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Kurzfassung 

Die Verwendung von Meer- und Abwasser stellt eine Möglichkeit dar, den Druck auf 

Frischwasserressourcen für die Wasserstoffherstellung zu verringern. Die 

Hochtemperaturelektrolyse zeichnet sich durch erhöhte Effizienzen bei den 

Operationstemperaturen von 700 bis 900 °C aus.  

In dieser Arbeit werden kommerzielle Festoxidzellen auf Ihre Komptabilität mit salzhaltigem 

Wasser untersucht. Dabei werden die Leistung und die Stabilität betrachtet. Zudem wird eine 

Lösung auf Systemebene für die Verwendung in Hochtemperaturelektrolyseanlagen diskutiert. 

Aus den Vergleichsmessungen mit ultrapurem Wasser konnte gezeigt werden, dass das 

Degradationsverhalten der Zellen im Betrieb stark von den Batches der Zellen abhängt, wobei 

Vergiftungen mit Silizium in den Ausgangsmaterialien kritisch zu sehen sind. 

Die Verwendung von Meerwasser zeigte keinen Einfluss auf die initiale Leistung der Zellen. 

Allerdings wurde eine erhöhte Degradationsrate über 1000 Stunden Betriebszeit aufgrund von 

Verlusten in der Ni-YSZ Brenngaselektrode durch Siliziumvergiftungen beobachtet. Der 

Transport von Salz und dessen Ablagerung auf der Zelle wurde bestätigt. Interessanterweise 

wurden herkömmliche Degradationsmechanismen durch die Verwendung von Meerwasser 

unterdrückt, was auf eine Stabilisierung der Mikrostruktur in der Ni-YSZ Brenngaselektrode 

zurückgeführt wurde. 

In einem Test mit erhöhter Natriumchloridkonzentration wurde ebenfalls kein Einfluss auf die 

anfängliche Leistung beobachtet. Allerdings wurde eine erhöhte Degradationsrate in einem 

Langzeitversuch über 1000 Stunden beobachtet, welche auf Verluste in der Ni-YSZ 

Brenngaselektrode zurückzuführen ist. Es wurde eine Natriumcarbonatspezies auf der 

Elektrode mithilfe von SEM-EDX gefunden. Auf Basis der Erkenntnisse wurde ein 

Mechanismus vorgeschlagen, in dem gasförmige Salzsäure gebildet wird, welche für die 

erhöhte Degradation verantwortlich ist. 

Im letzten Schritt wurde eine technische und ökonomische Analyse durchgeführt, bei der die 

Verwendung eines Fallfilmverdampfers gekoppelt mit einem 

Hochtemperaturelektrolysesystems für die Meerwasserverwendung evaluiert wurde. Dies 

wurde mit einem System basierend auf einer Umkehrosmose und einem konventionellen 

Verdampfer verglichen. Es wurde gezeigt, dass ein ökonomischer Vorteil durch die simultane 

Verdampfung und Aufreinigung von Meerwasser wahrscheinlich ist. Allerdings besteht ein 

erhöhtes technische Risiko.  

Insgesamt konnte gezeigt werden, dass Meerwasser und Abwassernutzung in der 

Hochtemperaturelektrolyse zukünftiges Potential bieten, allerdings kann der Transport von 

Salzen oder anderen Verunreinigen problematisch für das System sein. In dieser Arbeit wurde 

speziell herausgestellt, dass Silizium (in Meerwasser) oder Natriumchlorid problematisch für 

die Zellstabilität sind und vorher herausgefiltert werden müssen. 
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Abstract 

The utilization of seawater and wastewater is one way of reducing the pressure on freshwater 

sources for the production of hydrogen. High temperature electrolysis is an interesting 

approach due to the increased efficiencies at operating temperatures of 700 – 900 °C.  

In this work, commercially available solid oxide cells were analyzed for operation with saline 

containing water. The electrochemical performance and long term stability were evaluated, 

and a novel system level concept for seawater utilization in high temperature electrodes was 

assessed.  

For pure water operation, acting as reference, degradation behavior strongly depended on cell 

production conditions, with silicon contamination from starting materials identified as a critical 

factor. Thus, long term stability testing with saline water utilization should be only compared 

against benchmark pure water operation from the same cell production batch. 

The use of seawater showed no influence on the initial performance and activation energies 

of the cells. However, an increased degradation rate over 1000 hours of operation was 

observed due to polarization losses in the Ni-YSZ fuel electrode. This was correlated to silica 

poisoning detected by post test characterization. Additionally, the transport of salt was 

confirmed by deposits found on the surface of the Ni-YSZ fuel electrode. Interestingly, 

conventional degradation mechanisms were suppressed by seawater usage, which was 

attributed to a stabilization of the microstructure in the Ni-YSZ fuel gas electrode. 

