resistance in this range of frequency can be attributed
to gas concentration, the coupled phenomena of diffusion and
reactant conversion taking place within the fuel electrode
compartment.28–32 The conversion impedance itself occurs due to
the deviation between the supplied reactant concentrations and the
actual gas concentrations at the electrode surface during operation.
This resistance becomes generally more significant with an in-
creasing imbalance between H2O/H2 or CO2/CO. Considering the
SOC to behave as a continuous stirred tank reactor (CSTR), the
resistance of the conversion impedance Rconv is pressure independent
whereas the capacitance CConv increases linearly with increasing
pressure.30,33

R
RT

F J x x4

1
conv

i i educt i product
2

, ,

⎛
⎝⎜

⎞
⎠⎟=

+

C
F pV

RT A x x

4 1
conv

i reactant i product

2

2
, ,

1⎛
⎝⎜

⎞
⎠⎟( )

=
+

-

where Ji is the area specific inlet gas flux with the unit of mol
cm−2 s−1, xi,reactant and xi,product are the specific mole fractions in the
inlet gas. p is the absolute pressure, V the CSTR volume and A the
geometric electrode area. Primdahl et al. showed that the conversion
capacitance increases with increasing pressure, since the volumetric
density of reactants and products within the fuel electrode compart-
ment increase.31,33 Consequently, the frequency f of the conversion
process decreases at elevated pressure and follows a p−1 dependency
due to the relation f R C1 2 .( · · )/ p= Due to keeping constant the
relevant parameters (flux of gases, stack temperature, 90/10 mixture
as inlet composition, current density) for all EIS measurements one
can assume the Rconv to be equal for all experiments shown in Fig. 11
and only the capacitance CConv to change due to the operating
pressure. As the diffusion of CO2 compared to H2O (or CO
compared to H2) through a porous layer or a gas layer is generally
more hindered due to its larger molecule size and molecular mass,
the change in the observed peak at 0.1–0.5 Hz can most likely be

Table I. Temperature deviations between furnace and the measured characteristic stack temperature over the complete current density range
during dynamically recorded U(i)-curves in steam- and co-electrolysis operation.

Furnace temperature/°C Pressure/bara
Temperature deviation in Co-electrolysis

45/45/10 in K
Temperature deviation in H2O-electrolysis

90/10 in K

800 1.4 8.7 5.5
800 4.0 8.0 5.2
800 8.0 6.3 4.2
850 1.4 14.9 10.0
850 4.0 12.9 9.0
850 8.0 10.8 7.6
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attributed to a diffusion process within the fuel electrode compart-
ment. The diffusion resistance RDiff has the following expression:
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with xb as the mole fraction of reactant and product in the bulk gas
outside the diffusion layer or porous electrode and Deff as the
effective diffusion coefficient consisting of the Knudsen (DK) and
ordinary diffusion coefficients (Dord). At low pressure, diffusion is
governed by Knudsen diffusion mechanism. Knudsen diffusion itself
is pressure independent and the diffusive mass flux is therefore
governed by the concentration gradient which is directly propor-
tional to pressure. At higher pressure, diffusion becomes governed
by ordinary diffusion mechanism which is reciprocally proportional
to pressure. Hence, the effective diffusion coefficient Deff decreases
nonlinearly with increasing pressure. However, the slight decrease of
Deff nevertheless leads to an increase of the term p∙Deff by increasing
the pressure. A detailed theoretical study about the operating

pressure dependency of Deff for SOCs can be found elsewhere.22,34

In conclusion, RDiff decreases with increasing pressure according to
the above mentioned equation. The lower resistance at elevated
pressure consequently leads to a decreased height of the peak around
0.5 Hz in the –Z’(f) diagram of Fig. 11. Jensen et al. conducted stack
measurements at elevated pressure and showed that the low
frequency peak shifts towards lower frequencies by increasing the
operating pressure.10 This is in good agreement with the EIS
measurement shown in Fig. 11 for steam, co- and CO2 electrolysis
where the same phenomenon was observed. However, a decreased
resistance of the low frequency process was not observed within the
study of Jensen et al. This is most likely due to the fact that the
measurements were conducted at OCV, whereas the measurements
shown in Fig. 11 were conducted under significant load. The
increased extent of reaction leads to a significantly more dominant
diffusion of reactants and products and hence to a more dominant
pressure effect.

Figure 11 reveals the process-related peak and the resistance at a
frequency of 10–20 Hz to become less prominent with higher

Figure 10. ASR values derived from U(i) characteristics for co-electrolysis (a), (b) and pure steam-electrolysis (c). (d) shows the fitted ASR curves of a-c. Values
of the temperature-dependency of the ohmic resistance derived from.18
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operating pressure. Since this middle frequency process shows a
dependency on the partial pressures of the reactants, it can likely be
attributed to a surface process at the fuel electrode. With higher
pressure the resistance decreases due to the increased concentration
of reactants at active sites and the frequency in the EIS spectrum
therefore decreases. Additionally the peak and the resistance can be
observed to get more prominent with an increasing content of CO2 in
the feed gas for 1.4 and 8 bar respectively. This can be attributed to
the decreasing partial pressure of H2O within the porous electrode
and a related increase of the activation resistance. Albeit the
activation energy of electrochemical CO2 reduction is reported to
be higher than that for steam reduction, it is nonetheless likely that
CO2 is reduced electrochemically to some extent especially at high
conversion rates.27,35 Since a low partial pressure of H2 reduces the
rate of the rWGS reaction, it can be assumed that the electrode
potential increases locally at the beginning of the cell area due to the
increased diffusion and activation resistance of the CO2 process.
With increased cell length, the CO production pathway is then
shifted towards the rWGS reaction due to the increased partial
pressure of produced H2. Since the recorded EIS measurements
shown in Fig. 11 constitute an average of the SOC performance due
to the large cell area of the used stack, the difference between pure
steam- and co-electrolysis gas compositions is found to be marginal.
Hence, it can be assumed that the main reaction pathway for the
production of CO during co-electrolysis operation is via the fast
rWGS reaction.16,36

Since the influence of CO2 in the feed gas on the characteristic
performance of the stack was shown to be most dominant at low
temperatures, a direct comparison between pure steam and pure CO2

electrolysis is shown in Fig. 12 for 700 °C and 850 °C. In addition to
the EIS spectra plotted in a –Z″(f) diagram, the values for the
ASRtotal and the middle and low frequency resistances (RMF and RLF)
are given in Table II according to the ECM with one inductive unit, a
serial resistor and three RQ elements connected in series. The high
frequency process (102–103 Hz) was not analyzed in detail since it is

most likely attributable to the air electrode and should not differ
between H2O and CO2 electrolysis due to the same RC.37 However,
several studies show that the contribution of a CGO bulk process of
the fuel electrode is most likely located additionally within the high
frequency range.38,39 Hence, the high frequency process cannot be
assigned to one single process though the data was fitted with a
single RQ element and a constant n-value of 0.5. The authors are
aware that the n-value of 0.5 for the high frequency process(es) do
physically not make sense and indicate that a Gerischer element
could be used for a more physically meaningful fit of the air
electrode. However, due to the mentioned overlap (air electrode +
CGO bulk) the authors decided to use a single RQ element to reduce
the number of fitting parameters. Furthermore, the purpose of this
study was to describe the changes in the impedance spectra during
H2O and CO2 electrolysis for the middle and low frequency
processes. The n-values during the fitting procedure were kept
constant for all RQ elements according to Table II. Note that the raw
data and the fitted spectra are plotted jointly in Fig. 12.

At 700 °C the difference between steam and CO2 electrolysis is
observed to be significant for the middle and low frequency
processes attributed to the fuel electrode and the concentration
impedance respectively. At 1.4 bar the gas concentration resistance
shows significantly higher values during CO2 electrolysis compared
to pure steam electrolysis operation (see Table II). Since the
resistance of the gas conversion is considered to be equal due to
the same amount of reactant moles and volume flows in both cases,
the difference can be attributed to a more signifcant diffusion
resistance for CO2 electrolysis operation. However, both operation
modes show similar frequencies for the respective low frequency
peak which indicates a significant change of the capacitance for the
CO2/CO operation. At higher pressure (Fig. 12b) the diffusion
resistance decreases due to superior mass transport and the peaks are
shifted towards lower resistance values and lower frequencies. The
middle frequency peak attributed to the fuel electrode process shows
higher values for CO2 electrolysis and consequently a decreased

Figure 11. Comparison of five gas compositions for steam, co- and CO2-electrolysis at 1.4 (a) and 8 bar (b). A reactant conversion of 30% and a current density
of −0.20 A·cm−2 was chosen for the EIS spectra.
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frequency compared to pure steam electrolysis operation. The
decrease of the resistance at elevated pressure is observed to be
more significant for the CO2 electrolysis indicating a significantly
higher pressure sensitivity compared to pure steam electrolysis.

At a stack temperature of 850 °C the middle frequency resistance
at 1.4 and 8 bar show lower values due to the generally faster
kinetics at higher temperature. The low frequency process is
observed to be similar for steam and CO2 electrolysis respectively,
which could indicate an equal diffusion rate of the reactants through
the porous layer. The middle frequency process shows slightly
higher resistances for CO2 reduction compared to steam reduction at
both 1.4 and 8 bar. However, in relation to the ASRtotal, the
proportion of RMF is marginal in both operation modes and at both
pressures whereas the conversion and diffusion part takes almost a
proportion of one fourth of the ASRtotal at 850 °C in this study. Since

the concentration impedance for steam and CO2 electrolysis is found
to be similar at high temperatures and the influence of the fuel
electrode process on the ASRtotal is marginal, it can be concluded that
the overall performance of the ESC stack is similar in both operation
modes at high operating temperature. Lower operating temperatures
are observed to lead to a more significant influence of the low and
middle frequency processes and thus to a more significant perfor-
mance loss during CO2 electrolysis operation. This observation is
congruent with the findings for the ASRtotal characteristics of the co-
electrolysis operation shown in Fig. 10 where a correlation between
a higher CO2 content in the feed gas and an increased ASRtotal was
observed. However, the current theory based on the equations for
Rdiff and Rconv predict both the diffusion and conversion resistances
to increase with higher temperatures. While this is in accordance
with the impedance results of the low frequency part of the spectra

Figure 12. Comparison of EIS spectra during steam and CO2 electrolysis operation at 700 °C and 850 °C respectively and 1.4 and 8 bar of pressure. RC is 30%
at a current density of −0.20 A · cm−2.
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recorded for steam electrolysis, it is not the case for pure CO2

electrolysis. Furthermore one would expect the Knudsen diffusion to
be more dominant at lower temperature due to the proportionality
between the mean free path for the gas molecules and the operating
temperature. As described above, Knudsen diffusion itself is
pressure independent. Hence, one would expect a higher pressure
dependency of the stack at higher operating temperatures. It could be
speculated that an additional electrochemical process may be located
within the low frequency part of the spectra which could explain the
observed behavior. However, this could not be identified within the
presented study. Hence, the described temperature behavior during
CO2 electrolysis and the related decrease of the low frequency
resistance by increasing the temperature is currently not fully
understood and need to be investigated in more detail for the used
Ni-CGO electrodes.

Conclusions

Pressurized operation, high conversion rates during co-electro-
lysis and high partial pressures of CO in the outlet gas composition
increase the risk of solid carbon formation in the outlet pipes of SOC
test rigs. Since a clogging of the pipe would be related to a damage
of the stack, an approach for the prevention of carbon deposition was
introduced and could successfully be demonstrated for all measure-
ments shown in this study. A commercially available 10 layer SOC
stack was used for an experimental characterization in steam, co-
and CO2-electrolysis mode. The investigated stack consists of
electrolyte supported cells with Ni/CGO fuel electrodes and LSCF
air electrodes. Test results for steady-state and dynamic operation
were demonstrated under elevated operating pressures up to 8 bar.
Furthermore EIS analysis was performed in order to investigate the
pressure dependency of the SOC performance during co- and
CO2-electrolysis in more detail.

Gas analysis at OCV condition with different inlet volume flows
showed that the gas composition at the outlet of the stack was found
to be generally in good accordance with the calculated thermo-
dynamic equilibria. Firstly, this indicates the precise supply of the
feed gases and the analytical system to work accurately over a wide
range of operation in this study. Secondly, it shows that the chemical
reactions are fast and the catalytic surface is sufficiently active and
available to equilibrate the inlet gases rapidly within the cells via the
reverse water-gas shift reaction (rWGS).

Steady-state measurements in co-electrolysis mode with inlet
gas compositions with a H/C ratio of 4.67 (60/30/10 H2O/CO2/H2)
and 2.44 (45/45/10 H2O/CO2/H2) were performed at 1.4, 4 and
8 bar with a conversion of 70%. The results show that the cell
voltages increase at elevated pressure as predicted by the Nernst
equation. With increasing current density, the cell voltages of the
different pressure levels were found to converge due to decreased
activation and diffusion resistances. However, the observed con-
vergence was primarily due to the increased stack temperature
which is related to the occurring exothermic methanation reaction

during co-electrolysis operation. Since the polarization resistance
of the electrolyte supported cells used in the studied stack are
comparably low (pressure independent ohmic resistance ~70% of
entire cell resistance), a positive pressure effect on the limiting
current density could not be observed. The gas analysis showed a
good correlation between experiment and the stack temperature-
based calculated thermodynamic equilibrium in all measurements.

Dynamically recorded U(i)-curves were performed both in
steam- and co-electrolysis mode. Due to the additionally occurring
endothermic rWGS reaction in co-electrolysis, the stack is affected
by a more significant cooling effect and shows a slightly lower
performance compared to steam electrolysis. However, an estima-
tion of the influence of the reduced temperature on the ohmic
resistance indicated that the performance and the ASR within the
studied conditions in pure steam- and in co-electrolysis are highly
similar.

Out of the steady-state and dynamic measurements, ASR values
were derived for both steam and co-electrolysis operation over a
wide temperature range. It was clearly observed that the ASR
increases with lower H/C ratios at lower temperatures whereas it
shows similar values at temperatures above 820 °C. The observation
of an increasing ASR with increasing CO2 content could possibly be
explained by a higher resistance caused by the occurance of direct
CO2 electrolysis during co-electrolysis operation. It could be shown
that the CO2 reduction process reveal a higher activation resistance
especially at lower temperatures. Furthermore the diffusion resis-
tance during CO2 electrolysis was found to show a significantly
higher temperature dependence compared to pure steam electrolysis.
However, for the studied co-electrolysis operation the difference of
the activation and diffusion resistances was found to be marginal
indicating that the main reaction pathway for CO production is via
the rWGS. Since pure CO2 electrolysis showed a higher proportion
of activation and diffusion resistances compared to the pressure
independent ohmic resistance of the cell, the pressure sensitivity was
found to be significantly increased for that type of SOC operation
mode.
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Abstract

In this study three identically constructed ten-layer stacks
with electrolyte supported cells were tested in exothermic
steam and co-electrolysis mode at elevated pressures of 1.4
and 8 bar. Investigations during constant-current operation
at a current density of –0.5 A cm–2 and a reactant conversion
of 70% over 1,000–2,000 h were carried out. The inlet gas
composition for steam electrolysis was 90/10 (H2O/H2) and
63.7/31.3/3.3/1.7 (H2O/CO2/H2/CO) for co-electrolysis
operation. All stacks showed highly similar resistances at the
beginning of the tests indicating a high level of accuracy and
repeatability during manufacturing. The stack operated in
steam electrolysis mode at 1.4 bar showed comparably low
degradation of 8 mV kh–1 cell–1, whereas the stack operated at
8 bar showed an approximately four times higher degrada-

tion. The third stack was operated in co-electrolysis mode at
1.4 and 8 bar and showed noticeably higher degradation rates
than during steam electrolysis mode. The predominant
increase of the ohmic resistance during operation was identi-
fied to be mainly responsible for the observed degradation of
all three stacks, whereas the increase of the polarization resis-
tances played a subordinate role. Within the post-test analy-
sis, noticeably high nickel depletion was observed for the
stack operated at the highest pressure in steam electrolysis
mode. Furthermore, partial delamination of electrodes was
observed. The degradation is discussed with relation to phe-
nomena and experimental parameters during operation.

Keywords: Degradation, Pressure, Solid Oxide Electrolysis
Cell, SOEC, 10-cell Stack

1 Introduction

Solid oxide electrolyzers are known as efficient energy con-
verters for producing hydrogen or synthesis gas (H2+CO)
from steam and/or CO2. Due to the high operating tempera-
tures, solid oxide electrolysis cells (SOECs) offer significant
benefits in terms of fast kinetics, reduced electrochemical
losses and high electrical-to-chemical conversion efficiencies.
Furthermore, the produced hydrogen or synthesis gas can be
used as feedstock for the production of base chemicals or syn-
thetic fuels in downstream processes like Fischer-Tropsch or
methanol synthesis. However, the respective downstream
reactors are typically operated at elevated pressures in the
range of 10 to 60 bar to achieve high conversion or high yield.
Since the cell performance was already shown to improve due

to reduced overpotentials the combination of SOEC stacks and
the downstream reactors in one pressurized system could be
highly beneficial [1–3]. However, studies investigating the per-
formance of stacks with electrolyte supported cells showed
that the influence of pressurized operation on the electrochem-
ical performance is low [4–7]. The decrease of overpotentials

–
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may not be high compared to the pressurized operation of
cathode supported cell concepts. Nevertheless, the direct cou-
pling of SOECs to downstream processes can lead to addi-
tional advantages on system level. For instance, liquid water
and CO2 compression need significantly less energy than
steam, hydrogen or syngas compression [1, 8]. Furthermore,
the coupling of the electrolysis and synthesis processes enable
close process integration and intensification synergies like sig-
nificantly reduced or omitted compression work of the pro-
duced hydrogen or syngas before entering the downstream
synthesis. However, certain challenges related to the design
and the operation of pressurized SOECs and combined sys-
tems have to be considered. Increased pressure differences
between anode, cathode or the surrounding atmosphere have
to be avoided since it can lead to the destruction of the electro-
chemical device [9]. Furthermore, the produced oxygen on the
anode side has to be flushed from the electrode and individual
safety restrictions related to the maximum oxygen concentra-
tion in the outlet can lead to significant use of air, N2 or CO2

for dilution. A compression of the flushing medium and its
recirculation could be required in order to avoid severe losses
in process efficiency. These criteria have to be considered and
evaluated for each individual system need.