Electrochemical measurements with saturated sodium chloride solution revealed no negative 

effect on the initial performance and activation energies. However, an increased degradation 

rate was observed, which can be attributed to polarization losses in the Ni-YSZ fuel electrode. 

A sodium carbonate species was detected by post test characterization on the fuel electrode 

surface. The findings suggested a mechanism in which gaseous hydrochloric acid is formed, 

contributing to accelerated Ni agglomeration in the electrode and leading to increased 

degradation. 

In the final step, the use of a falling film evaporator coupled with a high temperature electrolysis 

system for seawater utilization was evaluated through technical and economic analysis. This 

was compared with a system based on a reverse seawater osmosis unit and a conventional 

evaporator. It was shown that the simultaneous evaporation and purification of seawater is 

likely to provide an economic advantage. However, there is an increased technical risk.  

It was shown that seawater and wastewater utilization in high temperature electrolysis offer 

future potential, but the transport of salt or other impurities can be problematic for the system. 

In this work, it was specifically emphasized that silicon, e.g. in seawater or sodium chloride, is 

problematic for cell stability and must be filtered out beforehand. 
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1 Motivation 

The rising concentration of global greenhouse gases due to human activities sparks the need 

for a transition in the energy sector from fossil fuels to sustainable energy sources to mitigate 

global warming. Sustainable power sources include solar photovoltaic, wind and hydropower 

with solar radiation offering the greatest potential [1]. Efficient conversion and storage 

technologies are essential for managing seasonal fluctuations and enabling long distance 

energy transport. Here, electrolysis technologies can convert renewably generated electrical 

energy into chemical energy carriers for storage and transportation. The electrochemical 

splitting of water produces hydrogen, which is promising due to its high gravimetric energy 

density [1].  

State-of-the-art electrolysis technologies for hydrogen production rely almost exclusively on 

freshwater of high purity [2]. The freshwater supply is expected to become more erratic and 

uncertain, and freshwater demand will increase in the next few years [3-4]. For instance, 

projections indicate that the number of urban residents facing water scarcity will grow from 933 

million in 2016 (approximately one third of the global urban population) to 2.4 billion by 2050 

[5]. This issue is particularly acute in regions such as Africa, South America, and Australia, 

which possess high solar irradiation potential and are thus promising candidates for hydrogen 

production. However, water scarcity is expected to rise in these regions and could be 

exacerbated by the deployment of electrolyzer systems [4, 6-7].  

One strategy to relieve pressure on freshwater resources is to utilize alternative water sources, 

such as seawater and industrial wastewater. Recent studies have investigated the feasibility 

of seawater in various electrolysis systems with different technological approaches [8-11]. The 

utilization of industry wastewater with higher salt content is another solution that has not been 

discussed in the literature until now. A particularly promising approach is the high temperature 

solid oxide electrolysis cell (SOEC), which uses steam instead of liquid water due to operating 

temperatures of around 800 °C. Thus, competitive and parasitic reactions like the chlorine 

evolution reaction are not expected to occur, which is a significant problem in room 

temperature technologies such as alkaline electrolysis [12-13].  

While a few studies have evaluated the direct use of seawater in SOECs, a comprehensive 

scientific, technical, and economic assessment is still lacking [9, 14-15]. Moreover, the long term 

stability of SOECs with higher concentrated saline waters is missing in literature. 

Therefore, this thesis focuses on the evaluation of saline water utilization in SOEC systems. 

The goal is to understand degradation mechanisms, identify technical challenges, and assess 

economic feasibility. This work aims to close existing gaps in the literature by combining 

detailed electrochemical investigations with system level analysis, providing a holistic 

perspective on the potential of saltwater fed high temperature electrolysis. 
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2 Solid Oxide Electrolysis Cells 

2.1 Working Principle 

Solid oxide cells (SOCs) are high temperature electrochemical devices capable of both energy 

conversion and storage. They are operated at elevated temperatures between 650 and 900 °C 

and are designed to function in both fuel cell (SOFC) and in electrolysis (SOEC) modes using  

the same cell design as a key feature [16]. The ability to switch reversibly between these modes 

gives rise to the term reversible solid oxide cell (RSOC). A key advantage of SOCs is their 

operational flexibility with various feedstocks such as carbon based fuels, hydrogen, and 

ammonia in SOFC mode, and steam or carbon dioxide in SOEC mode. A schematic overview 

of such a system is shown in Figure 1. 

 

Figure 1 Representation of a reversible and flexible operatable SOC system. 