However, both pressurized and non-pressurized SOEC sys-
tems with relevant power output are still under development
and need to fulfill certain criteria to become of broad economic
and commercial interest. The performance stability of the
stacks in long-term operation is one of the key factors for com-
petitiveness and the feasibility to enter into mass market.

On cell level several experimental studies were carried out
and degradation mechanisms were already proposed [10–15].
However, the reported degradation data are mostly hard to
compare since cell concepts, materials and experimental con-
ditions such as reactant flows, gas composition, conversion,
voltage or current density strongly differ from one study to
the other. Experimental investigations on the long-term stabil-
ity of SOEC stacks are less available but highly required to
identify and promote potential developments on cell, stack or
system level [5, 16–23].

In this study, three identically constructed ten-layer stacks
with electrolyte supported cells were tested in exothermic
steam and co-electrolysis mode at elevated pressures of 1.4
and 8 bar. Investigations during constant-current operation
over 1,000–2,000 h were carried out. Electrochemical impe-
dance spectroscopy (EIS) and post-test analysis (PTA) via scan-
ning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) was used, in order to identify the influ-
ence of the operating pressure on the performance stability
and microstructural changes of the cells in more detail.

2 Experimental

In order to investigate the long-term stability of SOCs oper-
ated at different pressures, three commercially available stacks
with ten electrolyte supported cells (ESC) were evaluated.

Each cell has an active area of 127.8 cm2 and consists of an
approximately 55mm thick lanthanum strontium cobalt ferrite
oxide (LSCF) oxygen electrode, a 90 mm thick yttria-stabilized
zirconia (3YSZ) electrolyte and a 30mm thick nickel gadolinia-
doped ceria (Ni-GDC) composite as fuel electrode. Addition-
ally, a thin GDC layer is used between the electrolyte/fuel
electrode and the electrolyte/air electrode, respectively.

Within this study, constant-current long-term tests were
performed both in steam electrolysis and co-electrolysis mode.
The pure steam electrolysis operation was examined with two
stacks over 1,000 h at 1.4 bar, and over 2,000 h at 8 bar. Within
these experiments an inlet gas composition with molar frac-
tions of 90% H2O and 10% H2 was used. The third stack was
mainly investigated in co-electrolysis mode at two different
pressures (1.4 and 8 bar) with an inlet gas composition with
molar fractions of 63.7% H2O, 31.3% CO2, 3.3% of H2, and
1.7% CO. However, the first 160 h were conducted in steam
electrolysis mode to enable comparability. All experiments
were performed at a furnace temperature of 800 �C and a cur-
rent density of –0.5 A cm–2. The inlet mass flows were set for a
constant reactant conversion (RC) of 70%. Table 1 gives an
overview about the stacks A–C used in this study and the
associated experiments.

The stacks are housed into gas tight steel boxes due to the
open oxygen electrode design of each repeating unit. Each
repeating unit of the stack consists of two fuel gas inlets and
two fuel gas outlets. Along the cell length, gas channels within
the fuel electrode and air electrode compartment distribute the
media in co-flow condition. More details about the stack con-
figuration with modeling and experimental results of the
temperature distribution along and across the stack and its
repeating units can be found elsewhere [24–26]. During the
experiments the oxygen electrodes of each stack were flushed
with 1 slpm per cell air to prevent the accumulation of pure
oxygen with its corrosive characteristic in the outlet pipes of
the testing facility. This led to an oxygen outlet content of 36%
at the defined operating point with 70% of reactant conver-
sion. For measuring the temperatures inside the stack during
operation, an overall number of five thermocouples with a
diameter of 0.25 mm are placed directly on certain oxygen
electrode layers. However, the thin thermocouples sometimes
fail due to mechanical stress inside the steel box. As Figure 1
shows, one thermocouple each is placed at the middle length
of layer one and layer ten. The remaining three thermocouples
are placed at quarter, half and three-quarter lengths of layer
five. Due to test housing restrictions, the ten cells within the
stacks of this study are electrically packaged into five cell

Table 1 Overview of the experiments conducted with the three stacks
A–C.

Description Operation mode Pressure / bar Duration / h

Stack A Steam electrolysis 1.4 1,000

Stack B Steam electrolysis 8 2,000

Stack C Steam & Co-electrolysis 1.4 and 8 1,000
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blocks. Hence, the cell voltages of two cells are measured in
series. A further description of the pressurized test facility as
well as the design of the stack housing can be found elsewhere
[5, 7].

In order to monitor the outlet gas composition during the
co-electrolysis experiment, a Rosemount X-Stream analyzer
with sensors for H2, CO, CO2, and CH4 is connected to the test
facility. Due to the measuring principle of this analyzer, the
steam of the gas mixture is removed via a compressor chiller
operated at 3 �C. All gases can be analyzed in a range of
0–100% with an accuracy of £ +1% points.

At the beginning of the tests and several times within the
experiment, electrochemical impedance spectroscopy (EIS)
was carried out at the operating point, in order to evaluate the
time-dependent change of the resistances. The frequency
range was from 0.05 Hz to 20 kHz with ten points per decade
and an amplitude of 0.96 A. The impedance spectra were
recorded using a Zahner Zennium impedance analyzer. After
the degradation tests, the three stacks were disassembled and
the middle cells of the stacks were used for post-test analysis
via scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX).

3 Results and Discussion

The increased partial pressure of the reactants under pres-
surized operation leads to an increased Nernst voltage, due to
well-known thermodynamic relations [2]. In order to secure
exact measurements, the open circuit voltages (OCV) of all the
three stacks were monitored and compared with the theoreti-
cal Nernst voltages (UNernst) at 800 �C before
starting the long-term experiments. For stack
A and B a gas composition of 90/10 (H2O/
H2), for stack C the co-electrolysis mixture of
63.7/31.3/3.3/1.7 (H2O/CO2/H2/CO) was
used. Note that the table presents the volt-
ages of two layers due to the described elec-
trical series connection of two cells within the
stacks.

As shown within Table 2, the OCVs of all
stacks are in good agreement with the theo-
retical (doubled) Nernst voltage indicating an
exact dosage of the gas flows for all experi-
ments and negligible leakages inside the

studied stacks. However, stack A shows an apparent deviation
of the four upper layers with a significantly decreased OCV.
Though these cells showed low voltages during non-loaded
conditions, the measured temperatures within the stack did
not exceed furnace temperature. This would be clearly notice-
able in case of a cell crack and corresponding oxidation of the
hydrogen content of the feed in the anode or cathode compart-
ment. Furthermore, the four upper layers did not show any
negative influence on the overall stack performance during
operation over 1,000 h (see Section 3.1). Hence, one can
assume that the apparent low voltages of the cells were caused
by electrical wiring problems within the testing facility. Apart
from these layers of stack A, the maximum deviation between
the experimentally obtained and theoretically calculated block
voltage is 1 mV for stack A, 4 mV for stack B, and 6 mV for
stack C.

Figure 2 shows the ohmic resistance of each stack at the
operating current density of –0.5 A cm–2 with its predefined
gas composition before the start of the long-term tests. The
depicted temperature was measured with the thermocouple
placed at the middle length of the air electrode of layer 5
(T5,1/2). It was already shown by the authors that this tempera-
ture can be taken as the characteristic stack temperature in
steam electrolysis mode [5]. The ohmic resistance of stack A
showed a value of 0.670 W cm2 at a characteristic temperature
of 825.3 �C. Stack B and stack C showed characteristic

Table 2 OCV values of the three stacks with an inlet gas composition of 90/10 (H2O/H2)
for stack A (1.4 bar) and B (8 bar) and 63.7/31.3/3.3/1.7 (H2O/CO2/H2/CO) for stack
C (1.4 bar). The values in brackets indicate the (averaged) single cell voltages.

Voltage stack A / V
(single cell voltage / V)

Voltage stack B / V
(single cell voltage / V)

Voltage stack C / V
(single cell voltage / V)

Theoretical voltage 1.695 (0.848) 1.776 (0.888) 1.628 (0.814)

Layer 1+2 1.694 (0.847) 1.779 (0.890) 1.623 (0.812)

Layer 3+4 1.695 (0.848) 1.779 (0.890) 1.622 (0.811)

Layer 5+6 1.694 (0.847) 1.780 (0.890) 1.624 (0.812)

Layer 7+8 0.820 (0.410)* 1.778 (0.889) 1.624 (0.812)

Layer 9+10 0.748 (0.374)* 1.780 (0.890) 1.623 (0.812)

Fig. 1 Sketch of the 10-layer stack with the positioning of the five thermo-
couples (Ti,j) and a depiction of the electrical packaging into five cell
blocks.

Fig. 2 Impedance spectra of the three stacks at constant-current opera-
tion (–0.5 A cm–2) before the long-term tests. Stack A is operated at
1.4 bar, stack B at 8 bar in steam electrolysis mode and stack C is oper-
ated in co-electrolysis mode at 1.4 bar.
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temperatures of 830.2 �C and 811.5 �C, and ohmic resistances of
0.643 W cm2 and 0.707 W cm2, respectively. The measured ohm-
ic resistances of the stacks at the defined operating point corre-
late well with the temperature dependency published in [5].

The differences of the ohmic resistances can be attributed to
the different operating conditions of the stacks. In particular,
stack B is operated at higher pressure leading to a higher volt-
age and consequently a higher temperature. Stack C operates
at a reduced temperature due to the additionally occurring
endothermic reversed water-gas shift (rWGS) reaction while
operating in co-electrolysis mode. Hence, it can be concluded
that all the studied stacks show highly similar resistances at
the beginning of the tests indicating a decent level of accuracy
and repeatability during manufacturing.

3.1 1,000 h Steam Electrolysis Operation at 1.4 bar

Figure 3 shows the result of the first long-term test over
1,000 h at an operating pressure of 1.4 bar in steam electrolysis
mode. At the current density of –0.5 A cm–2 and a furnace tem-
perature of 800 �C the ESC stack is operated exothermically at
approximately 1.33 V per cell at the start of the test. The values
shown for the single cell voltage are derived from the layers
5+6 of the ten-layer stack, whereas the measured temperature
was derived from T5,1/2. The total area specific resistance
(ASRtotal) was calculated at steady state condition based on
the single cell voltage and the averaged theoretical Nernst
voltage (UNernst, avg) at the applied current density:

ASRtotal ¼ Umeasured �UNernst;avg

� �
=i (1)

The Nernst voltage is determined according to the aver-
aged gas composition between the inlet and the outlet of the

stack [4]. Due to the analysis shown in Table 1 and the derived
negligibility of leakages inside the stacks, assuming the outlet
gas composition to be defined purely by current and thermo-
dynamic equilibrium is valid. U(t) and T(t) over 1,000 h can be
found in a previous analysis by the authors [5]. However, the
authors will focus on the analysis of the ASR behavior under
the different experimental conditions shown within the cur-
rent study and the comparison with the long-term tests of the
identically constructed stacks B and C. As regards the comple-
teness, the normalized ohmic resistance (ASRO) and normal-
ized polarization resistance (ASRpol) are shown within the dia-
gram according to the related results of the impedance study
of Figure 5. The values of the ohmic resistance were obtained
from the EIS data, whereas the polarization resistance was cal-
culated as the difference between ASRtotal and ASRO, thus not
considering the conversion recorded in EIS. The small voltage
and temperature peaks which can be observed at every 200 h
of operation are due to the switch between EIS analyzer and
the load of the test rig. In contrast to the previous analysis, the
time for the switch and the recording of the EIS spectra was
not considered for the time of operation shown in Figure 3.

The voltage shows a nearly linear increase of 8 mV over the
1,000 h of operation. Accordingly, the ASRtotal increases by
18 mO cm2. Due to the increasing voltage, the characteristic
cell temperature increases by 3.13 K kh–1. The authors want to
point out that contrary to the authors’ previous studies and
many other publications the degradation rates will not be giv-
en in percentages, since this specification is highly dependent
on the operating voltage and can lead to wrong interpretation
of the degradation [5, 14, 16–20, 27–31]. The indication of the
shift in voltage and ASR during the operating time leads to
much better comparability of experimental studies.

Figure 4a shows the behavior of the layers within this long-
term experiment. As already shown by the results during
OCV operation in Table 2, lower voltages of the layers 7+8 and
9+10 over the complete operating time were observed.
Furthermore, the respective layers show a highly instable volt-
age behavior with a volatility of more than 200 mV. However,
the remaining layers showed stable voltages over the complete
operating time favoring the assumption of an electrical wiring
issue within the testing facility of the layers 7+8 and 9+10.
Layer 1+2 showed a rapidly decreasing voltage at around
400 h of operation. However, Figure 4b supports the hypoth-
esis that this behavior was not caused by a crack in one of the
cells or of some glass sealing since the thermocouple at the
middle length of layer 1 (T1,1/2) did not show any unduly
behavior of the temperature. This indicates that the voltage
decrease was likely caused by a loss of contact or a short cir-
cuit within the testing facility. The thermocouple T1,1/2 broke
completely approximately 100 h later. If the sensor failure of
T1,1/2 and the earlier observed decreased voltage of layer 1+2
may be related to each other, could not be finally clarified
within the PTA. However, all remaining measured tempera-
tures within the stack increased according to the cell voltages
linearly over the 1,000 h of operation.

Fig. 3 Constant-current steam electrolysis operation over 1,000 h at
1.4 bar and 800 �C furnace temperature with stack A. The gas inlet com-
position was 90% H2O with 10% H2. The mass flow on the fuel side was
set for a reactant conversion of 70% at a current density of –0.5 A cm–2.
U(t) and T(t) were taken from [5], normalized ohmic and polarization
resistances were added according to the EIS and ASR analysis.
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Table 3 gives an overview of the voltage and ASR shifts of
stack A. As described earlier, the layers 1+2, 7+8, and 9+10
showed a conspicuous voltage behavior during the test and
were not considered for evaluating the degradation rates
(labelled with *). Hence, the averaged voltage shift per
cell was 8 mV kh–1 and the ASR per cell increased by
18 mO cm2 kh–1.

The increasing stack temperature over the operating time
leads to an improved ionic conductivity of the electrolyte
material. Since its temperature dependency was already stud-
ied in detail by the authors, a temperature corrected ASR shift
can be calculated according to [5]. The increase of 3.13 K leads
to a decrease of the ohmic resistance by 13 mO cm2. Hence,
the temperature corrected ASR shift is 30 mO cm2 kh–1 and
31 mO cm2 kh–1, respectively.

Impedance spectra were recorded every 200 h of operation
during the long-term experiment at the operating point. The
–Z(f) spectra do not show a significant change within the
recorded frequency range indicating a minor effect on the elec-
trodes and their resistances. However, the Nyquist plots in the
inset of Figure 5 show that the ohmic resistance increases with

increasing operating time, as shown within a previous study
[5]. The averaged ohmic resistance increased about 18 mO cm2

compared to the begin of the study which is in agreement with
the calculated ASR increase shown in Table 3 for the analyzed
layers. Hence, it can be concluded that the observed overall
degradation of the stack can be mainly ascribed to an increase
of the ohmic resistance and the polarization resistances to be
affected marginally within this experiment.

3.2 2,000 h Steam Electrolysis Operation at 8 bar

Figure 6 shows the result of the long-term test over 2,000 h
at an operating pressure of 8 bar in steam electrolysis mode.
The higher pressure leads to higher voltages due to well-
known thermodynamic relations. However, activation and dif-
fusion resistances are known to decrease with increasing pres-
sure and could lead to an overall better performance of the
stack [32, 33]. As already shown by the authors, the studied
ESC stack does not show a significant pressure effect since the
performance is majorly influenced by the pressure indepen-
dent ohmic resistance [5, 7]. Due to this aspect, the increased
pressure led to a higher voltage of the stack and hence to a
more significant exothermic operation behavior than the
experiment conducted at 1.4 bar. In particular, stack B showed
a temperature of 830 �C and a voltage of the middle cell of
1.351 V at the beginning of the test. Thus, stack B was operated
at a 5 K higher characteristic temperature and a 22 mV higher
voltage per cell than stack A.

The voltage shows a nearly linear increase
of 31 mV over the first 1,000 h of operation.
The ASR increases with 68 mO cm2 during
this operating time. Due to the increasing
voltage, the characteristic cell temperature
increased by 10.4 K. According to the temper-
ature relation of the ohmic resistance pre-
sented in [5], the temperature corrected ASR
shift is 107 mO cm2. After 1,450 h of steam
electrolysis operation, the experiment was
conducted in fuel cell mode for 150 h with a
gas composition of 75/25 H2/N2 at a current

Fig. 4 a) Voltage behavior of the ten layers, and b) measured tempera-
ture trend within the stack A over 1,000 h of operation at 1.4 bar in con-
stant-current steam electrolysis mode.

Table 3 Overview of the degradation rates of the respective layers of stack A.