Recent research has increasingly focused on SOECs due to their potential for efficient 

hydrogen production and energy storage. Structurally, SOCs are ceramic based devices 

consisting of three essential components: an oxide ion conductive electrolyte sandwiched by 

cermet (ceramic metal composite), metal, or ceramic electrodes. The electrolyte requirements 

are gas tightness, high ionic conductivity, and low electronic conductivity. The electrodes are 

the active layers where the electrochemical reaction occurs and must offer sufficient electronic 

and ionic conductivity to support high electrochemical performances.  

It is important to note that a steam generator is placed upstream of the SOEC system for water 

electrolysis; thus, the term steam electrolysis is often used [16]. 
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In the case of steam electrolysis, power is supplied to split steam into hydrogen and oxygen. 

At the cathode, steam is reduced under the release of hydrogen and the formation of O2− ions 

(Equation 2.1), which act as charge carriers through the solid electrolyte. These O2− ions are 

oxidized at the anode, releasing molecular oxygen and electrons. The latter are introduced into 

the outer electrical circuit (Equation 2.2). The overall reaction is given in Equation 2.3. A 

schematic representation of a SOC operated in SOEC or SOFC mode in a steam and hydrogen 

atmosphere is provided in Figure 2. To ensure sufficient O2− conductivity in the electrolyte and 

the electrodes high operating temperatures between 650 to 900 °C are required. 

H2O + 2e− → H2 + O2− (2.1) 

2 O2− → O2 + 4e− (2.2) 

2 H2O → 2 H2 + O2 (2.3) 

It is worth noting that SOECs can be operated in co-electrolysis, where both steam and CO₂ 

are simultaneously split [17]. However, this thesis focuses exclusively on steam electrolysis. 

In recent years, the electrode denotation of the fuel electrode for the cathode and the air 

electrode for the anode in electrolysis operation is preferred to avoid confusion caused by the 

possible switching between electrolysis and fuel cell operation and the consecutive switching 

of the denotation’s anode and cathode. Thus, the terms fuel and air electrode are adopted 

consistently throughout the manuscript. 

 

Figure 2 Schematic representation of the working principle of a SOC operated in SOFC and 
SOEC mode in a H2/H2O system. 
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2.2 Thermodynamics 

Among available electrolysis technologies, high temperature electrolysis systems are 

thermodynamically the most efficient. The thermodynamic minimum total energy demand for 

water splitting is given by the formation enthalpy 𝛥𝐻𝑓 . 𝛥𝐻𝑓 consists of an electric contribution, 

which is the Gibbs free energy of formation 𝛥𝐺𝑓 and a thermal contribution, including the 

entropy of formation 𝛥𝑆𝑓 and the temperature 𝑇 as expressed in Equation 2.4. The high 

temperature reduction of H2O is an endothermic reaction and 𝛥𝑆𝑓 is positive. 

𝛥𝐻𝑓 = 𝛥𝐺𝑓 + 𝑇𝛥𝑆𝑓 (2.4) 

The minimum (reversible) cell voltage 𝐸0 is calculated from 𝛥𝐺𝑓 as shown in Equation 2.5 in 

the case of equilibrium gas conditions with 𝑛 as the number of exchanged electrons and 𝐹 as 

the Faraday constant. 

𝛥𝐺𝑓 =  −𝑛𝐹𝐸𝑜 (2.5) 

Figure 3 illustrates the thermodynamic energy demands and the corresponding cell voltages 

for steam electrolysis across a temperature range from 0 to 1000 °C at atmospheric pressure. 

The total energy demand of formation stays relatively constant over a temperature range from 

100 to 1200 °C. At 100 °C, the evaporation heat of water is responsible for the drop in total 

energy and thermal energy demand. The thermal contribution increases with temperature, 

whereas the electric contribution decreases. Thus, an increasing amount of the total energy 

demand can be supplied by heat accompanied by an increase in operating temperature. 

Concerning this, the required minimum cell voltage is decreasing. Additionally, elevated 

temperatures enhance reaction kinetics, which further improves overall efficiency [18-19].  

A comparison of the typical ranges of cell voltage versus the current density for SOECs, 

alkaline electrolysis cells and proton exchange membrane (PEM) electrolysis cells in water 

electrolysis operation is shown in Figure 4. Here, the effects of thermodynamics correspond to 

significantly improved electrical efficiency of SOECs compared to other technologies. Eth in the 

plot refers to the thermoneutral voltage where the SOEC operation supplies exactly the power 

necessary to meet the required heat for the endothermic water splitting reaction. From the 

figure, SOECs are the go to option for the hydrogen economy due to their higher efficiency 

compared to other low temperature systems. However, SOEC systems need high startup and 

shut down times and the scale up is difficult due to the balance of plant (BOP) components [19]. 