Layer Voltage at 0 h / V
(single cell voltage at
0 h / V)

Voltage at 1,000 h / V
(single cell voltage at
1,000 h / V)

Voltage shift /
mV kh–1 cell–1

ASR increase /
mO cm2 kh–1 cell–1

1+2 2.686 (1.343) 2.435* (1.218*) * *

3+4 2.682 (1.341) 2.698 (1.349) 8 18

5+6 2.657 (1.329) 2.672 (1.336) 8 17

7+8 1.769* (0.885*) 1.751* (0.876*) * *

9+10 1.799* (0.900*) 1.793* (0.897*) * *

Fig. 5 Impedance data of the 1,000 h experiment conducted at 1.4 bar
in steam electrolysis at –0.5 A cm–2 with stack A. The data showing the
Nyquist plots in the inset is taken from [5].
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density of 0.21 A cm–2 and a RC of 33%. The low current and
RC was chosen to operate the stack in the approved tempera-
ture range below 860 �C while the same furnace temperature
as in steam electrolysis mode (800 �C) could be used. Conse-
quently, the stack showed an averaged cell voltage of 0.867 V
and a characteristic temperature of 855.5 �C due to the exother-
mic fuel cell operation. The fuel cell mode was conducted in
order to test the influence of the reversed operation on the
stack degradation. Publications showing both a positive and a
negative influence of a reversible cycling operation on the
long-term performance of a SOC can be found in literature
[15, 21, 34]. In case of an observed superior stability, it was
hypothetically achieved due to eliminating the microstructural
degradation mechanism that occurs when a high oxygen par-
tial pressure near the oxygen-electrode/electrolyte interface is
present [34]. However, a study over 2,000 h with a 30-layer
stack conducted at DLR showed the SOFC/SOEC cycling to
lead to a higher degradation than during stationary steam
electrolysis operation [21]. The authors are aware that which-
ever the outcome, the experimental conditions within the pres-
ent study are different since extensive cycling was not per-
formed. The degradation of stack B during the short fuel cell
operation was observed to be similar to the electrolysis mode.
However, the degradation during the subsequent 450 h of
steam electrolysis operation increased significantly with
19 mV (42 mV kh–1), 43 mO cm2 (95 mO cm2 kh–1), and a stack
temperature increase of 8 K (18 K kh–1). Consequently, the
operation in fuel cell mode turned out to lead to an accelerated
degradation within this experiment.

Figure 7a shows the behavior of all layers within this long-
term experiment over 2,000 h at 8 bar. Layer 1+2 and 9+10, i.e.,
the outer layers of the stack, show the highest voltage since
their performance is influenced by heat losses towards the
lower furnace temperature and the consequently higher resis-
tance of these cells.

In particular, layer 1+2 showed an apparently higher volt-
age over the complete range of operating time. This is in
agreement with observations within the 1.4 bar test over
1,000 h where layer 1+2 showed the lowest temperature and
accordingly the highest voltage. This phenomenon can most
likely be attributed to a slightly lower temperature at the bot-
tom of the furnace environment. At higher pressure the heat
losses from the stack box towards the furnace environment
become more prominent due to increased convection and lead
to an even lower temperature of the bottom cells of the stack.
Unfortunately, the sensor of T1,1/2 failed already during the
heat-up of the stack. Moreover a slight exponential voltage
growth of layer 1+2 can be observed whereas the other layers
show a more linear characteristic. The measured temperatures
plotted in Figure 7b also show a linear increase, though T5,1/2

increases with a higher slope than the other temperatures
measured within the stack. The thermocouple placed at quar-
ter-length of layer five showed an increase of 15.6 K (T5,1/4)
and the sensor placed at the middle length of layer ten of
18.1 K over the complete 2,000 h of operation. T5,1/2 increased
with 25.7 K. Since this thermocouple also showed an offset of
6 K after the long-term test under 95/5 N2/H2 forming gas,
the slightly increased slope of the measured temperature can
be attributed to a drift of T5, 1/2. However, the impact of the
drift (<10 K) on the calculated ASR is rather small. By taking
T10,1/2 for the ASR calculation the resistance would solely
increase 6 mO cm2 less.

Table 4 gives an overview of the voltage and ASR shifts of
stack B. Note that the voltage and ASR shift rates are shown in
the specific unit per cell for the first kh.

The average voltage shift per cell was 33 mV kh–1, and
the ASR per cell increased by 72 mO cm2 kh–1 over the first

Fig. 6 Constant-current steam electrolysis operation over 2,000 h at
8 bar and 800 �C furnace temperature with stack B. The gas inlet compo-
sition was 90% H2O with 10% H2. The mass flow on the fuel side was
set for a reactant conversion of 70% at a current density of –0.5 A cm–2.
Additionally, fuel cell mode was performed over 150 h. Fig. 7 a) Voltage behavior of the ten layers, and b) measured tempera-

ture trend within the stack B over 2,000 h of operation at 8 bar in con-
stant-current steam electrolysis mode.
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1,000 h. The average temperature corrected ASR shift is
101 mO cm2 kh–1. Consequently, the experiment conducted at
8 bar showed both in voltage and ASR an almost four times
higher degradation than at 1.4 bar. The authors are aware that
this has no statistical significance, but both experiments con-
ducted at 1.4 and 8 bar indicate a significant impact of the
operating pressure on the long-term stability. Furthermore,
after the operation in fuel cell mode the average voltage shift
for the remaining 450 h in electrolysis mode was 26 mV per
cell (58 mV kh–1) and the ASR per cell increased by 55 mO cm2

(122 mO cm2 kh–1). Hence, it can be concluded that the fuel cell
mode had a significantly worsening effect on the performance
stability of the stack since the degradation accelerated by
almost 60%. One possible explanation for the higher degrada-
tion might be the increased transversal and longitudinal tem-
perature gradients within the stack during the highly exother-
mic fuel cell operation. These temperature gradients cause
thermomechanical stress within the cell structure and might
lead to contact losses of the fuel or the air electrode from the
electrolyte [35, 36]. The weakened contact at the electrode/
electrolyte interface could consequently lead to extended con-
tact losses in the subsequent full loaded electrolysis operation
and increased ohmic resistances.

Impedance spectra were recorded every 200 h of operation
during the long-term experiment at –0.5 A cm–2.

The –Z(f) diagram in Figure 8 shows the visible peaks at
approximately 10 and 1,500 Hz to shift towards higher values
on the imaginary axis with increasing operating time. Though
the peaks in a –Z(f) diagram generally do not fully describe
resistances, higher imaginary values nevertheless indicate
increasing resistances. In particular, the processes around
103 Hz and 101 Hz can be attributed to the air electrode and
fuel electrode of the ESC stack, respectively [7]. Consequently,
both electrodes show a considerable performance loss during
the experiment. However, the Nyquist plots in the inset of Fig-
ure 8 show that the increased electrode resistances play a sub-
ordinate role compared to the predominant change of the
ohmic resistance. The primarily increased ohmic resistance
could be attributed to Nickel depletion and the consequently
longer O2– pathway as it was already described in literature
[14, 27, 37, 38] (see Section 3.5.2).

3.3 Co-electrolysis over 1,000 h

Figure 9 shows the result of the long-term
test over 1,000 h at operating pressures of 1.4
and 8 bar in steam and co-electrolysis mode.
During the first 160 h of operation, steam
electrolysis at 1.4 bar was conducted in order
to enhance the comparability with the test of
stack A. An averaged voltage increase of
3 mV for the layer 5+6 was observed for stack
C. This is in good agreement with the experi-
ment of stack A where a voltage increase of
2 mV was measured during the first 160 h.

The authors are aware that this short period of testing in steam
electrolysis mode at 1.4 bar does not allow a profound forecast
of the degradation over 1,000 h. However, it strongly indicates
that the long-term stability of the ESC stacks A and C in steam
electrolysis is similar and the recorded data is valid.

After the 160 h of steam electrolysis, co-electrolysis opera-
tion at 1.4 bar was conducted for 500 h. Due to the operation
with CO2 in the feed gas and the additional occurrence of the
endothermic reverse water-gas shift (rWGS) reaction, the stack
operating temperature was significantly lower which subse-

Table 4 Overview of the degradation rates of the ten layers of stack B.

Cell layer Voltage at 0 h / V
(single cell voltage at
0 h / V)

Voltage at 1,000 h / V
(single cell voltage at
1,000 h / V)

Voltage shift /
mV kh–1 cell–1

ASR increase /
mO cm2 kh–1 cell–1

1+2 2.788 (1.394) 2.864 (1.432) 38 82

3+4 2.703 (1.352) 2.780 (1.390) 39 82

5+6 2.701 (1.351) 2.763 (1.382) 31 68

7+8 2.701 (1.351) 2.772 (1.386) 36 77

9+10 2.739 (1.370) 2.786 (1.393) 24 53

Fig. 8 Impedance data of the 2,000 h steam electrolysis experiment con-
ducted at 8 bar with stack B.

Fig. 9 Constant-current operation in steam and co-electrolysis mode over
1,000 h at 1.4 bar and 8 bar with stack C. The gas inlet composition
was 90/10 (H2O/H2) in case of steam electrolysis and 63.7/31.3/
3.3/1.7 (H2O/CO2/H2/CO) during co-electrolysis operation. The mass
flow on the fuel side was set for a constant reactant conversion of 70% at
a current density of –0.5 A cm–2.
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quently led to a higher voltage. An accelerated degradation
was observed during this operational regime. The voltage
increased by 17 mV which corresponds to a voltage shift rate
of 34 mV kh–1 and an increase of the ASR of 36 mO cm2 kh–1.
Due to the increasing voltage the temperature increased by
3.4 K (6.8 K kh–1). The temperature corrected ASR can be calcu-
lated to 68 mO cm2 kh–1. Compared to steam electrolysis
operation conducted at the same pressure with stack A, the
performance loss during co-electrolysis mode almost doubled.

Figure 9 shows that the co-electrolysis operation at an ele-
vated pressure of 8 bar led to an even more significant degra-
dation than at 1.4 bar. During the 260 h of operation, the volt-
age increased by 85 mV kh–1 and the ASR by 100 mO cm2 kh–1.
This implies an approximately three times higher degradation
compared to the low pressure operation.

Figure 10a shows the behavior of the stack layers within
this long-term experiment over 1,000 h. Layer 1+2 and 9+10,
i.e., the outer layers of the stack, showed the highest voltage
since their performance is majorly influenced by the heat
losses towards the lower furnace temperature and the conse-
quently higher resistances of these cells. It can be seen, that the
operation at the higher voltage led to a significantly increased
degradation within this study.

Furthermore, a comparison between the recorded tempera-
tures at 1.4 and 8 bar showed the stack temperature gradients
to increase significantly at higher pressure. This phenomenon
is caused by (i) an increase of internal heat production due to
the increased extent of exothermic methanation reaction, and
And (ii) caused by increased heat losses of the stack towards
the lower furnace temperature due to a higher DT and the
increase of convection at higher operating pressure. As can be
seen in Figure 10, the thermocouples T1,1/2 measuring close to
the bottom and T10,1/2 measuring close to the top of the stack

show the lowest temperature. In contrary, at three-quarter
length of layer 5 (T5,3/4) the highest temperature and probably
the hotspot within these experimental conditions was observed.
The location of this hotspot is in good agreement with a thermal
3D simulation of the stack in exothermic fuel cell mode [25].

During the co-electrolysis operation at both 1.4 and 8 bar,
the outlet gas composition of the stack was monitored via a
gas analyzer and showed the molar fractions to follow the
thermodynamic equilibrium. This behavior has already been
shown within detailed co-electrolysis studies by the authors
[7, 29, 39].

At 930 h, a malfunction of the water pump for the steam
supply occurred and the automated safety procedures of the
test rig triggered a load shedding. Figure 11 shows the behav-
ior of the voltages and the simultaneously recorded analysis
of the outlet gas composition in detail. Note that the molar
fraction of H2O is not analyzed since H2O is removed from the
gas mixture upstream of the analyzer.

The malfunction of the water pump led to steam starvation
and in turn to a voltage increase as well as a voltage fluctua-
tion of almost 20 mV per cell. In particular, the outer layers of
the stack showed the most significant influence and voltage
increase since their temperature was lowest during operation.
The authors assume a small gas bubble entered and remained
in one piston of the liquid water pump of the test rig and con-
siderably decreased the mass flow for evaporation. The gas
analysis in Figure 11b shows the outlet gas composition dur-
ing this time period with decreasing fractions of CO2 and H2

and increasing fractions of CO and CH4, respectively. Based
on the gas analysis, a decrease of the steam supply by almost
40% could be calculated which led to a RC of 94% within the
stack. Due to this high conversion, the H2O fraction decreases
to a minimum within this scenario while a higher amount of
CO2 is shifted towards CO by the rWGS reaction and simulta-
neously a higher extent of electrochemical CO2 reduction

Fig. 10 a) Voltage behavior of the ten layers, and b) measured tempera-
ture trend within the stack over 1,000 h at both 1.4 and 8 bar in con-
stant-current steam and co-electrolysis mode.

Fig. 11 a) Characteristic stack temperature depicted with the voltage
behavior of the ten layers; b) recorded analysis of the outlet gas composi-
tion during the operating time of the water pump’s malfunction.
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occurs. Hence, the increased amount of produced CO could be
consumed by a higher extent of the exothermic methanation
reaction which led to the observed increased stack tempera-
ture. By calculating the thermodynamic equilibrium with the
reduced H2O supply and the accordingly high conversion, a
H2/CO ratio of approximately 1.5 can be found for this sce-
nario. A reduction of 40% of the steam supply in combination
with the related high conversion of >90% leads to approxi-
mately 5% of solid carbon formation according to the thermo-
dynamic equilibrium at these experimental conditions. The
thermodynamic equilibrium was calculated with the software
of the Glenn Research Center [40]. Since the outer layers of the
stack showed the lowest temperature due to the heat losses
towards the furnace environment, the risk and amount of
solid carbon deposition increases. Additionally, a slightly
unequal distribution of reactants between the different stack
layers could lead to the observed more significant voltage
increase of the outer layers.

When steam starvation occurred, the characteristic temper-
ature of the stack increased due to the considerable rise of the
RC and the higher extent of methanation. The increased tem-
perature led to a higher H2 concentration due to thermody-
namic relations and intensified the voltage increase until the
automated safety procedure of the test rig intervened. After
this event a continuation of operation was attempted twice
but was impeded since the stack exceeded the maximum volt-
age. Most likely the high RC and carbon deposition irreversi-
bly damaged the cell structure since the ohmic resistance
showed a considerable increase after the steam starvation
event (see Figure 12).

During the operation of stack C in steam and co-electrolysis
mode, impedance spectra were recorded in the same manner
as conducted with stack A and B in order to quantify the influ-
ence of the operating mode on the performance loss in more
detail. Figure 12 shows the measured ohmic resistance, the
temperature dependent ohmic resistance of one layer accord-
ing to [5], the calculated polarization resistance and the char-
acteristic stack temperature during the 1,000 h test. Note that
the measured ohmic resistance shown in the graph is an aver-

age of the cell layers 5+6 since the depicted characteristic stack
temperature is measured on layer 5.

EIS was performed before and after the operation in pure
steam electrolysis mode at 1.4 bar. A significant increase
neither of the voltage nor of the ohmic resistance was ob-
served. This is in good agreement with the results of the pure
steam electrolysis mode performed with stack A, where a
minor degradation over 1,000 h at the same operating condi-
tion was observed (see Figure 3). The measured ASRO was
0.655O cm2 at a characteristic stack temperature of 821.5 �C at
the beginning of the test. After 160 h the measured ASRO was
0.657O cm2 and thus showed an insignificant increase over the
operating time. A small deviation of the measured ohmic
resistance under load and the temperature-dependent resis-
tance according to [5] (ASRO(T)) can be seen. However, it sole-
ly accounts for 16 mO cm2. The small deviation can be
explained by the fact that the resistance at the inlet and the
outlet of the stack is highly influenced by heat losses towards
the lower furnace temperature in exothermic operating mode
which leads to slightly higher averaged resistances recorded
by EIS.

The measurements during the co-electrolysis operation at
1.4 bar show the ohmic resistance and the temperature to
increase simultaneously. The deviation between the measured
ASRO and the ASRO(T) becomes more significant, due to the
more dominant degradation of the stack. As can be seen in the
graph, the performance loss increases at 8 bar since the slope
of the measured ohmic resistance increases. After the incident
of steam starvation at 930 h of operation the ohmic resistance
showed a major increase which led to the abortion of the test.

3.4 Comparison of the Experiments

In order to compare the results obtained from the experi-
ments with stack A–C, Figure 13 shows the degradation based
on the increase of the measured ohmic resistance. All con-
ducted experiments showed the performance loss to be
majorly caused by an increase of the ohmic part in the EIS
spectra. Stack A and the first 160 h of stack C were operated at

Fig. 12 Measured ohmic resistance (ASRO), temperature-dependent
ohmic resistance according to [5] (ASRO(T)) and measured characteristic
stack temperature (TStack) during the steam and co-electrolysis experiment
at 1.4 and 8 bar.

Fig. 13 Increase of the ohmic resistance during the conducted experi-
ments in steam and co-electrolysis with stack A–C.
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the same condition in steam electrolysis mode and show a
comparable increase of the measured ASRO. Stack B which
was operated in steam electrolysis at 8 bar and thus at a higher
voltage and temperature showed an apparently more signifi-
cant increase of the ohmic resistance. Compared to the opera-
tion of stack A at 1.4 bar, the rise of the ohmic resistance of
stack B almost doubled after 1,000 h. The co-electrolysis opera-
tion at 1.4 bar with stack C showed a considerable increase of
the ohmic resistance. Furthermore, the operation at the ele-
vated pressure of 8 bar led to an even more significant increase
of the resistance.

Table 5 summarizes the conducted experiments with the
averaged voltage of the middle cell, the averaged characteris-
tic stack temperature and the corresponding increase of the
total and ohmic resistances over the operating time. Note that
all resistances are normalized or extrapolated to 1 kh. The ASR
is additionally shown with the specific temperature correction
according to the discussion of the related experiments. As
shown before, the polarization resistances are in similar ranges
to each other and play a subordinate role compared to the
ohmic resistance increase. Hence, the polarization resistances
are not considered here. Stack A showed a voltage shift of
8 mV over the 1000 h of testing at 1.4 bar and a RC of 70% at
–0.5 A cm–2. Experiments in atmospheric conditions with a
similar ESC single cell configuration have already shown a
voltage shift of approximately 7 mV kh–1 at current densities
between –0.5 and –0.9 A cm–2 [13, 41] Both the steam content
(75%) and the reactant conversion (51%) were lower than the
ones of the presented study whereas the temperature was
slightly higher (~850 �C). The electrolyte material of the cell

was 6Sc1CeSZ which has a generally higher conductivity than
the 3YSZ material used in the stacks of the current study,
hence higher current densities could be achieved while operat-
ing in long-term endothermic mode [30]. The same ESC archi-
tecture with a 3YSZ electrolyte on single cell level was used in
another long-term study at atmospheric conditions [15]. A
voltage shift of 5 mV kh–1 was shown for a current density of
–0.7 A cm–2 and 60% conversion which corresponded to a tem-
perature corrected ASR increase of 7 mO cm2. Both ESC single
cell studies also observed a predominant increase of the ohmic
contribution and only a minor contribution from the elec-
trodes during the operation which is in agreement with the
findings of the current study. One major difference between
the single cell and stack experiments is the additional contri-
bution of contact resistances (i.e., bipolar plates) to the overall
measured ohmic resistance of a stack [5]. Since these resis-
tances additionally increase during the operation time, long-
term stack experiments tend to show higher performance
losses [19]. Furthermore, temperature gradients, current den-
sity-, gas-, and conversion distribution can highly differ from
single cell to stack experiments. Moreover, the impacts of pip-
ing and seals can lead to further degradation contributions to
stacks [19, 42].

On stack level, the long-term behavior was mainly investi-
gated on stacks with cathode supported cells (CSC) at atmo-
spheric operating pressures [16–18, 20, 43, 44]. Fang et al.
investigated a two-layer stack (Ni8YSZ/8YSZ/LSCF) over
more than 10,000 h of steady state electrolysis operation
at 800 �C and observed a voltage shift of approximately
4–5 mV kh–1. The stack was operated in endothermic mode

Table 5 Overview of the experimental conditions of the conducted studies with the three stacks A–C. The averaged voltage of the middle cell, the aver-
aged characteristic stack temperature and the increase of the total and ohmic resistances are given per kh.

Stack A Stack B Stack C Stack C Stack C

Operating mode H2O-electrolysis H2O-electrolysis H2O-electrolysis Co-electrolysis Co-electrolysis

Time / h 1,000 2,000 160 500 260

Pressure / bar 1.4 8 1.4 1.4 8

Stack temperature at start / �C 825.3 830.2 823.1 811.5 827

Stack temperature increase / K 3.13 10.4 2.4 6.8 9.7

Voltage at start / V 1.329 1.351 1.325 1.35 1.369

Voltage increase / mV 8 31 12 34 85

pH2O / bar 1.26 7.2 1.26 0.89 5.10

pH2 / bar 0.14 0.8 0.14 0.05 0.27

pCO2 / bar – – – 0.44 2.50

pCO / bar – – – 0.02 0.13

ASRtotal at start / mO cm2 808 767 797 843 804

ASRtotal increase / mO cm2 kh–1 18 68 15 36 100

ASRtotal increase with temperature correction /
mO cm2 kh–1

32 107 26 68 137

ASRO increase / mO cm2 kh–1 18 32 12 56 72

ASRO increase with temperature correction /
mO cm2 kh–1

32 71 23 88 109 (157 if incident
considered)
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and with 50% of H2O content at –0.5 A cm–2. Lang et al. inves-
tigated a 30 layer stack at atmospheric pressure with identical
cells as used within the current study and observed a voltage
shift of approximately 6 mV kh–1 and a ASR shift of approxi-
mately 13 mO cm2 (without temperature correction) during
steady state electrolysis operation at –0.5 A cm–2 and a conver-
sion of 70% [21]. The stack temperature increased with about
3 K kh–1 which leads to an temperature corrected ASR shift of
approximately 26 mO cm2 by assuming the temperature
dependency of the stack measured by the authors [5]. The cell
voltages and the inlet gas composition were similar to the cur-
rent study. Latest published results of a 30 layer ESC stack test
showed an ASR shift of 13 mO cm2 (with temperature correc-
tion) for thermoneutral operation at ambient pressure [45].
However, the stack design was slightly improved compared
to the one used within the current study. Consequently, the
observed degradation of stack A is in a similar range to rele-
vant stack investigations at ambient pressure, though it shows
slightly higher voltage and ASR shifts. Furthermore, both the
CSC and the ESC investigations showed that the ohmic resis-
tance predominantly increased [20, 21].

The number of publications related to long-term stack per-
formances under pressurized operation is limited due to the
limited presence of pressurized stack test rigs. Jensen et al.
investigated an 11-cell CSC stack at elevated operating pres-
sure of 10 bar over a duration of 200 h in steady state steam
electrolysis [22]. The applied current density was in a range
between –0.18 and –0.25 A cm–2. The voltage shift was found
to be around 90–270 mV kh–1 though several incidents during
the operation raised uncertainties about the meaningfulness of
the achieved results. In comparison, a similar stack tested at
ambient pressure condition and higher temperature led to a
voltage shift of 40 mV kh–1 [46]. Despite the uncertainties,
these results might also indicate higher stack degradation at
higher operating pressures. Stack B of the current study
showed a voltage shift of 31 mV kh–1 and a temperature cor-
rected ASR shift of 107 mO cm–2 at 8 bar. However, both the
voltage and ASR shift are approximately four times higher
than during the experiment conducted with stack A at 1.4 bar.

The co-electrolysis experiment conducted with stack C at
1.4 bar showed a noticeably higher degradation than stack A.
This indicates a negative influence of the used CO2 or CO on
the long-term performance. A higher degradation during co-
electrolysis operation was already observed within single cell
and stack tests and was ascribed to additional contaminants
like sulfur which can be brought in by the carbonaceous gas
leading to an inactivation of the catalyst [46–48]. Schäfer et al.
showed a degradation of 19 mW cm2 kh–1 with a four layer
CSC stack under co-electrolysis conditions at ambient pressure
and –0.5 A cm–2. In comparison, stack C of the current study
showed a higher ASR shift (36 mW cm2 kh–1; 68 mW cm2 kh–1

with temperature correction) whereas it was operated at a sig-
nificantly higher voltage. The increase of the operating pres-
sure up to 8 bar caused an additional increase of the degrada-
tion of stack C, which is in agreement with the comparison of
the results of stack A and B.

3.5 Post-test Analysis (PTA)

All stacks were disassembled after the long-term experi-
ments in order to examine the influence of the different operat-
ing conditions on the stack components and cell microstruc-
ture. Samples from the inlet, middle and outlet of layer five of
each stack including the bipolar plate (BPP) was embedded in
resin for cross-section preparation and investigations via SEM
and EDX while the rest of the stacks were inspected visually.

3.5.1 Investigation of the Bipolar Plates

Within stack A and B no cell cracks or traces of burning on
either the anode or the cathode side were observed. This is in
good agreement with the recorded data since prominent
increases in temperature were not measured during both
experiments. Figure 14 shows the cross section of the two
BPPs close to the air outlet of stack A and B. The pictures show
the steel of the BPP (upper part in light gray), the marked
oxide layer and the porous contact paste towards the air elec-
trode underneath. Generally, a growing oxide layer at the BPP
leads to an increasing ohmic resistance of the specific repeat-
ing unit and of the whole stack.

A different extent of oxide layer formation and a chromium
accumulation at the interface was found within the analysis.
The oxide layer at the BPP of stack B was almost twice as thick
as the one of stack A. This can most likely be attributed to the
doubled operating time of stack B since an oxide layer growth
in Ni-Cr steel generally follows a parabolic time law in the
temperature range of 750–950 �C [49]. Consequently, the sig-
nificantly higher partial pressure of oxygen within the experi-
ment of stack B plays a subordinate role for the oxide layer
growth at the BPP. Furthermore a loss of contact between the
oxide layer and the contact paste of stack B was observed.

Fig. 14 Cross section of the bipolar plates close to the air outlet with the
formed oxide layers.
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However, the related experimental results of stack B do not
lead to the expectation that this loss of contact happened dur-
ing operation since the compression weight on top of the stack
effectively presses on these contact spots between BPP and air
electrode. It is assumed that the slight delamination conse-
quently occurred during the stack disassembly and sample
preparation. Within the PTA cross sections of the BPP at the
air inlet and at the middle length were prepared and investi-
gated via SEM but did not show different results than the one
shown in Figure 14. The significant difference in ohmic resis-
tance between stack A and B hence did not originate from the
oxide layer formation at the investigated BPPs.

3.5.2 Investigation of the Electrodes

Figure 15 shows the cross section of the fuel electrode
(Ni-GDC) and partly of the electrolyte (3YSZ) of stack A and
B. The samples were taken close to the inlet of the stacks. Ni
coarsening and depletion is conspicuous in the fuel electrode
of stack B and a comparably denser layer of Nickel on the sur-
face of the electrode was observed. These observations were
particularly made at the inlet of the stack whereas significantly
less Ni depletion was observed towards the stack outlet. This
observation is in agreement with other studies related to long-
term SOEC investigations [17, 50]. Since the partial pressure of
H2O is highest at the inlet, this observation indicates a direct
correlation between steam content and Ni depletion. Though
stack B was operated over a longer operating time, it is unlike-
ly that a high amount of Ni depletion and accumulation on
the surface considerably occurs only within the second half of
the 2,000 h test.

In literature a direct correlation between the partial pres-
sure of H2O and Ni mobility and depletion was already dis-

cussed for steam electrolysis operation, though no mechanism
has been proven so far [10, 11, 27, 51–55]. However, the stud-
ies mostly focus on fuel electrode supported single cells with
Ni-YSZ electrodes. Furthermore, the cells were operated at a
significantly higher current density leading to high overpoten-
tial and temperature gradients perpendicular to the electrode/
electrolyte interface. It is hypothesized that these gradients are
the driving force for the loss of contact between Ni and YSZ
and the related depletion of Ni via volatile Ni(OH)x species
[10, 17, 27, 51, 55–57]. However, in the present study a com-
posite electrode of Ni-GDC in an electrolyte supported cell
was used in the stacks. Ni-GDC is a wellknown mixed ionic
and electron conducting material which can offer a signifi-
cantly broader triplephase boundary (TPB) and reaction
region than Ni-YSZ material. Consequently, all potential and
temperature gradients within the porous electrode decrease
and should lead to less Ni evaporation [11, 56]. In the present
study the operating voltage of the middle cell of stack B was
22 mV higher than the one of stack A at the beginning of the
tests. Furthermore, the temperature difference between both
stacks was approximately 5 K whereas the reactant conversion
of 70% was constant. Hence, the difference of the potential
and temperature gradients of stack A and B were marginal
and cannot be responsible for the apparently higher Ni deple-
tion in stack B. However, the partial pressure of H2O at the
inlet of stack A was 1.26 bar (H2 0.14 bar) whereas it was
7.2 bar (H2 0.8 bar) during the operation of stack B. The molar
fraction of Ni(OH)2 as the predominantly occurring hydroxide
species was calculated based on thermodynamic equilibrium
to 9�10–11 by using the experimental conditions for stack A and
the averaged gas composition. The equilibrium was calculated
with FactSage software [58]. The calculation of the thermody-
namic equilibrium shows a linear dependency of the partial
pressure of Ni(OH)2 with the operating pressure. The high
partial pressures of H2O and H2 in stack B can consequently
lead to a significantly higher Ni mobility via a high partial
pressure of the hydroxide species. Additionally, the decreased
diffusion resistance during pressurized operation and the high
reactant conversion of 70% might contribute to an increased
Ni(OH)x output and depletion rate. However, it is difficult to
assess how operating parameters influence the formation and
the diffusive characteristic of Ni(OH)x species during pressur-
ized operation, due to insufficient knowledge of the underly-
ing mechanisms [10, 11, 17, 52]. But as a consequence, the loss
of Ni in the porous electrode structure leads to an increased
ohmic resistance since the ionic conduction pathway of the
O2– ions becomes longer. This correlation was already shown
by publications where the long-term behavior of Ni-YSZ fuel
electrodes was investigated [37, 59–61]. Though GDC with its
electro-catalytic characteristic is present in the used electrodes,
the ohmic resistance might increase since the electrical conduc-
tivity of GDC is lower than the one of Ni [5, 62]. Furthermore,
the electrical contact between the GDC particles within the
porous electrode could become worse, due to the loss of
highly conductive Ni material and relatedly formed cavities.
Hence, the predominant electrochemical reaction zone moves

Fig. 15 Cross section showing the fuel electrode and electrolyte of stack
A and B.
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to the outer part of the electrode layer [30, 63]. Additionally,
the loss of Ni leads to an increased polarization resistance of
the fuel electrode which is in good agreement with the experi-
mental results shown in the EIS spectra of Figure 8. However,
the magnitude of the increase in ohmic and polarization resis-
tance might be lower than it would be for Ni-YSZ electrodes,
since ions and electrons can be distributed via the GDC mate-
rial and can still participate in the electrochemical reaction.

Within the fuel electrodes of both stacks traces of silicon
contamination were observed via EDX. The possible major ori-
gin of this contaminant is both the liquid water for evapora-
tion and the glass sealants of the stack. Silicon in the form of
silicon dioxide is known to be solved in liquid water and very
difficult to remove. Though ultrapure water was used for the
experiments, a concentration of 4 to 7 mg L–1 was measured in
several analyses of the liquid phase at DLR. The contamina-
tion was observed to be highest close to the inlet of the cells,
whereas significantly less silicon was found at the outlet of the
cells. Figure 16 a and b show representative EDX images of
the stacks A and B at the inlet of the cells where the maximum
concentration of silicon was observed. In case of stack A, an
averaged silicon contamination of approximately 2.3 mass-%
was found across the fuel electrode thickness at the inlet
whereas spots with a maximal concentration of 5.5 mass-%
were found close to the Ni/CGO-CGO interface (Figure 16 a
spots 9, 10). In contrast, spots with a maximum silicon con-
tamination of 0.9 mass-% were found close to the outlet of the
cell.

The maximum silicon contamination of stack B was found
with 13.4 mass-% at the inlet close to the Ni/CGO-CGO inter-
face (Figure 16 b spots 8, 9), whereas a maximum silicon con-
tamination of 1.4 mass-% was found at the outlet of the cell.
Please note that the EDX analysis is used for a qualitative com-
parison between stack A and B and showed that stack B was
significantly more contaminated with silicon than stack A.
This observation can be attributed to the doubled operating

time and most likely to the higher partial pressure of silicon
within the electrode compartment during operation. However,
the low degradation of stack A is promising although the cells
were contaminated with silicon. To quantify the impact of sili-
con contamination on the actual degradation rate of a stack
has to be subject of further investigations.

A partial delamination of the air electrode from the elec-
trode/electrolyte interface was observed for stack B. This phe-
nomenon could significantly contribute to the predominant
increase of the ohmic resistance during the experiment. In
particular the partial delamination was observed close to the
outlet, i.e., within the cell area with the highest partial pres-
sure of oxygen (pO2) during operation. It cannot be fully clari-
fied if this delamination happened during or after the opera-
tion or during the disassembly of the stack. Unfortunately, a
preparation of a cross-sectional sample of a spot close to the
outlet of the cell was not possible due to the instability of the
cell during the disassembly. However, since it was not ob-
served at the inlet or middle length of the cell there is a strong
indication that it happened already during operation. In accor-
dance with the experimental conditions, the pO2 of stack B
was 2.9 bar at the outlet. In literature the delamination of the
air electrode was extensively investigated for electrolysis
operation with LSM electrodes and was mostly assigned to
the high pO2 at the interface or the formation of a secondary
phase [64–66]. The latter was not observed within the PTA of
stack B for the samples prepared of the inlet or the middle
length of the cell. The high pO2 within the air electrode com-
partment and at the electrode/electrolyte interface might have
led to a weakening of the interface between YSZ and the GDC
barrier layer and consequently to the observed delamination
[67].

Stack C which was mostly operated in co-electrolysis mode
at 1.4 and 8 bar showed an apparent delamination of the
fuel electrode from the electrolyte, as can be seen in Figure 17.
The experiment was aborted, due to steam starvation accom-
panied by a reactant conversion >90%. After the incident the
stack showed a significantly higher ohmic resistance which
could be caused by the observed delamination of the fuel elec-
trode.

Fig. 16 Representative cross-section of the Ni-CGO fuel electrode from
a spot close to the inlet of the middle cell of a) stack A; and b) stack B for
a qualitative comparison of the silicon contamination via EDX.