Furthermore, the long term stability in SOECs is still an issue, which will be discussed further 

in the next section [21]. 
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Figure 3 Illustration of the total energy demand, heat demand and electricity demand based 
on thermodynamics of water electrolysis with typical ranges of cell voltages taken from [20]. 

 

Figure 4 Typical voltage ranges as a function of current density for water electrolysis of low 
temperature and high temperature cells taken from [22]. 

2.3 Degradation Behavior 

On a system level, all components of a SOEC system need the lowest possible degradation 

rates to be commercially feasible. Here, rates between 0.5 and 0.75 %/kh−1 need to be 

reached, corresponding to around 20 % performance loss over 5 years [21]. Reported 

degradation rates in the literature vary widely depending on operating conditions, ranging from 
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0.5 % to over 5 %/kh [23-26]. Notably, lower degradation rates are mainly recorded at low current 

densities of around −0.5 A∙cm−2, whereas a practical operation at thermoneutral operation 

(1.29 V) corresponds to much higher current densities of −1.5  A∙cm−2  [19].  

Degradation is predominantly attributed to the state-of-the-art Ni based fuel electrodes, 

especially Ni-YSZ and Ni-GDC, which are favored for their high catalytic activity and 

affordability [27-28]. Between both, Ni-YSZ is still the most studied material [28]. In Ni-YSZ fuel 

electrodes, the water splitting happens at the triple phase boundaries (TPB) between the 

electrical conducting phase (Ni), the ionic conducting phase (YSZ) and the gas phase 

(H2O/H2). Common degradation mechanisms include Ni migration, agglomeration, and 

depletion, all of which reduce electrochemical performance [29-31]. 

In addition, impurity transport can damage the electrode microstructure or block active sites 

[32-34]. Figure 5 visually summarizes key degradation mechanisms leading to a reduction of the 

active TPB length. For instance, the depletion of Ni is leading to inactive zones near the 

electrolyte. Other degradation mechanisms not shown here include the delamination of layers 

or the fracturing or cracking of the electrolyte [21, 35]. 

Delamination issues are often connected to the air electrode as the delamination is attributed 

to the evolution of oxygen where the oxygen penetrates pores of the electrode/barrier 

layer/electrolyte interfaces and builds up an oxygen gradient under anodic polarization [36-37]. 

Increases in ohmic resistance during SOEC operation are frequently attributed to this 

phenomenon  [30-31].  

 

Figure 5 Degradation mechanisms occurring in Ni-YSZ fuel electrodes during SOEC 
operation. 
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3 Electrochemical Methods 

3.1 Current Voltage Characteristics 

3.1.1 Open Circuit Voltage 

The open circuit voltage (OCV) is defined as the measured potential of an electrochemical cell 

when no current is flowing. Theoretically, the OCV equals the reversible (minimum) cell voltage 

derived from the Nernst equation. The Nernst equation for steam electrolysis in SOECs is 

given in Equation 3.1. and allows the calculation of the theoretical OCV for a specific gas partial 

pressure at the electrodes of the cell. Here, the commonly used activity of the reaction species 

is exchanged by the partial pressure 𝜌  representing the gas mixtures used [38]. The theoretical 

OCV provides a way to assess gas leakages between the fuel and air electrodes in the SOC 

setup by comparing it with the measured OCV. 

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 =  
𝛥𝐺𝑓

0

𝑛𝐹
−

𝑅𝑇

𝑛𝐹
 ln (

𝜌𝐻2𝑂

𝜌𝐻2√𝜌𝑂2

) (3.1) 

3.1.2 Polarization Losses 

The following fundamental knowledge and equations can be found in the textbook “Fuel Cell 

Fundamentals” in chapter 3 (activation losses) [39], chapter 4 [40] (ohmic losses) and chapter 5 

[41] (concentration losses) if not otherwise referenced.  

Under real operation conditions, various irreversible losses cause the required cell voltage for 

an electrochemical reaction to exceed the theoretical Nernst potential. The real cell voltage, 

𝐸𝐶𝑒𝑙𝑙  , results from the sum of the theoretical Nernst voltage and the respective overpotentials, 

as described in Equation 3.2. 

𝐸𝐶𝑒𝑙𝑙 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 + ηOhmic+ ηActivation+ ηConcentration (3.2) 

The ohmic overpotential ηOhmic follows Ohms law and is proportional to the current 𝐼 with the 

resistance 𝑅 as a factor as shown in Equation 3.3. The losses result from the resistance of the 

charge transport within the cells, including the electrodes, current collectors and general 

electrical contacts. 

𝜂Ohmic = 𝑅𝐼 (3.3) 

The electronic contribution is due to electron transport, for instance, in the metal current 

collectors or the mixed ionic electronic conducting electrodes in the SOC. Normally, the 

electronic conductivity of the typically used materials is higher than the ionic conductivity. For 
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instance, the electronic conductivity of nickel (current collector) at 800 °C is in the order of 

3∙104 S∙cm−1, whereas the ionic conductivity of 8-YSZ (electrolyte) at 800 °C is in the order of 

0.01 to 0.1 S∙cm−1 [42-44]. Thus, the resistance caused by electronic transport is mostly negligible 

in a SOC. The ionic contribution arises from the transport of oxygen ions, which occurs via 

defects in the material structure. This mechanism typically involves ion hopping across 

vacancies or interstitial positions within the crystal lattice. The corresponding resistance is 

affected by the conductivity σ of a material as described in Equation 3.4, where 𝐴 is the area 

and 𝐿 is the length or the thickness of the electrolyte in the case of a SOC.  

𝑅 =
𝐿

𝜎𝐴
 (3.4) 

Activation overpotentials (𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛) are associated with the energy barrier of the 

electrochemical reaction that must be overcome. In the case of steam electrolysis, the half 

reactions shown earlier in chapter 2 (Equations 2.1 and 2.2) need a certain amount of energy. 

The needed energy is supplied by the voltage, increasing the theoretical OCV by 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛. 

The Buttler-Volmer (BV) equation describes the relation between 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 and the current 

density 𝑖 and is shown in Equation 3.5. Here 𝑖0 is the exchange current density, 𝛼 the transfer 

coefficient as a measure of the symmetry of the energy barrier and 𝑛 the number of exchanged 

electrons. The relationship shown here is under the assumption of a one step, one electron 

process (𝑛 = 1). In many multistep, multielectron transfers, the BV equation can still be a good 

approximation as the rate determining electron transfer is often a one electron process [45].  

𝑖 = 𝑖0 (exp (
𝛼𝑛𝐹𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

𝑅𝑇
) − exp (

−(1 − 𝛼)𝑛𝐹𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

𝑅𝑇
)) (3.5) 

There are two limiting cases for the BV equation. At low overpotentials (or low current 

densities) where 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 < 
𝑅𝑇

𝛼𝐹
, a Taylor-MacClaurin expansion yields the linear 

approximation shown in Equation 3.6. At high overpotentials where 𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 > 
𝑅𝑇

𝛼𝐹
, the 

equation simplifies to the Tafel Equation 3.7. in which 𝑏 is the Tafel slope and 𝛼 a constant [46]. 

𝑖 = 𝑖0

𝛼𝑛𝐹𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

𝑅𝑇
 (3.6) 

𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =
𝑅𝑇

𝛼𝑛𝐹
ln 𝑖0 +

𝑅𝑇

𝛼𝑛𝐹
ln 𝑖 = 𝑎 + 𝑏 ln 𝑖 (3.7) 

Lastly, concentration overpotentials 𝜂Concentration contribute to the overall real cell voltage by 

taking into account limitations in the mass transport supporting the applied current. In the case 

of steam electrolysis in SOCs, steam must be transported to the electrode surface. The steam 
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molecules diffuse through the porous electrode structure to reach the internal catalytic active 

sites near the electrode/electrolyte interface. The diffusion inside the electrode is significantly 

slower than the external diffusion to the surface. When current is applied to the cell, the 

reactants are converted into products, as shown in Equation 2.3 for steam electrolysis. 

Consequently, a concentration gradient from the gas bulk phase (higher reactant and lower 

product concentration) over the porous electrode to the electrode/electrolyte interface (lower 

reactant and higher product concentration) is formed driving the diffusion. By the depletion of 

the reactant at the active catalytic sides the reaction rate is lowered and secondly, the Nernst 

potential is changed by the change in local gas composition (Equation 3.1.). These effects are 

significant at high currents where the conversion rate is high and diffusion to the active site is 

rate determining but are also present at lower current densities with minor impact on the 

operation voltage.  

The concentration overpotentials due to diffusion limitations are described by Equation 3.8 

where 𝑖𝐿  is the limiting current density. 𝑖𝐿  describes the situation where the reactant 

concentration at the catalytic active sites is zero. Thus, a further increase in voltage does not 

lead to an increase in current and the reaction is limited by diffusion. In Equation 3.9 the 

relationship of 𝑖𝐿  to the effective reactant diffusivity 𝐷𝑒𝑓𝑓, the reactant concentration in the bulk 

phase 𝑐𝑅
0 and the diffusion layer thickness 𝛿 (approximately the electrode thickness) is shown. 