Fig. 17 Backscattered electrons image of the fuel side of cell 5 of stack
C. Ceria (Ce) is marked in yellow, Ni in red.
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As mentioned within Section 3.3, it is expected that solid
carbon formed close to the electrode/electrolyte interface
where the lowest H/C ratio is present during the operation at
high conversion rates. Furthermore, the solid carbon could
have been oxidized when the current decreased and enough
steam or CO2 was present due to a lower reactant conversion.
Both, the reduction and oxidizing process are associated with
a volume change within the microstructure of the electrode
which can lead to a damage of the electrode structure and con-
sequently to the observed delamination. However, if the de-
lamination of the fuel electrode already began before the inci-
dent of steam starvation could not be fully clarified within the
PTA. Furthermore, thermomechanical stress might have con-
tributed to the structural defect since the stack temperature
dropped by approximately 15 K within 1 minute after load
shedding (see Figure 11 a).

Electroreduction of the 3YSZ electrolyte and related con-
duction loss due to high reactant conversion can generally
lead to significantly increased ohmic resistances. However,
since the cell voltage (except layer 9+10) stayed below 1.5 V
during the steam starvation incident, it can be assumed that
the electrolyte itself was not irreversibly damaged within the
current study [68].

Nickel depletion was observed at the fuel electrode, though
to a much lesser extent than observed in stack B (see Figure 17).
The lower depletion can be attributed to the shorter operating
time under elevated pressure and the lower partial pressure of
H2O at the inlet during the co-electrolysis mode. However, the
ohmic resistance of stack C showed a significantly higher
increase at 1.4 bar than during the steam electrolysis operation
of stack A. Experimental data about the long-term behavior
during co-electrolysis operation can be found in literature
[69–71]. Compared to steam electrolysis, the operation with
CO2 in the inlet led to increased degradation rates in all stud-
ies. The higher performance loss was mostly ascribed to the
adsorption of impurities like sulfur at active sites. Partly inac-
tivation of the electrode with that respective contaminant
leads to locally increased current densities, higher overpoten-
tials and hence a decreased long-term performance. Contami-
nation with silicon was also observed for stack C but qualita-
tively compared slightly less than within the PTA of stack A.
More specifically, an averaged contamination of 2.9 mass-%
across the fuel electrode thickness at the inlet with a maximum
contamination of 4.3 mass-% close to the Ni/CGO-CGO inter-
face was found. This could be attributed to the lower steam
content during the co-electrolysis operation. Except for the
fuel electrode delamination, no suspicious observations of the
stack and/or cell microstructure were made.

4 Conclusion

In this study three identically constructed ten-layer stacks
(A–C) with electrolyte supported cells were tested in exother-
mic steam and co-electrolysis mode at elevated pressures of
1.4 and 8 bar. Investigations during constant-current operation

at a current density of –0.5 A cm–2 and a reactant conversion of
70% were carried out over 1,000–2,000 h. The inlet gas molar
fractions for steam electrolysis was 90/10 (H2O/H2) and 63.7/
31.3/3.3/1.7 (H2O/CO2/H2/CO) for co-electrolysis operation.

All stacks showed highly similar resistances according to
their respective temperature dependency at the beginning of
the tests, indicating a high level of accuracy and repeatability
during manufacturing. Stack A was operated in steam electro-
lysis mode at 1.4 bar over 1,000 h and showed a low degrada-
tion of 8 mV kh–1 per cell and an ASR shift of 18 mO cm2 kh–1

per cell. The main reason for the observed performance loss
could be ascribed to the time-dependent increase of the ohmic
resistance whereas the polarization resistances remained
almost constant.

Stack B was operated at 8 bar over 2,000 h and showed an
almost four times higher voltage and ASR shift than stack A.
Impedance analysis showed increased resistances for both the
air electrode and the fuel electrode. However, the major part
of the observed degradation could be attributed to the ohmic
resistance. A short period of fuel cell operation of about 150 h
was also performed with stack B in the second half of the test-
ing time. The degradation became noticeably higher during
the subsequent constant steam electrolysis operation. Within
the post-test analysis of the two stacks (A and B), a signifi-
cantly higher extent of Ni depletion in the fuel electrode was
observed for stack B. This phenomenon indicates that the
operating pressure has a considerable influence on the nickel
mobility and could lead to a decrease in the effective conduc-
tivity of the fuel electrode. Furthermore, a partial delamination
of the air electrode was observed particularly at the outlet of
the stack. However, delamination attributed to high partial
pressure of oxygen at the outlet cannot be confidently con-
firmed, since delamination is also possible to occur during the
disassembly of the stack.

Stack C was operated in steam electrolysis mode for the
first 160 h and showed a highly similar degradation as stack
A. Afterwards, the stack was operated in co-electrolysis mode
for 500 h at 1.4 bar. The performance loss increased noticeably
and the ohmic resistance was identified again to be the
dominant cause of the degradation. The voltage shifted by
34 mV kh–1 and the ASR by 36 mO cm2 kh–1. The stack was
operated for another 260 h (930 h total operating time) in
co-electrolysis mode at 8 bar until it unfortunately failed due
to a short steam starvation incident. After this event a conti-
nuation of operation was attempted twice but was impeded
since the stack exceeded the maximum voltage due to a highly
increased ohmic resistance. Within the PTA a delamination of
the fuel electrode was observed which might be attributable to
formed and reoxidized solid carbon within the microstructure
of the electrode and thus a weakening of the mechanical prop-
erty due to volume changes within the substrate.

Finally, the authors would like to point out that the con-
ducted experiments indicate that a higher degradation is asso-
ciated with the higher operating pressure, but a general state-
ment about the long-term stability is truly not possible at this
time. The authors are aware that neither 1,000 nor 2,000 h are
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sufficient in order to forecast the degradation of a SOEC and
much longer operating times are needed [13,20]. However, in
order to be able to investigate the general consequence of a
higher operating pressure on the long-term stability, an
increased number of experiments have to be conducted in
order to reproduce the results shown in this study and in
order to increase the statistical significance.

List of Abbreviations and Symbols

ASRpol Area specific polarization resistance / W cm2

ASRtotal Total area specific resistance / W cm2

ASRO Area specific ohmic resistance / W cm2

EDX Energy-dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
ESC Electrolyte supported cell
f Frequency / Hz
i Current density / A cm–2

GDC Gadolinium-doped ceria
LSCF Lanthanum strontium cobalt ferrite
Ni Nickel
OCV Open circuit voltage
p Pressure / bar
PTA Post-test analysis
RC Reactant conversion /%
SEM Scanning electron microscopy
slpm Standard liters per minute / L min–1

SOC Solid oxide cell
SOEC Solid oxide electrolysis cell
U Voltage / V
YSZ Yttria-stabilized zirconia

References

[1] S. H. Jensen, C. Graves, M. Chen, J. B. Hansen, X. Sun,
J. Electrochem. Soc. 2016, 163, F1596.

[2] M. Henke, C. Willich, J. Kallo, K. A. Friedrich, Int. J. Hy-
drogen Energy 2014, 39, 12434.

[3] X. Sun, A. D. Bonaccorso, C. Graves, S. D. Ebbesen, S. H.
Jensen, A. Hagen, P. Holtappels, P. V. Hendriksen, M. B.
Mogensen, Fuel Cells 2015, 15, 697.

[4] S. Santhanam, M. P. Heddrich, M. Riedel, K. A. Frie-
drich, Energy 2017, 141, 202.

[5] M. Riedel, M. P. Heddrich, K. A. Friedrich, Int. J. Hydro-
gen Energy 2019, 44, 4570.
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Pressurized operation of solid oxide electrolysis stacks: An experimental 
comparison of the performance of 10-layer stacks with fuel electrode and 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Pressurized cathode-/electrolyte sup-
ported planar stacks characterized be-
tween 750 and 850 ◦C. 

• Performance gain of the CSC stack up to 
3% at 8 bar, ESC hardly affected by 
pressure. 

• Significant extent of internal methana-
tion during pressurized operation. 

• Higher pressure dependency during 
pure CO2 electrolysis with both stack 
concepts.  

A R T I C L E  I N F O   

Keywords: 
Pressurized operation 
Solid oxide stack 
Electrolysis 
Syngas production 

A B S T R A C T   

The electrochemical behavior of two different types of planar 10-layer solid oxide cell (SOC) stacks with having 
either fuel electrode supported cells or electrolyte supported cells, are examined under steam, co- and CO2 
electrolysis at elevated pressures of up to 8 bar. Experiments with steady-state and dynamically recorded U(i)- 
characteristics are performed in order to evaluate the performances over a wide temperature range and for 
different operating conditions. Furthermore, the influence of the operating pressure is quantified via the tem-
perature and pressure dependency of the related ASR values of each stack. Impedance analysis is conducted in 
order to investigate the major differences and the pressure effect on the specific process resistances during steam 
and CO2 electrolysis. 

In case of the stack with fuel electrode supported cells, the ASR is found to decrease significantly at elevated 
pressure leading to an overall performance gain, whereas the stack with electrolyte supported cells shows a 
minor pressure effect. An impedance study shows that the diffusion and activation resistances are significantly 
affected when conducting CO2 instead of H2O electrolysis for both stack concepts. Furthermore, the pressure 
sensitivity is found to be more dominant during CO2 electrolysis than during pure steam electrolysis operation.   
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1. Introduction 

Solid oxide electrolysis cells (SOECs) offer significant advantages in 
terms of fast kinetics, reduced electrochemical losses and high electrical- 
to-chemical conversion efficiencies. Especially by integrating SOECs 
into cross-sectoral storage technologies, essential benefits for a suc-
cessful energy transition within the areas of transport and chemical in-
dustry can be achieved. The synthesis of gaseous and liquid fuels like 
methane, methanol or diesel with an SOEC based system requires 
downstream processes for the conversion of H2 (and CO) into the desired 
products. Since the respective downstream processes are typically 
operated at elevated pressures in a range between 10 and 60 bar, pres-
surized operation of the SOEC electrolyser could be beneficial due to 
significantly reduced or omitted interposed compression work [1]. 
Furthermore, previous studies have shown that by increasing the oper-
ating pressure of an SOEC, the overall area specific resistance (ASR) can 
decrease significantly leading to a decreased power consumption of the 
electrolyzer for constant H2, syngas or CO production [2–8]. 

The SOEC technology heading towards commercial use is currently 
mainly based on planar stack designs with two different cell concepts 
[9–12]. The cell developments mainly differ in the respective cell 
component which is used as the mechanically stabilizing layer. Fuel 
electrode supported cells use a thick and porous structure of the fuel 
electrode substrate and are also known as anode supported cells (ASC) 
when publications discuss the fuel cell mode [13–15]. Since the anode 
turns into the cathode within electrolysis mode, the term CSC (cathode 
supported cell) is commonly used and will also be used within this 
publication [16–18]. Electrolyte supported cells (ESC) use the dense 
electrolyte as the mechanically stabilizing layer of the cell. Generally, 
the thickness of the respective layer of each cell concept dominates the 
performance during the operation and leads to a comparably high ohmic 
resistance in case of the ESC whereas diffusion and activation resistances 
are significantly more important for the performance of the CSC. 

This study examines the differences in performance during the 
pressurized operation of 10-layer stacks with CSC and ESC concepts. The 
pressure effect on dynamically recorded and steady-state U(i)-curves is 
discussed during steam, co- and CO2 electrolysis as well as within an 
impedance study. 

The purpose of this study is to provide experimental data about a 
quantified temperature and pressure dependent ASR and the general 
performance data for both cell concepts on stack level during different 
operating modes under elevated pressure. These data can be used for 
SOEC models and pressurized system studies where the parametrization 
and validation of the models is generally crucial for the reliability of the 
simulation results. The impedance study provides scientific knowledge 
about the influence of an elevated operating pressure during steam and 
CO2 electrolysis related to the different cell concepts and electrode 
materials used within the stacks. 

It should be noted that though the study compares the performances, 
both cell concepts have their own strengths and weaknesses in terms of 
maximum performance, mechanical-, redox- or long-term stability that 
should always be considered for individual system needs. These aspects 
will not be discussed within this manuscript. 

2. Experimental 

The F10-design stack from Forschungszentrum Jülich used in this 
study consists of 10 CSCs, each with an active area of 80 cm2. The cells 
consist of a Ni-8YSZ fuel electrode, an 8YSZ electrolyte and a screen 
printed thin GDC layer attached to the electrolyte beneath the LSCF air 
electrode. More details about the stack materials with the electrode 
thicknesses can be found in Ref. [19,20]. The CSC stack with its internal 
manifold was operated in counter-flow mode. In order to match the 
media inlet and outlet connection points of the test rig, a specially 
designed adapter plate was used and integrated into the test bench (see 
Fig. 1a). Three thermocouples were inserted 40 mm deep into the central 

interconnector whereas one thermocouple was inserted into the top and 
bottom plate of the stack respectively. Within the central interconnector 
the temperatures were measured at 1/4, 1/2 and 3/4 of the cell length in 
flow direction. A weight of 100 kg was used for clamping during oper-
ation of the stack. 

The commercially available ESC stack used in this study has a co- 
flow setup and contains 10 cells, each with an active area of 127.8 
cm2. The cells consist of a Ni-GDC fuel electrode, a 3YSZ electrolyte and 
an LSCF air electrode. Thin GDC layers are implemented between the 
fuel electrode and the electrolyte and between the air electrode and the 
electrolyte respectively. Due to the open air external manifold design, 
the stack is housed into a gastight steel box with open gas manifolding 
(see Fig. 1 b). For measuring the temperatures inside the stack during 
operation, five thermocouples are placed directly on the air electrodes of 
the stack. One thermocouple is placed on layer one and ten respectively. 
The three remaining thermocouples are placed at 1/4, 1/2 and 3/4 of 
the length of the middle cell of the stack in flow direction. More details 
about the stack, the stack box and the electrode thicknesses can be found 
in Ref. [21–24]. 

The test rig used in this study offers the possibility to operate SOC 
stacks in a pressure range between 1.4 and 8 bar. The CSC stack as well 
as the ESC stack is placed inside a furnace environment which is 
installed inside a pressure vessel. A schematic of the test rig with a 
detailed description of the opportunities during operation was already 
published by the authors and can be found in Ref. [22]. 

During steady state U(i)-curves, the fuel gas flows for a constant 
reactant conversion of 70% at each current density point was used. The 
RC is defined according to the overall inlet mass flow of convertible 
reactants. Steam electrolysis operation was conducted with a molar ratio 
of 90/10 (H2O/H2), co-electrolysis operation with a molar ratio of 60/ 
30/10 (H2O/CO2/H2) and CO2 electrolysis operation with a molar ratio 
of 90/10 (CO2/CO). Steady state U(i)-curves were performed in order to 
obtain a current density dependent temperature, ASR and gas compo-
sition profile at a constant reactant conversion rate. During dynamically 
recorded U(i)-curves the fuel gas flows were set according to a reactant 
conversion of 70% at a current density of − 0.75 A cm− 2 for each gas 
composition. Due to a fast current ramp of − 0.16 A cm− 2⋅min− 1 a quasi- 
isothermally recorded U(i)-curve with a very small temperature change 
over the complete range of current density could be performed. This 
method gives the possibility to characterize the stacks at a defined 
temperature. Impedance measurements were recorded galvanostatically 
with a Zahner Zennium at − 0.2 A cm− 2 and a current amplitude of 0.38 
A. For all experiments a constant air flow of 1 slpm air per cell was used 
for the air side of the stacks. The gas analysis system used within the 
study is a nondispersive infrared sensor analyzer from Rosemount with 
sensors for H2, CO, CO2 and CH4. 

3. Results and discussion 

3.1. Characterization of the ohmic resistance and the performance of both 
stacks 

As a preliminary characterization of the CSC stack, the ohmic resis-
tance was investigated over a wide temperature range between 650 and 
820 ◦C. For this purpose, impedance spectra were recorded for the 
middle cell of the stack close to OCV condition at 1.4 bar. The furnace 
temperature was increased in 20 K steps. To ensure the stack tempera-
ture to be equal to furnace temperature at every measuring point, a 
dwell time of at least 90 min had to expire before electrochemical 
impedance spectroscopy (EIS) was performed. Out of the obtained 
impedance spectra, the ohmic resistance was extracted for every tem-
perature step. In Fig. 2a) the obtained experimental data for the tem-
perature dependent ohmic resistance of the CSC stack is shown. The 
values are plotted jointly with data of the ESC stack published in 
Ref. [21]. The ohmic resistance of the ESC stack was characterized be-
tween 650 and 850 ◦C. The shown curves are fitted based on the 
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measured values in order to receive an equation for the ohmic resistance 
over the complete temperature range. Since the electrolyte of the cells 
used in the ESC stack is the thickest and mechanically stabilizing layer, 
the overall performance is majorly influenced by the ohmic resistance 
and correspondingly by the temperature dependency of the electrolyte 
material. The increased thickness of the electrolyte within the ESCs leads 
to a higher ohmic resistance compared to the CSC. Furthermore, the 
3YSZ material used in the ESC is known to show less oxide ion con-
ductivity than the 8YSZ material of the CSC [25,26]. Consequently, the 
ohmic resistance of the ESC stack shows a significantly higher temper-
ature dependency and generally higher resistance values. 

The ohmic resistance of the cells used in the ESC and CSC stack was 
fitted with the exponential expression ASRΩ = y0 + A⋅exp(B⋅T) where y0, 
A and B are constant parameters as shown in Table 1 and T is the tem-
perature in Kelvin. The obtained values of the CSC stack are as follows 
whereas the values of the ESC stack are taken from Ref. [21]: 

Dynamically recorded U(i)-curves were performed with both stacks 
and an inlet gas composition of 80/20 H2O/H2. The inlet mass flows 
were defined for a reactant conversion rate (RC) of 60% at a current 
density of − 0.8 A cm− 2. The current density was increased with a ramp 
of − 0.16 A cm− 2 min− 1. The ESC stack was operated at a furnace tem-
perature of 850 ◦C which is a relevant operating temperature for the 
used commercially available stack [27]. In contrast, the CSC stack was 
operated at a furnace temperature of 750 ◦C. Within both operating 
conditions shown in Fig. 2 b) the OCV increased at elevated pressure due 
to the well-known thermodynamic relation between elevated pressure 
and a related higher Gibbs energy demand of the reaction [4]. 