ηConcentration =
𝑅𝑇

𝑛𝐹
(1 +

1

𝛼
) ln

𝑖𝐿

𝑖𝐿 − 𝑖
 (3.8) 

𝑖𝐿 = 𝑛𝐹𝐷𝑒𝑓𝑓
𝑐𝑅

0

𝛿
 (3.9) 

Concentration overpotentials by conversion limitations arise due to the gradual consumption 

of reactants along the gas channel which results in a decrease in educt concentration 

downstream. This effect is not discussed in detail in the present work, as it is not believed to 

be relevant to the experimental setup employed with low conversion rate and high gas flow 

rates (see chapter 5). For a comprehensive description of conversion related concentration 

overpotentials, the reader is referred to [47-48]. 

3.2 Electrochemical Impedance Spectroscopy 

The fundamental principles and equations presented in this section are derived from the 

references  [49] and [50].  

Electrochemical impedance spectroscopy (EIS) is a frequency domain characterization 

method that uses a small amplitude alternating voltage or current signal. It enables the 

deconvolution of individual electrochemical processes according to their characteristic time 

constants in a time dependent system. These processes can include charge transfers, 
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adsorption/desorption phenomena, and mass transport (e.g. diffusion), and can be described 

by idealized electrical components such as resistors, capacitors, and inductors. Unlike a 

resistor which exhibits time independent behavior, components like capacitors and inductors 

are inherently time dependent and do not obey Ohm’s law in the time domain. Instead, their 

voltage current relationship involves differential equations. By transforming these relationships 

into the Laplace domain using a complex frequency variable s, an Ohm’s law like expression 

becomes applicable. The complex counterpart of the resistance is referred to as impedance 

𝑍(s), which relates the complex voltage 𝑉(𝑠) to the complex current 𝐼(s), as shown in 

Equation 3.10. 

𝑉(𝑠) = 𝑍(s) ∙ 𝐼(s) (3.10) 

Performing an EIS measurement typically involves the application of a small amplitude, 

periodic potential or current perturbation to excite the electrochemical system. Normally, a 

sinusoidal wave is applied due to mathematical ease of use. The system's response (either 

current or voltage) is recorded and exhibits a phase shift θ relative to the input signal. In 

Equation 3.11 an expression of an applied sinusoidal voltage is given to excite a system. In 

Equation 3.12 the resulting current response is displayed. In the equations, the angular 

frequency ω is included which is related to the frequency 𝑓 by Equation 3.13. Applying a 

Fourier transformation enables both the input and response signals to be expressed in the 

frequency domain. The periodicity of both signals leads to the Fourier transformation not 

containing a real part in its transform variable resulting in the complex frequency being 𝑖𝜔. The 

impedance Z (𝑖𝜔) is calculated from the magnitude of the sine waves 𝑉0 and 𝐼0 and the phase 

shift θ as shown in Equation 3.14. The derived complex exponential function is transformed by 

applying the Eulers relation into a real and imaginary part as shown in Equation 3.14.  

𝑉(𝑡) = 𝑉0 sin(𝜔𝑡) (3.11) 

𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜃) (3.12) 

𝑓 =
𝜔

2𝜋
  (3.13) 

𝑍(𝑖𝜔) =
𝑉(𝑖𝜔)

𝐼(𝑖𝜔)
=

𝑉0

𝐼0
exp(𝑖𝜃) = 𝑍0𝑒𝑖𝛷 = 𝑍0[cos 𝜃 + i𝑍0 sin 𝜃] =  𝑍′ + i𝑍′′ (3.14) 

A commonly used method for visualizing EIS data is the Nyquist plot, which presents the 

complex impedance in a two dimensional graph and allows for an analysis of the system. Each 

individual data point corresponds to a specific frequency, typically decreasing from left to right. 

A simple Nyquist plot including three individual distinct time constants is shown in Figure 6 

where the negative imaginary part −𝑍′′ is plotted against the real part 𝑍′. The ohmic resistance 
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(𝑅Ω) is obtained from the high frequency intercept with the x-axis while the low frequency 

intercept reflects the total cell resistance. The polarization resistance (𝑅𝑝) is calculated as the 

difference between 𝑅Ω and the total resistance. 𝑅𝑝 includes the contributions from the 

polarization losses described in section 3.1.2. excluding the ohmic losses which are attributed 

to 𝑅Ω. It should be noted that measurement instabilities, parasitic impedances and insufficient 

frequency ranges can hinder accurate and meaningful interpretation of Nyquist plots [51]. 

Another commonly used representation is the Bode plot where the magnitude |Z| or the phase 

shift is plotted against the logarithmic frequency. Different representations of EIS data can 

provide complementary insights into the electrochemical behavior of materials. For example, 

the Bode plot is useful for the detection of parallel electric responses in electro ceramic 

systems [52]. 

 

Figure 6 Nyquist plot including three individual three individual time constants and description 
of the ohmic and polarization resistance. 