In case of the ESC stack the shown averaged cell voltage (Ucell,avg) 
increased almost linearly with current density for 1.4 and 8 bar 
respectively. Consequently, thermodynamics’ influence and the related 
higher OCV at 8 bar led to a reduced maximum current density at the 
same voltage of 1.4 V. Thus, the achieved conversion decreased from 
53% to 49%. The reason for the almost linear behavior of the voltage 
and the minor pressure dependency can be attributed to the ohmic 
resistance as the major part of the overall cell resistance of the ESC. The 
ohmic resistance itself is pressure independent and the thin electrodes 
do not lead to significant pressure influences on the diffusion or acti-
vation resistances. The ESC stack was already investigated extensively in 
pressurized steam and co-electrolysis operation by the authors and 
further results can be found in Ref. [21,22]. 

Overall, the CSC stack shows a much higher achievable current 
density at a 100 K lower furnace temperature. The stack showed a RC of 
82% at 1.4 bar and at 1.4 V. Furthermore, the operation at elevated 
pressure led to a reduced slope of the U(i)-curve and an increased 

maximum current density. The RC increased by 6%–88% accordingly. 
Due to the reduced slope of the current-voltage characteristic recorded 
at 8 bar, a crossing of the U(i)-curves can be observed within the 
endothermic operating region (<1.28 V) of the CSC stack. The crossing 
of the U(i)-curves can be found at a current density of approximately 
− 0.7 A cm− 2. Furthermore, the high conversion at 8 bar led to a 
significantly visible bending of the U(i)-curve at a voltage >1.3 V which 
can be attributed to mass transport limitations [28–30]. 

3.2. Steady state U(i)-characteristics during pressurized steam electrolysis 
operation 

Fig. 3 shows steady state U(i)-curves of the CSC and ESC stack with 
an inlet gas composition of 90/10 (H2O/H2) for 1.4, 4 and 8 bar. Mass 
flows were set for a constant RC of 70% at every current density step. 
The furnace temperature was 750 ◦C during the operation of the CSC 
stack and 800 ◦C for the ESC stack. Both graphs in Fig. 3 show the 
voltage of the middle cell of the respective stack. According to the 
construction of the two stacks described earlier, the core temperature of 
the CSC stack is measured within the central bipolar plate whereas in 
case of the ESC stack the temperature is directly measured at the middle 
length of the air electrode of layer 5. The ASR shown in Fig. 3 is 
calculated according to the equation ASR = (Umeasured − UNernst,avg)/i 
where Umeasured represents the measured cell voltage. UNernst,avg repre-
sents the theoretical voltage at the corresponding current density i by 
assuming a linear conversion over the cell length and an averaged gas 
composition between inlet and outlet [31]. Additionally the area spe-
cific ohmic resistance (ASRΩ) is shown according to the values given in 
Table 1. Note that the y-axes of the compared plots related to the tem-
perature and ASR results shown in Fig. 3 have different scales. 

As predicted by the Nernst equation, the open circuit voltage was 
found to increase with increasing operating pressure within both 
experimental investigations. The measured open circuit voltages shown 
in Fig. 3 are in good agreement with the theoretical values, indicating an 
accurate dosage of the inlet media. However, the measured OCV of the 
CSC stack when using the small volume flows related to the first 
measuring point showed a slightly too low voltage (7 mV/cell). This 
phenomenon could indicate a very small leakage inside or outside of the 
stack. However, an effect on any stack temperature was not observed. 
With higher volume flows, the OCVs were in good agreement with the 
theory. By increasing the current density, the measured core tempera-
ture of the stacks decreased at low current densities due to the endo-
thermic reaction. At 1.4 bar and a voltage of 1.28 V for thermoneutral 
operation, the current density shows values of approximately − 0.85 A 

Fig. 1. a) Implementation of the Jülich F10-design stack into the test rig using a specially designed adapter plate. b) Stainless steel box containing the 10-layer ESC 
stack implemented into the pressurized test rig. 
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cm− 2 for the CSC and − 0.40 A cm− 2 for the ESC stack respectively. 
However, the measured core temperature showed slightly higher values 
than the furnace temperature indicating that the placed thermocouple 
probably measures more close to a hotspot within both stack experi-
ments. Nevertheless, the temperature deviation at the thermoneutral 
operating point between measured core temperature and furnace tem-
perature is only in the range of 2–7 K. 

Comparing the U(i)-characteristics of the CSC stack at different 
operating pressures, the significance of the pressure influence can be 
clearly observed. The voltages recorded at 4 and 8 bar show a conver-
gence towards the U(i)-curve recorded at 1.4 bar until the characteristics 
cross each other at approximately − 0.6 A cm− 2. At this current density, 
thermodynamics’ influence on the cell voltage is compensated by 
reduced activation and diffusion resistances within the cell. By further 
increasing the current density, the operation changes towards an 
exothermic behavior and the difference between the voltages recorded 
at 1.4 and 8 bar becomes more dominant. Although the stack was 
operated with a constant RC, the quantity of electrochemical reactions 
increase with higher current densities and the pressure effect becomes 
more apparent. Hence, at 8 bar and at the maximum current density 
within this experiment, the voltage decreased by 39 mV. As a conse-
quence, the lower voltage leads to a decreased power consumption of 35 
W (performance gain of approximately 3%) for the 10-layer CSC stack. 
Furthermore, due to the lower voltage at higher pressure and the related 
lowered heat production, the measured temperature showed slightly 
lower values during the exothermic operation regime. The overall cell 
resistance shown in the lower graph of Fig. 3 a) furthermore demon-
strates the apparent pressure dependency of the CSC stack performance. 
At 1.4 bar, the overall cell resistance shows a value of approximately 
0.39 Ω cm2 at − 0.75 A cm− 2, whereas it reduced by 15% to approxi-
mately 0.32 Ω cm2 at 8 bar. At this current density, the ohmic resistance 
takes a proportion of approximately 40% at 1.4 bar and 50% at 8 bar. 
Thus, the influence of changing the operating pressure on the polari-
zation resistance is around 60% at 1.4 bar and reduced from approxi-
mately 240 mΩ cm2 to 170 mΩ cm2 (8 bar). However, the ASR of the 
first measuring point at − 0.1 A cm− 2 shows a conspicuous behavior 
since the calculated values are seemingly too low. This behavior could 
be associated with a small leakage inside or outside of the stack and a 
corresponding lower hydrogen proportion since the measured voltage 

and as a consequence the ASR calculated from this would be too low. 
Though the measured OCV was in good agreement with the theoretical 
value at higher volume flows, a small leakage could have a significant 
effect at low current densities with the related small volume flows and 
the generally low hydrogen content in the feed during electrolysis 
operation. Compared to the CSC stack performance, the ESC stack shows 
a significantly lower achievable current density for the same RC of 70%. 
Further investigations for the steady state steam electrolysis operation of 
an ESC stack were already published by the authors, however the RC was 
lower and a different stack was used for the conducted experiments [21]. 
Nevertheless the experimental investigations show similar results which 
indicate a high level of accuracy during stack manufacturing and a 
minor dependency of the RC for this kind of stack. As shown within 
Fig. 3 b), the cell voltage shows a slight convergence of the U 
(i)-characteristics, but no crossing or overall performance gain. Conse-
quently, the stack shows similar temperature values at different oper-
ating pressures throughout the entire current density range. The plotted 
ASR shows a significantly smaller pressure dependency compared to the 
CSC stack and a generally much higher (pressure independent) ohmic 
resistance. As mentioned before, this phenomenon can be attributed to 
the much thicker electrolyte (ESC: 90 μm 3YSZ; CSC: 10 μm 8YSZ) and 
the related more dominant ohmic loss. Since the cermet of the porous 
fuel electrode of the CSC possesses a significant proportion of highly 
conducting Nickel material, the ohmic resistance is comparably small 
and the performance more dependent on activation and diffusion pro-
cesses. Consequently, it leads to a generally higher overall ASR of the 
ESC stack and in turn to a more significant pressure dependency of the 
CSC stack. 

However, the authors want to point out that the higher achievable 
current density and increased pressure dependency of the CSC stack 
concerns only one aspect within the comparison of a CSC with an ESC. 

Fig. 2. a) Characterization of the ohmic resistance of the ESC and CSC stacks. The values were obtained from impedance measurements at OCV and 1.4 bar for the 
middle cell of each stack over a wide temperature range. Data of the ESC can be found in Ref. [21]. b) dynamically recorded U(i)-curves of the CSC stack operated at 
750 ◦C in comparison with the ESC stack operated at 850 ◦C during steam electrolysis operation. Inlet mass flows with a 80/20 H2O/H2 mixture were defined for a RC 
of 60% at − 0.8 A cm− 2. 

Table 1 
Fit values of the temperature dependent ohmic resistance of the CSC and ESC 
stack respectively. The variable T is the operating temperature in K.  

ASRΩ = y0+A⋅exp(B⋅T) CSC ESC 

y0 / Ω∙cm2 7.181∙10− 2 27.266∙10− 2 

A / Ω∙cm2 12.854∙104 35.316∙104 

B / K− 1 − 1.397∙10− 2 − 1.264∙10− 2  
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Although the electrochemical performance of a CSC stack is higher, 
other aspects like mechanical robustness or redox stability have to be 
taken into account for system relevant considerations. 

3.3. Steady state U(i)-characteristics during pressurized co-electrolysis 
operation 

According to the steady-state experiments conducted for pure steam 
electrolysis, co-electrolysis performance of the CSC and ESC stack was 
furthermore compared. A gas inlet composition of 60/30/10 (H2O/CO2/ 
H2) was chosen to evaluate the performance and to determine the outlet 
gas composition throughout the entire current density range at three 
operating pressures. The voltages of the CSC stack recorded at 4 and 8 
bar show a convergence towards the U(i)-curve recorded at 1.4 bar until 
the characteristics cross each other within the endothermic operating 
mode. The crossing and the related performance gain occurred already 
at approximately − 0.4 A cm− 2, whereas it could be observed at 
approximately − 0.6 A cm− 2 in case of pure steam electrolysis. The 
decrease of the voltage with higher pressure was additionally found to 
be more significant during the co-electrolysis operation. Furthermore, in 
contrast to the conducted steam electrolysis operation shown in Fig. 3 
a), the temperature of the CSC stack shows an apparent influence of the 
operating pressure during co-electrolysis. Although the voltage 
decreased with higher pressure, the temperature increased significantly 
due to internal exothermic methanation reaction. The performance gain 
found in the U(i)-characteristics can also be seen in the lower plot of the 
same diagram where the ASR shows a prominent decrease of the overall 
resistance with higher pressure. 

The ESC stack shows a significantly lower achievable current density 
for the same RC of 70%. As can be seen in Fig. 4b, a slight convergence of 
the U(i)-characteristics was observed, but no crossing or overall per-
formance gain. However, the convergence of the voltages was found to 

be more prominent than during steam electrolysis operation. Further-
more, the temperatures show an apparent difference between the three 
pressures which was observed for the operation of the CSC stack as well. 
The plotted ASR shows a significantly smaller pressure dependency 
compared to the CSC stack and a generally much higher ohmic resis-
tance. Similar results for the ESC stack operation during co-electrolysis 
can be found in Ref. [22], whereas a different stack was used. Since 
the results of both studies are in good agreement, it indicates a high level 
of accuracy and repeatability during manufacturing of the ESC cells and 
stacks. This attribute is one of the major interests of SOC technology 
suppliers since similar stack performances are important for efficient 
operating strategies of larger stack units. 

The gas analysis conducted during the co-electrolysis operation of 
the CSC and the ESC stack is shown in Fig. 5. Due to the measuring 
principle of the analyzer, water was condensed and was not part of the 
analyzed composition. The dashed lines in the figure represent the 
thermodynamic equilibrium of the dry gas composition after a reactant 
conversion of 70% whereas the dots represent the measured values. The 
general equation for calculating the molar fraction of one component in 
a dry gas composition is Xi, dry = Xi∙(1-XH2O)− 1 with Xi as the measured 
molar fraction of one component. 

The measured concentrations for the outlet gases are generally in 
good accordance with the calculated thermodynamic equilibrium over a 
wide range of current density. Within both experiments, the major de-
viation between theoretically and experimentally recorded values can 
be found at low current densities, especially for H2 and CO. As 
mentioned above, this is likely due to the comparably large impact and 
uncertainties regarding of flow or leakages at little gas flows. However, 
the deviation of the measured concentrations is in a range of 3–7% at the 
lowest current density point. In comparison to the ESC stack, the lower 
operating temperature of the CSC stack leads to a significantly higher 
proportion of CH4 in the outlet at elevated pressure. For a high extent of 

Fig. 3. Steady-state U(i)-curves for a) the CSC stack and (b) the ESC stack recorded at 1.4, 4 and 8 bar. The furnace temperatures were 750 ◦C (CSC) and 800 ◦C (ESC) 
respectively. Inlet gas composition is 90/10 H2O/H2 with a reactant conversion of 70% at every measuring point. Note that the y-axes of the temperature and ASR 
plot differ between a) and b) due to the relevant operating temperatures of the stacks. 
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methanation reaction, high pressures, high H2/CO ratios and low tem-
peratures are generally favorable. During the experiments conducted 
with the CSC stack, a methane content of approximately 7% was 
measured at 8 bar and 743 ◦C. Since the ESC stack was operated at a 50 K 
higher furnace temperature, the extent of the methanation reaction was 
lower and a proportion of approximately 5% was achieved at 790 ◦C. 
Due to the exothermic characteristic of the methanation process, the 
extent of this reaction has a distinct impact on the thermal behavior of 
the stack. This can be assigned to the phenomenon observed during the 
recording of the U(i)-curves of both stacks where a higher temperature 
was measured while the voltage reduced at elevated pressure. The 
increased temperature led to a reduced ohmic resistance and faster ki-
netics and consequently to a more significant reduction of the voltage 
and the ASR at higher pressures. 

3.4. Dynamically recorded U(i)-characteristics of steam, co- and CO2 
electrolysis 

Fig. 6 shows dynamically recorded U(i)-curves of the CSC stack 
operated at 1.4 and 8 bar with a gas composition of 90/10 (H2O/H2) for 
steam electrolysis operation, a 60/30/10 (H2O/CO2/H2) for co- 
electrolysis operation and a 90/10 (CO2/CO) for CO2 electrolysis oper-
ation. The general aim of the dynamically recorded U(i)-curves is the 
quasi-isothermal characterization with only a small temperature devi-
ation within the stack over the complete current range. This allows to 
determine the performance at a certain stack temperature. The gas flows 
for the experiments shown in Fig. 6 were set according to an RC of 70% 
at a current density of − 0.75 A cm− 2. Due to the risk of carbon depo-
sition within the stack or the outlet pipes of the test rig during pure CO2 
electrolysis operation, the experiments were not conducted towards 
reactant conversions larger than 70% [22]. 

The operation of the CSC stack at 1.4 bar shows a nearly linear 

behaviour of the U(i)-curve during pure steam electrolysis. Added CO2 
into the gas inlet composition led to a higher resistance and thus to an 
increased slope especially at higher RC. At − 0.75 A cm− 2, the stack 
showed a 170 mV higher voltage. The operation for pure CO2 electrol-
ysis shows a more significant bending of the U(i)-curve towards a higher 
voltage for a RC ≥ 45% (≙ − 0.5 A cm− 2). This behaviour indicates a 
higher diffusion resistance during the operation of the CSC at higher 
current densities since CO2 has a larger molecular size and molecular 
mass compared to steam leading to higher mass transport limitations 
[32–34]. The ASR values given in Fig. 6 represent an average and were 
linearized over the current density range of − 0.13 … -0.55 A cm− 2. The 
values calculated for the U(i)-curves recorded at 1.4 bar show an in-
crease of the resistance of approximately 20 mΩ cm2 at 70% RC by 
switching from pure steam to pure CO2 electrolysis operation. Fig. 6 b) 
shows the recorded U(i)-characteristics at 8 bar. It is apparent, that the 
current-voltage curves show a more similar behavior, i.e. more similar 
resistances compared to the ones observed for the lower operating 
pressure. The calculated averaged ASR of pure CO2 electrolysis shows an 
increase of the resistance of approximately 13 mΩ cm2. Consequently, 
the ASR values indicate that the CO2 electrolysis operation shows a 
higher pressure dependency than pure steam or co-electrolysis 
operation. 

In comparison to the CSC stack, the U(i)-characteristics of the ESC 
stack of Fig. 6c and d were found to show a more linear behavior for all 
three operating modes at both pressures. However, the temperature 
characteristics over the complete current density range were more un-
equal and a more significant endothermic effect was observed for co- 
and CO2 electrolysis operation. According to Fig. 6, the maximum 
temperature spread is 10 K at the highest current density point. Since the 
thermocouples used in the ESC stack were placed directly at the air 
electrodes and the thermocouples used in the CSC stack were placed 
within a hole of the bipolar plate, one can assume that the more 

Fig. 4. Steady-state U(i)-curves during co-electrolysis for a) the CSC stack and b) the ESC stack recorded at 1.4, 4 and 8 bar. The furnace temperature was 750 ◦C 
(CSC) and 800 ◦C (ESC) respectively. Inlet gas composition is 60/30/10 (H2O/CO2/H2) with a reactant conversion of 70% at every measuring point. Note that the y- 
axes of the temperature and ASR plot differ between a) and b) due to the relevant operating temperatures of the stacks. 
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significant endothermic effect observed for the ESC stack operation 
could not be recorded for the CSC stack due to the dynamical operation 
and the high heat capacity of the bipolar plate material. It is likely that 
the same temperature behavior also took place within the CSC stack 
operation and was most likely more significant since a higher current 
density could be achieved. However, due to the comparably low tem-
perature dependency and the generally lower influence of the ohmic 
resistance on the overall performance of the CSC stack the influence of 
this temperature spread is likely marginal. 

Although the ESC stack was operated close to its typical operating 
temperature, the calculated ASR values were found to be more than 
twice as high as the values of the CSC stack. Comparing both operating 
pressures shows that a considerable pressure dependency during steam, 
co- or CO2 electrolysis is not observed. Due to the high proportion of the 
pressure independent ohmic resistance in addition to the thin electrodes 
with minor diffusion contribution, the pressure dependency of an ESC is 
considerably small. This phenomenon was already found and discussed 

for experimental studies published by the authors using ESC stacks [21, 
22,35,36]. However, the calculated ASR values of the U(i)-curves of the 
ESC stack show a slightly higher pressure dependency of the CO2 elec-
trolysis operation compared to steam and co-electrolysis. Assuming the 
diffusion resistance to play a subordinate role during the pressurized 
operation of ESCs, the higher ASR can likely be attributed to the 
generally higher activation resistance which is necessary for electro-
chemical CO2 reduction [34]. However, for both the CSC and the ESC 
stack a higher pressure dependency during CO2 electrolysis was 
observed. Hypothetically, this observation could indicate the existence 
of a significantly different electrochemical reaction mechanism during 
the CO2 reduction process (see section 3.6) [37,38]. 

3.5. Quantification of the ASR 

Fig. 7 shows the direct comparison of the temperature and pressure 
dependent overall resistances of the CSC and ESC stack. The ASR values 
were obtained out of dynamically recorded and steady-state U(i)-char-
acteristics for steam and co-electrolysis operation at 1.4, 4 and 8 bar. 
The ASR values of the ESC stack for different inlet gas compositions can 
furthermore be found in Refs. [22]. CO2 electrolysis was not considered 
for the analysis due to the limited number of experiments conducted. 
However as shown within the dynamically recorded characteristics, the 
ASR of the CO2/CO operation can be assumed to behave similarly to the 
characteristics of the one of the steam and co-electrolysis operation with 
slightly higher resistance values and a slightly higher pressure de-
pendency. Besides the experimentally obtained ASR values, Fig. 7 shows 
the ohmic resistance for both stacks according to the equations given in 
Table 1. The ASR of the ESC stack is plotted jointly with values obtained 
with a different but identically constructed stack used in another study 
with the same gas composition (unfilled squares) [22]. 

The pressure effect on both stacks is found to be more prominent at 
lower temperatures and can be ascribed to the more prominent kinetics 
and the consequently more prominent polarization resistances at lower 
temperatures. As already observed for the steady-state and dynamically 
recorded U(i)-characteristics, the CSC stack performance shows a 
noticeably higher pressure influence. Furthermore, the pressure effect is 
more significant between 1.4 and 4 bar than between 4 and 8 bar which 
is in good agreement with a theoretical study published by Henke et al. 
[4]. The phenomenon is mainly caused by a change in diffusion mech-
anisms from Knudsen to ordinary diffusion with increasing pressure and 
the consequently decreased activation resistance due to the increased 
number of reactants available at the triple-phase boundary. The phe-
nomenon of the changed diffusion mechanism was already discussed by 
the authors in detail elsewhere [22]. In case of the ESC stack, the 
pressure effect on the performance was observed to be marginal. The 
fitted ASR curves of the ESC and CSC stack follow the equation ASR =
A⋅exp(B⋅T) with the parameters shown in Table 2. The ASR curve of the 
ESC stack is plotted jointly with values obtained with a different but 
identically constructed stack used in another study with the same gas 
composition in order to show the reproducibility of the results and the 
good agreement between these overall resistances [22]. As mentioned 
before, the reproducibility of the electrochemical performance across 
different stacks is one of the major interests of SOC technology providers 
and furthermore required for the efficient operation of larger stack 
modules. 

3.6. Electrochemical impedance study during steam and CO2 electrolysis 
operation 

EIS was performed in order to investigate the cell resistance of the 
CSC and ESC in more detail at elevated pressure during steam and CO2- 
electrolysis mode. Fig. 8a and b) show a comparison of the H2O and CO2 
electrolysis operation recorded at − 0.2 A cm− 2 for the CSC stack at three 
different pressures. In order to minimize the risk of solid carbon for-
mation, the conversion at this operating point was chosen to be 30%. 

Fig. 5. Gas analysis of the a) CSC and b) the ESC stack according to the steady 
state co-electrolysis experiments of Fig. 4. The CSC stack was operated at 750 ◦C 
furnace temperature whereas the ESC stack was operated at a furnace tem-
perature of 800 ◦C. 
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Due to the different gas mixtures and the related electrolysis modes, the 
furnace temperature was adjusted to have a constant stack temperature 
of 750 ◦C, thus close to a system relevant operating temperature of the 
CSC stack. The inlet streams were set to match a constant ratio of 60/40 
between reactant and product at the outlet of the stack within both 
electrolysis modes. 

By comparing the recorded spectra of the CSC stack, a number of at 
least four peaks can be observed within the frequency ranges of 0.05–1 
Hz (P1), 1–10 Hz (P2), 50–200 Hz (P3) and 1⋅103-3⋅103 Hz (P4). P1 and 
P4 are clearly visible within the impedance spectra of Fig. 8 a and b. The 
process P2 becomes apparent during steam electrolysis operation at 
higher pressure and becomes more apparent during CO2 electrolysis 
operation within the same frequency range. A process P3 is in the fre-
quency range of 50–200 Hz and becomes apparent in steam electrolysis 
operation at higher pressure. However, during CO2 electrolysis 

operation this process is overlapped by the high resistance of P4 and 
cannot be clearly observed within the raw data of the impedance. The 
characteristic frequencies significantly change with the operating pres-
sure and the provided gas. Although the peak height within a -Z’’(f) 
diagram does not fully describe a resistance, it clearly indicates that 
there is an apparent difference of the respective resistances between 
pure steam and pure CO2 electrolysis operation within the frequency 
ranges of P1, P2 and P4. 

Within the range of P4, a significantly higher peak can be observed 
for CO2 electrolysis which is much less dominant for H2O electrolysis 
operation. Since the reduction of CO2 requires a higher activation en-
ergy than the reduction of H2O, P4 located within the high frequency 
range of the spectra can most likely be attributed to the reduction pro-
cess with the corresponding charge-transfer reaction occurring at the 
fuel electrode of the CSC [34]. With higher pressure, the imaginary part 

Fig. 6. a)+b) show dynamically recorded U(i)-curves of the CSC stack operated at a) 1.4 and b) 8 bar with steam, co- and CO2 electrolysis at a furnace temperature of 
800 ◦C. c)+d) show dynamically recorded U(i)-curves of the ESC stack operated at c) 1.4 and d) 8 bar at a furnace temperature of 850 ◦C. 
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of P4 decreases which indicates a decreasing resistance for the steam 
electrolysis operation. This phenomenon can be ascribed to a decreased 
activation resistance due to the increased number of reactants present 
and available at the triple phase boundary at elevated pressure [4,8,22]. 
However, for CO2 electrolysis operation a decrease of the height of this 
peak and subsequently a decrease of the corresponding resistance 
cannot be clearly observed. The phenomenon of a comparably less sig-
nificant pressure effect on the fuel electrode process of P4 during CO2 
electrolysis is currently not fully understood but the observation in-
dicates that the respective reduction mechanism on Ni-YSZ is most likely 
dominated by a different rate-determining step compared to pure steam 
electrolysis operation. According to the findings of Leonide et al., the 
process P4 within the corresponding frequency range is overlapped with 
gas diffusion, charge transfer and ionic transport processes in the fuel 
functional layer [39,40]. The influence of the additional processes 
should be almost negligible and should not be affected by using CO2/CO 
or H2O/H2 since the thickness of the porous fuel electrode functional 
layer is < 10 μm and the ionic transport in the YSZ independent of the 
used fuel gas [39]. The limited influence of the operating pressure on the 
process of P4 during CO2 electrolysis could hypothetically be connected 
with different adsorption and/or desorption rates of CO2 or CO at the 
TPB and a related limited pressure influenced frequency of reactants 
available at the active area. Consequently, the pressure effect on the 
process P4 would be significantly decreased. However, the authors want 
to point out that the purpose of the presented EIS study was not to 
analyze any electrode mechanism in detail but rather show the general 
difference between steam and CO2 electrolysis operation with a CSC 

(Ni/YSZ fuel electrode) and an ESC stack (Ni-GDC fuel electrode) under 
pressurized conditions. A better insight into the mechanistic details of 
electrode processes for H2O or CO2 electrolysis can likely be done with 
half-cell or button cell experiments but are highly limited for stack in-
vestigations due to the large cell area and the corresponding significant 
influences of temperature, gas and current distribution on the EIS 
analysis. 

By comparing the spectra a) and b) of Fig. 8 recorded under H2O and 
CO2 electrolysis conditions, an apparent difference of P3 cannot be 
observed. Hence, this process is likely related to the air electrode since 
the air electrode process is not dependent on the fuel gas mixture pro-
vided to the stack. Thus one can assume that the characteristic frequency 
of the oxygen evolution reaction and the O2− bulk diffusion within the 
air electrode is most likely located within the frequency range around 
50–200 Hz. 

By operating the CSC stack under CO2 electrolysis conditions, the 
process P2 is clearly observable whereas under H2O electrolysis condi-
tions the process is overlapped by P1 and difficult to observe as a single 
peak especially at low pressures. However, at higher pressure the peak of 
P2 gets more apparent within the spectra. Since P1 and P2 are both 
affected by the operating pressure and the type of gas provided to the 
stack, it can be assumed that the processes are attached to the fuel side of 
the CSC. In more detail, both processes can be attributed to the gas 
diffusion (P2) and gas conversion (P1) resistance occurring within an 
SOC [20,39]. The gas conversion describes the impedance which is 
caused by a decrease of a reactant concentration due to the conversion of 
the reactant by the electrode reaction. While applying a current (or 
current amplitude), the gas concentration within the electrode changes. 
This change becomes less significant the more the reactant/product ratio 
approaches a value of 1 since the sensitivity of the (Nernst) voltage 
decreases with more equally weighted reactant/product gas mixtures 
[41]. At ambient pressure, the diffusion and conversion resistance 
oftentimes overlaps which makes it nearly impossible to distinguish 
between both processes and find their individual resistance. However, at 
higher pressures, the gas conversion process shows a significant 
decrease of its characteristic frequency. This phenomenon occurs due to 
a change of the capacitance of the process and was also shown within an 
experimental study of Jensen et al. for a CSC stack [3]. 

However, in case of pure CO2 electrolysis operation, the gas con-
version resistance was observed to be shifted towards slightly lower 
characteristic frequencies. The maximum of the peak during H2O elec-
trolysis was at 0.6 Hz whereas it was at 0.2 Hz during CO2 electrolysis at 
1.4 bar. Consequently, the diffusion resistance of the fuel electrode be-
comes clearly visible around 1 Hz. Furthermore, the gas diffusion 
resistance becomes smaller due to improved gas transport through the 
porous substrate of the fuel electrode. Compared to H2O electrolysis, the 
slight shift of P1 during CO2 electrolysis operation towards a lower 
frequency has to be investigated in more detail, since according to 
Mogensen et al. a change of the characteristic conversion frequency at a 
constant pressure with a constant reactant/product ratio can only be 
influenced by the supplied gas flux, the electrode area, the reactor vol-
ume or the temperature [41]. However, these parameters should not 
differ by using H2O/H2 or CO2/CO gas mixtures and were certainly 
constant for both operating modes. 

The found processes with their related frequency ranges and the 
derived assignment to the specific electrode processes are in good 
agreement with other studies investigating Ni/YSZ fuel electrode sup-
ported cells or stacks [20,37,39]. 

Fig. 8c and d shows the EIS spectra recorded during H2O and CO2 
electrolysis at different pressures of the ESC stack. The stack tempera-
ture was kept constant at 700 ◦C in order to record significant cell and 
process resistances. At temperatures close to the system relevant oper-
ating temperature (~860 ◦C), the electrode resistances are significantly 
lower since the kinetics are faster, which makes it much more difficult to 
distinguish between the pressure-influenced phenomena occurring 
during H2O and CO2 electrolysis. However, a detailed EIS study by the 

Fig. 7. Temperature and pressure dependent total ASR of the CSC and the ESC 
stack. The values were obtained out of dynamically recorded and steady-state U 
(i)-characteristics. The ASR of the ESC stack is plotted jointly with values ob-
tained with a different but identically constructed stack used in another study 
with the same gas composition (unfilled squares) [22]. 

Table 2 
Parameters for the fitted pressure and temperature dependency of the overall 
resistance of the CSC and ESC stack.   

CSC ESC 

1.4 bar 4 bar 8 bar 1.4, 4 and 8 bar 

A / Ω∙cm2 1.60⋅102 0.94⋅102 1.17⋅102 7.28⋅102 

B / ◦C− 1 − 8.11∙10− 3 − 7.54∙10− 3 − 7.96∙10− 3 − 8.29∙10− 3  
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authors on the ESC stack comparing H2O, co- and CO2 electrolysis at 
higher temperature can be found elsewhere [22]. Within the two –Zʺ(f) 
plots of Fig. 8, two prominent peaks can be observed within a frequency 
range of 0.1–1 Hz (P1) and 1–20 Hz (P2). Although present, the detailed 
frequency ranges of further apparent processes cannot be clearly 
observed within the recorded EIS spectra of the ESC stack. 

Since the process around 10–20 Hz decreases with increasing the 
operating pressure, it can be attributed to a surface process of the fuel 
electrode. Furthermore, it clearly depends on the type of fuel gas which 
is provided to the stack and shows significantly higher peaks for CO2 
electrolysis operation. Both observations lead to the assumption that this 
surface process is the one of the Ni-GDC fuel electrode. 

Contrary to the CSC stack with its Ni/YSZ electrodes, the fuel elec-
trode process of the ESC stack was observed at a frequency roughly two 
magnitudes lower. The low frequency process which is attributed to the 
gas concentration impedance shows almost the same frequency 
compared to the CSC stack. During H2O electrolysis operation, the fre-
quency of the gas concentration resistance decreases due to the before 
mentioned change of the capacitance at higher operating pressures. 

However, since the peak height (corresponding to the resistance of the 
process) decreases at elevated pressure, it is likely that a gas diffusion 
contribution is overlapping with the process at around 0.1–1 Hz. During 
CO2 electrolysis operation, gas diffusion becomes more prominent due 
to the comparably larger molecular size and molecular mass. Conse-
quently, the pressure effect during CO2 electrolysis operation of the ESC 
is found to be more dominant than during H2O electrolysis which is in 
good agreement with the observations of the dynamically recorded U(i) 
characteristics shown in Fig. 6. 

4. Conclusion 

In this study, two stacks with different cell types were investigated 
experimentally in steam, co- and CO2 electrolysis mode at elevated 
pressures of up to 8 bar. The stacks consist of 10 layers with fuel elec-
trode supported cells (CSC) and electrolyte supported cells (ESC) 
respectively. The CSC stack from Forschungszentrum Jülich uses Ni- 
8YSZ fuel electrodes and 10 μm 8YSZ electrolyte whereas the commer-
cially available ESC stack consists of Ni-GDC fuel electrodes and 90 μm 

Fig. 8. EIS spectra of the CSC stack recorded at a current density of approximately − 0.2 A cm− 2 during a) pure steam and b) pure CO2 electrolysis at pressures of 1.4, 
4, and 8 bar at 750 ◦C. c) and d) show the same experiment for the ESC stack at a temperature of 700 ◦C. Reactant/product ratio at the outlet was set to 60/40 for both 
experiments. 
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3YSZ electrolyte. 
The experimental investigation of this study mainly concentrated on 

the comparison of the pressure influence on the performance of each 
stack during different electrolysis modes. As expected, the overall per-
formance and the impact of an elevated operating pressure were 
significantly different due to the different cell types. The performance of 
the ESC stack is mainly influenced by the ohmic resistance related to the 
thick electrolyte used within the cells. Hence, the ohmic resistance was 
found to be four times higher at the relevant operating temperature of 
850 ◦C compared to the ohmic resistance of the CSC stack at its relevant 
operating temperature of 750 ◦C. 

Steady-state characterization of both stacks was conducted for steam 
and co-electrolysis mode over a wide current density range. Within this 
study, a performance gain for the operation of the CSC stack under 
pressurized conditions was found for current densities higher than 0.5 A 
cm− 2. A significant pressure effect for the ESC stack could not be 
observed due to the dominant and pressure independent ohmic resis-
tance. During co-electrolysis operation, the gas analysis showed that the 
outlet gas compositions of the stacks are in good agreement with ther-
modynamic equilibrium and furthermore showed methane contents of 
up to 7% at 8 bar. 

Dynamically recorded U(i)-curves were recorded for steam, co- and 
CO2 electrolysis in order to characterize both stacks at a nearly constant 
reactor temperature over a wide current density range at different 
pressures. Although the CSC stack was operated at a 100 K lower tem-
perature, the achieved current density was almost twice as high as the 
one of the ESC stack. Furthermore the U(i)-curve recorded at higher 
pressure was found to cross the one recorded at lower pressure within 
the endothermic region, thus a significant performance gain could be 
observed for the pressurized operation. However, again only a small 
pressure effect could be observed for the ESC stack. The transient 
operation of both stacks furthermore showed that the pressure influence 
on the ASR becomes significantly more dominant during CO2 
electrolysis. 