3.2.1 Equivalent Circuit Model 

The analysis of EIS data commonly involves fitting an equivalent circuit model (ECM) to the 

recorded data. Such equivalent circuit models facilitate the deconvolution and interpretation of 

individual physicochemical processes occurring during electrochemical reactions. The most 

common elements employed in an ECM include resistors, capacitors or constant phase 

elements (CPEs) and inductors. These components are logically arranged, either in series or 

in parallel configuration depending on the specific characteristics of the investigated system 

(see Figure 7). The impedance of an ideal resistor, referred to as the resistance 𝑅Ω, is 

frequency independent and purely real, given by Equation 3.15. 

𝑍ohm = 𝑅Ω (3.15) 
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The impedance of an ideal capacitor is described by Equation 3.16 where 𝐶 is the capacitance. 

The capacitor has no real impedance contribution and appears in a Nyquist plot as a vertical 

line in the negative imaginary direction (−𝑍′′) direction. 

𝑍Capacitor =
1

𝑖𝜔𝐶
 (3.16) 

A basic ECM commonly used to describe the electrochemical interface in SOCs includes a 

resistor R1 in series with an RC element composed of a resistor R2 in parallel with a capacitor 

C1. In this configuration, the electrochemical double layer is described by the capacitor C1 while 

the charge transfer at the electrode/electrolyte interface is represented by the resistance R2. 

The resistor R1 reflects the ohmic resistance of the electrolyte. A schematic representation of 

the model is shown in Figure 7. The total impedance of the RC element is derived from applying 

Kirchhoff’s circuit laws and corresponds to the combination of Equations 3.15 and 3.16 as 

expressed in Equation 3.17. 

 

Figure 7 Exemplary circuit model referring to processes occurring in a SOC system. 

𝑍RC =
1

1
𝑅 + 𝑖𝜔𝐶

 (3.17) 

Real electrochemical systems frequently deviate from ideal capacitive behavior due to material 

inhomogeneities, interfacial roughness, pore size distribution and anomalous diffusion 

mechanisms within the porous electrode network [53-54]. To account for these deviations, the 

capacitor in an RC element is often replaced by a constant phase element (CPE) as described 

by Equation 3.18. The exponent 𝛼,  ranging between 0 and 1, characterizes the deviation from 

ideal capacitive behavior. A value of 𝛼 = 1 corresponds to an ideal capacitor, while 𝛼 = 0 
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represents an ideal resistor. Depressed semicircles in Nyquist plots are modelled by such RQ 

elements within the ECM. 

𝑍RC =
1

1
𝑅

+ (𝑖𝜔)𝛼𝑄
 (3.18) 

Lastly, the impedance of an inductor is shown in Equation 3.19 with 𝐿 being the inductance. 

Generally, an inductor is a reversed capacitance resulting in a straight line in the 𝑍′′ direction. 

𝑍𝐼𝑛𝑐𝑑𝑢𝑐𝑡𝑜𝑟 = 𝑖𝜔𝐿 (3.19) 

3.2.2 Distribution of Relaxation Times 

Another approach for analyzing EIS data is the distribution of relaxation times (DRT) which 

provides a model free method for the deconvolution of EIS signals from the frequency domain 

into the time domain. The complex impedance is expressed as an infinite series of RC 

elements in series with a resistor, as shown in Equation 3.20 [55]. 

𝑍(𝑖𝜔) = 𝑅Ω + ∫
ℎ(𝜏)

1 + 𝑖𝜔𝜏
𝑑𝜏

∞

0

 (3.20) 

By normalizing Equation 3.20 using Equation 3.21 the polarization resistance 𝑅𝑝 becomes 

explicit, as shown in Equation 3.22 [56-57]. 

∫ 𝑔(𝜏)𝑑𝜏 = 1
∞

0

 (3.21) 

𝑍(𝑖𝜔) = 𝑅Ω + 𝑅𝑝 ∫
𝑔(𝜏)

1 + 𝑖𝜔𝜏
𝑑𝜏

∞

0

 (3.22) 

The numerical computation of 𝑔(𝜏) is performed by discretization of the integral into a finite 

sum, where 𝑛 is the number of times constants used (Equation 3.23). 