Out of the steady-state and dynamically recorded U(i)- 
characteristics, the pressure and temperature dependent ASR values 
were calculated and can be used for stack and system modeling. 

EIS was performed in order to investigate the cell resistances of the 
CSC and ESC in more detail at elevated pressure in steam and CO2- 
electrolysis mode. Due to the different fuel gases used, the observed 
peaks in the –Zʺ(f) diagrams could be assigned to concrete processes and 
the influence of the operating pressure was discussed. The EIS spectra 
related to the CSC stack showed that the fuel electrode surface process 
can be assumed to be located in a frequency range around 103 Hz. The 
influence of pressurization leading to a reduced resistance of this process 
could be shown for steam electrolysis and was assigned to a higher 
frequency of reactants available at the TPB. However, the same process 
does not show a significantly reduced peak height during pressurized 
CO2 electrolysis. This phenomenon could indicate that a different and 
less pressure-influenced rate-determining step is present within the 
reduction mechanism and/or adsorption/desorption rates of CO2 or CO 
at the TPB significantly differ from the H2O/H2 operation. However, the 
diffusion resistance was observed to be significantly influenced by the 
operating pressure and furthermore by the type of fuel gas used in the 
study for the CSC stack. 

In contrast, the fuel electrode peak of the ESC stack showed a sig-
nificant decrease indicating a significantly decreasing electrode resis-
tance. Furthermore, the peak attributed to the gas diffusion and 
conversion resistance was not affected significantly by pressure. 
Consequently, the increased pressure effect during CO2 electrolysis 
which was shown for the dynamical operation of both stacks could 
possibly be attributed to the diffusion process in case of the CSC stack 
and possibly more to the fuel electrode process of the ESC stack. How-
ever, these phenomena should be investigated in more detail with half or 
button cells under pressurized operation conditions due to the existing 
limitations of EIS stack investigations. 

CRediT authorship contribution statement 

M.P. Heddrich: Methodology, Funding acquisition, Writing - review 
& editing. A. Ansar: Funding acquisition, Writing - review & editing. Q. 
Fang: Validation, Writing - review & editing. L. Blum: Writing - review 
& editing. K.A. Friedrich: Writing - review & editing, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to thank the IEK-14 of Forschungszentrum 
Jülich for supplying the 10-layer CSC stack for this study. Furthermore, 
the authors appreciate the funding for studies of the ESC stack from the 
Federal Ministry for Economic Affairs and Energy (BMWi) under grant 
agreement 03ET6051 and 03EIV031C. 

List of symbols / glossary 

8YSZ 8 mol-% yttria-stabilized zirconia 
3YSZ 3 mol-% yttria-stabilized zirconia 
GDC Ce0.8Gd0.2O1.9 
ESC Electrolyte supported cell 
CSC Cathode supported cell 
LSCF La0.58Sr0.4Co0.2Fe0.8O3-δ 
ASR Area specific resistance/Ω⋅cm2 

RC Reactant conversion/% 
EIS Electrochemical impedance spectroscopy 
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7 Conclusion 

The SOEC is expected to be a promising technology for electrically powered production 

of chemicals due to its high efficiency, flexibility and modularity. Steam or carbon diox-

ide can be converted into valuable molecules like hydrogen or carbon monoxide that can 

be used in chemical industry processes. Furthermore, both steam and CO2 electrolysis 

reactions can take place simultaneously to generate a synthesis gas with highly flexible 

H2/CO ratios. However, for storage or transportation of the produced gases a certain com-

pression is required. Furthermore, downstream synthesis reactors for the production of 

more complex chemicals or fuels like methane, methanol, ammonia, DME or jet fuel are 

typically operated at elevated pressures in the range of 10-60 bar [12–18]. Hence, a pres-

surized operation of the SOEC can be beneficial in terms of system integration and effi-

ciency since compression work can be significantly reduced or omitted [22]. However, 

the research associated with the pressurized operation of SOECs and thus the influence 

of elevated partial pressures of the media on the electrochemical behavior, characteristic 

performance or long-term stability is rare. Hence, this thesis aims to close the research 

gaps that were identified by providing experimental results and scientific knowledge 

about the pressurized steam, co- and CO2 electrolysis operation of SOEC stacks.  

A unique test rig for the pressurized investigation of SOEC stacks was adapted in order 

to be able to operate in steam, co- and CO2 electrolysis mode at elevated pressures of up 

to 8 bar. The adaptions mainly included installing a water treatment system with an evap-

orator for a stable steam supply, the sensitive pressure control and a method to prevent 

carbon deposition within the fuel outlet pipes. Furthermore, a gas analysis and impedance 

measurement setup were integrated. Two 10-layer stacks with fuel electrode supported 

cells and eight 10-layer stacks with electrolyte supported cells were used for the experi-

mental analyses of their electrochemical behavior under pressurized conditions in this 

thesis. Due to the higher availability of ESC stacks, this stack type was investigated with 

a considerably higher number of experiments. 

The first step within the scientific approach was to quantify the ohmic resistance of both 

the ESC and CSC stacks with electrochemical impedance spectra recorded under different 

operating temperatures. The experimentally obtained temperature dependencies were fit-

ted to mathematical expressions and were provided to the literature. For the ESC, the 
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ohmic resistance was found to be the dominant cell resistance since the electrolyte is the 

thickest and mechanically stabilizing layer. When current is applied, a distinct horizontal 

temperature profile forms along the flow direction which has a significant impact on the 

local ionic transport conductivity of the cells. However, the experiments showed that the 

ohmic resistance measured during steady-state points fit very well with the temperature 

dependent ohmic resistance curve that was analyzed. Hence, a practical finding is that the 

measured core temperature of the ESC stack can be used as a characteristic stack temper-

ature for the electrolysis mode. This observation can be and is already being applied to 

larger SOEC modules that contain multiple stacks. Instead of measuring temperatures via 

thermocouples that have generally to be implemented and distributed in many stacks, the 

ohmic resistance value could be obtained with the available electronic loads. This opens 

up a possibility for a significant saving of costs and working time which are incurred for 

the placement and manual installation of the temperature measurement sensors of larger 

modules, also helping greatly with temperature control concepts. In contrast, the electro-

lyte of the CSC is significantly thinner leading to significantly lower ohmic resistance 

values.  

A simplified theoretical study of the predominant ESC resistance showed that 15-20 % 

of the measured ohmic contribution does not originate from the used electrolyte material. 

This indicates that a noticeable contribution might originate from additional contact re-

sistances within the repeating unit, thus opening a possible path for prospective improve-

ments. 

Detailed electrochemical characterizations were carried out by examining steady-state 

and dynamically recorded current-voltage curves. The influence of the operating pressure 

on the voltage and performance and on the occurring temperature gradients within the 

stacks was analyzed for steam and co-electrolysis operation. As expected, the overall per-

formance and the impact of the operating pressure were significantly different when com-

paring the ESC and the CSC stack types. Despite both being operated at their relevant 

operating temperature, the latter achieved current densities twice as high as the ESC stack. 

Furthermore, a performance gain of up to 5 % (based on voltage) at elevated pressure in 

both operating modes was achieved with the CSC stack whereas a noticeable pressure 

effect for the ESC stack was generally not observed due to its dominant and pressure 

independent ohmic resistance. The ASR of the CSC stack becomes significantly reduced 

at higher pressures due to less ohmic and a comparably a more significant influence of 

the pressure dependent polarization resistance. Furthermore, the generally high operating 
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temperature of the ESC results in a small pressure effect since reaction kinetics are fast 

at high temperatures. Despite the fact that the ESC stack does not show a significantly 

increased performance at elevated pressure, the required electrical power for electrolysis 

at high pressure showed to be almost the same as at low pressure due to a convergence of 

the U(i)-curves at high currents. Hence, the advantage of produced hydrogen at elevated 

pressure that can be directly used or stored at the outlet of the SOEC remains. 

The analyses of the outlet gas compositions carried out during the pressurized co-elec-

trolysis studies showed that thermodynamic equilibrium is reached even when high mass 

flow rates are used. Methane contents of up to 7 % at 8 bar were shown that led to signif-

icantly increased stack temperatures due to the highly exothermic reaction. Consequently, 

both the methanation and the endothermic reverse water-gas shift reaction occur stack-

internally and shift the gases rapidly into equilibrium. In addition to the steady-state char-

acterizations, dynamically recorded U(i)-curves were carried out for steam, co- and CO2 

electrolysis. Hence, both stack types were characterized at constant reactor temperatures 

over a wide current density range and at different operating pressures. ASR values were 

derived out of both the steady-state and dynamically recorded characterizations so that 

detailed temperature and pressure relations for the ESC and CSC stack were quantified 

and are now available in literature. 

Further co-electrolysis experiments that were carried out with the ESC stack with differ-

ent CO2 contents in the feed showed that the ASR increases with lower temperatures. An 

investigation with EIS revealed that the electrochemical CO2 reduction process leads to a 

generally higher fuel electrode resistance than steam reduction. Furthermore, the diffu-

sion resistance during CO2 electrolysis was found to show a significantly higher temper-

ature dependency compared to pure steam electrolysis. Both effects can lead to a higher 

overall resistance at high conversions and low operating temperatures. The scientific 

question whether CO2 reduction occurs electrochemically or via the rWGS in the SOEC 

is greatly researched and currently discussed controversially. Although not fully clarify-

ing the processes, this thesis provides a strong indication that for the production of rele-

vant synthesis gas compositions with H2/CO ratios higher than one, the main reaction 

pathway for CO production can be assumed to occur via the rWGS reaction and only a 

minor part coming from electrochemical CO2 reduction.  

CO2 electrolysis showed noticeably higher pressure sensitivity for both the ESC and the 

CSC stack due to increased diffusion and activation resistances. However, the pressure 
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influence on the CO2 electrolysis operation showed apparent differences within the im-

pedance spectra of the CSC and the ESC stack. It was found that the pressure effect can 

be ascribed to a reduced diffusion resistance for the CSC stack operation, whereby an 

influence on the fuel electrode process was not observed. However, the fuel electrode 

showed a significant influence of pressure during steam electrolysis. This observation 

indicates that the respective reduction mechanism on Ni-YSZ is most likely dominated 

by a different rate-determining step compared to pure steam electrolysis operation. In 

comparison, the pressure effect of the ESC stack was found to be related to a reduced fuel 

electrode resistance that can be attributed to the increased number of reactants at active 

sites at higher pressure. On the other hand, the diffusion is hardly affected due to the low 

thickness of the fuel electrode. 

The long-term stability was investigated under constant-current conditions with three 

ESC stacks in pressurized steam and co-electrolysis mode over 1,000-2,000 hours. There-

fore, these experiments represent the longest stack operation in pressurized electrolysis 

modes published to date. The steam electrolysis operation at 1.4 bar showed a degradation 

behavior that is comparable with published results of atmospheric operations. The stack 

that was operated at a pressure of 8 bar over 2,000 hours showed a performance loss al-

most four times higher than at 1.4 bar. For both stacks, the major part of the observed 

degradation could be attributed to the ohmic resistance. Within the post-test analyses of 

the cells, a significantly higher extent of nickel depletion in the fuel electrode was ob-

served for the stack operated at 8 bar. This phenomenon indicates that the operating pres-

sure has a considerable influence on the nickel mobility and leads to a decrease in the 

effective conductivity of the fuel electrode. Observed delamination of the air electrodes 

were difficult to attribute certain operating conditions since these phenomena are also 

possible to occur during the disassembly of stacks. The third ESC stack was operated in 

co-electrolysis at 1.4 and 8 bar over 1,000 hours. The performance loss was shown to 

noticeably increase from steam to co-electrolysis operation. Furthermore, the ohmic re-

sistance was identified again to be the dominant cause of the degradation. However, the 

increased performance loss observed during co-electrolysis operation could finally not be 

confidently assigned to the operating condition. A contamination with sulfur by the used 

CO2 or CO is likely, as similar observations had previously also been made for single-

cell operations [90–92]. Although Ni-CGO electrodes have been shown to be more toler-

ant towards sulfur contamination, an irreversible degradation due to a partially 
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deactivated cell surface is likely to be nevertheless associated [100]. Hence, a suitable 

desulfurization unit should therefore be used for the co-electrolysis operation. 

Based on an available numerical model of one repeating unit, a 1D+1D stack model was 

developed and parameterized with experimentally obtained data to predict the perfor-

mance and temperature gradients during the pressurized stack operation of the ESC. The 

activation energy of the fuel electrode reaction and the exponents for the partial pressure 

dependencies of the exchange current density used in the Butler-Volmer equation were 

determined experimentally. Furthermore, the properties of the used materials, heat trans-

fers and dimensions within the experimental setup were implemented. The stack model 

was validated with experimental results for pressurized steam and co-electrolysis opera-

tions. The simulations generally show a good agreement with the experiments with regard 

to cell voltages and temperature gradients. Consequently, the model offers the possibility 

to investigate operating conditions that go beyond the experimental feasibilities. It is al-

ready in use within DLR’s research on SOEC modules and can thus serve as a basis for 

the development and optimization of safe operating strategies or control concepts as de-

scribed within the next chapter. 
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8 Future work 

The current thesis aims to supplement and close several scientific gaps of the pressurized 

electrolysis operation of different SOEC stack types. The number of scientific publica-

tions has increased significantly with the provided experimental data and performed in-

vestigations of this work. However, several aspects for future research directions as a 

continuation of this work are provided below. 

The performance of the ESC stack was shown to be lower compared to the CSC stack 

due to a significantly higher ohmic resistance. Furthermore, significant potential for a 

performance improvement of prospective ESC stacks was observed, since contact re-

sistances considerably contribute to the ohmic proportion. Reducing the electrolyte thick-

ness and/or reducing the contact resistances within the cells could therefore lead to a sig-

nificant increase in performance of the electrochemical device. However, the mechanical 

stability of the cells must be considered and preserved since it is one of the major ad-

vantages of ESCs compared to CSCs.  

The stack performance was shown to be dependent on the CO2 content in the feed and an 

occurrence of electrochemical CO2 reduction was indicated by the stack experiments dur-

ing co-electrolysis operation. The quantification of this proportion for different operating 

conditions would be scientifically interesting as it would expand our knowledge of the 

mechanism of the co-electrolysis process. A suitable device for these investigations could 

be a segmented cell (or even a stack) in which several small active areas can be examined 

more closely for the electrochemical processes. Furthermore, an analysis of the gas com-

position in each small cell section could help understand the current density and reactant 

conversion distribution across a large cell. Hence, temperature gradients or the probability 

of carbon deposition can be estimated for different conditions and a safe operation of cells 

and stacks can be derived. 

Within the CO2 electrolysis investigations carried out in this thesis, a significantly differ-

ent pressure influence was observed when Ni-YSZ or Ni-CGO electrodes were used. The 

phenomenon and mechanistic details behind the low pressure influence on the Ni-YSZ 

fuel electrode process during CO2 electrolysis could not be elucidated with the stack 

measurements due to the large cell area. However, the measurements indicate that the 

occurring rate-determining steps and the electrochemical reduction mechanisms are dif-

ferent for Ni-YSZ and Ni-CGO fuel electrodes. A better insight into the mechanistic 
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details of electrode processes for H2O or CO2 electrolysis can likely be done with half-

cell or button cell experiments. 

Three long-term operations under pressurized conditions were shown in this thesis. 

Firstly, the experimental results and post-test analyses have to be reproduced to achieve 

a profound statistical significance. Secondly, the operating durations have to be extended 

in order to predict the degradation of stacks over much longer operating times, as it would 

be the case for pressurized SOEC systems. Thirdly, a contamination with silicon was 

found in the stacks during the post-test analyses. However, the origin of this species is 

not yet clearly identified, as it could come from the used liquid water, the used glass 

within the stack sealings or other test rig components. In addition, the influence of the 

mass of silicon on the stack degradation has not yet been quantified in literature. The co-

electrolysis operation showed a significantly higher degradation that might be related to 

sulfur contamination of the cells originating from the used CO or CO2 gas. To eliminate 

this potential contaminant could be a next step for the long-term co-electrolysis investi-

gation, although ppb levels of sulfur are difficult to quantify in the gas phase and further-

more not trivial to precipitate with desulfurization units [101–103].  

The developed and parameterized stack model revealed generally a good accordance be-

tween the experimental and simulated data. However, a deviation for the highly exother-

mic operation was observed that can be attributed to inaccuracies of the modeled heat 

transfers. An improvement is currently being worked on. Furthermore, the electrochemi-

cal CO2 reduction process should be implemented into the model in order to provide the 

possibility to accurately simulate the pressurized CO2 electrolysis operation. The kinetics 

of the occurring stack-internal methanation is currently based on literature values. Hence, 

an experimental determination of the activation energy required for the methanation pro-

cess might bring additional accuracy for the pressurized co-electrolysis mode. Lastly, the 

ability to model different stack types would be of high value for subsequent scientific 

studies of pressurized SOEC stack operations. 

The validated stack model is already being used as a basic building block for extended 

studies with regard to the modeling of stacks, stack towers, stack modules and even the 

simulation of SOEC systems. The model will be used to investigate and the development 

of suitable operating strategies and system control concepts. For instance, a possible ap-

plication of the model can be the sensor equipment of stack modules, where each stack is 

currently monitored individually for its voltage and temperature. The model can help to 
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reduce the number of sensors and thus the costs in perspective by identifying the most 

meaningful and relevant measurement spots while a safe operation of all stacks is ensured. 
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