𝑍(𝑖𝜔) = 𝑅Ω + 𝑅𝑝 ∙ ∑
𝑔(𝜏𝑘)

1 + 𝑖𝜔𝜏𝑘

𝑛

𝑘=1

 (3.23) 

A DRT plot is generated by plotting 𝑔(𝜏𝑘) against the relaxation time or the corresponding 

frequency. In the representation, ideal RC elements appear as distinct Dirac pulses at specific 

relaxation times or frequencies. By contrast, RQ elements typically used for describing real 

systems may not transform into distinct Dirac pulses but rather broader, asymmetric peak 

shapes. When the exponent 𝛼 is below 1 these asymmetries cannot be captured by a single 

peak; instead the DRT transformation approximates the asymmetrically distributed response 

by several Gaussian peaks [58]. 
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3.2.3 Application for Solid Oxide Cells 

Both the fitting of EIS data to an ECM and DRT analysis are widely applied in SOC research 

to investigate performance improvements and degradation phenomena. For Ni-YSZ fuel 

electrode cells with LSCF or LSC air electrodes, several studies reported ECMs comprising 

four elements corresponding to at least four peaks observed in the DRT for atmospheric 

oxygen content at the air electrode [31, 59-61]. Analysis of the resistances derived either from 

DRTs or ECMs enables the assignment of individual electrochemical processes occurring in 

SOCs to specific relaxation frequencies. In Table 1 the assignment of processes for Ni-YSZ 

based cells is summarized with their respective relaxation frequencies. Such assignments are 

particularly valuable to investigate degradation, as they allow EIS data recorded before, during 

and after the stability test to be correlated with post test microstructural analyses at the end of 

the experiment. For instance, an increase in the high frequency processes was connected to 

a depletion and/or agglomeration of Ni in the Ni based fuel electrodes [31]. However, clear 

identification of specific processes remains challenging. As shown in Table 1, different groups 

attributed either process P2 or P1 to the Ni-YSZ fuel electrode charge transfer. Furthermore, 

sometimes both processes are described as coupled rather than distinct [59]. 

Table 1 Processes and their assignment from literature sources for Ni-YSZ based fuel 
electrode supported SOCs at an oxygen content of 21 % at the air electrode. 

Process Relaxation 

frequency (Hz) 

Process assignment Comments 

P4 0.1 - 100 

Ni-YSZ fuel electrode: 

Gas diffusion [31, 59-61] 

Gas conversion [60, 62-63] 

Depending on the test 

setup geometry, gas 

diffusion or conversion 

is dominant. 

Sometimes both 

processes are present 

[60]. 

P3 10 - 100 

Air electrode: 

Oxygen surface exchange kinetics 

and O2- diffusivity in the bulk [59] 

Electrochemical process [60] 

Reaction and solid state diffusion 

[62] 

 

P2 100 - 8000 

Ni-YSZ fuel electrode: 

Charge transfer reaction [61, 63] 

Fuel electrode transport [62] 

Often both processes 

are donated as 

coupled fuel electrode 
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P1 1000 - 50000 Ni-YSZ fuel electrode: 

Charge transfer [62] 

Ionic transport in the YSZ matrix 

[61] 

processes or 

electrochemical 

reaction processes [59-

60] 
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4 State of the Art 

Solid oxide fuel cells (SOFCs) have been a subject of extensive research for decades. Building 

on this foundation, solid oxide electrolysis cells (SOECs) have moved into as a promising 

technology. The high efficiencies make SOECs an especially interesting choice for producing 

hydrogen by electrolysis [19]. Several companies already offer SOEC systems commercially, 

and the planned installation of a 2.6 MWel high temperature electrolyzer as part of the 

MultiPLHY project was recently announced [64].  

State-of-the-art SOECs comprise a cermet fuel electrode from nickel and yttria stabilized 

zirconia (YSZ). The electrolyte is predominantly composed of YSZ, while the air electrode 

consists of a mixed ionic–electronic conducting perovskite, with lanthanum strontium cobaltite 

(LSC) and lanthanum strontium cobalt ferrite (LSCF) as prominent examples. A gadolinium 

doped ceria (GDC) barrier layer is commonly applied between the air electrode and electrolyte 

to prevent detrimental reactions that could compromise stability. Consequently, state-of-the-art 

SOECs are largely based on abundant and cost effective raw materials [19, 65].  

One major research topic for the further implementation of SOECs concern stability issues 

which must be tackled [21]. Efforts focus particularly on developing more durable fuel electrodes 

through microstructural optimization or the design of new materials. As Ni agglomeration and 

migration within the Ni based fuel electrodes are common degradation mechanisms, the 

investigation of Ni free fuel electrodes has emerged as a promising strategy [66-67]. Significant 

progress in durability has already been achieved, with reported reductions in degradation rates 

by up to a factor of 100 [19]. Consequently, the scale up and techno economic assessment of 

SOECs for hydrogen production have recently been discussed in the literature [68-71]. 

With the scale up of SOECs and other electrolysis technologies, another challenge arises as 

hydrogen production not only requires electricity but also substantial amounts of water [2]. For 

1 kg of H2, at least 9 L of water is necessary, and it must be available at the location of the 

electrolyzer [72]. Additionally, current technologies predominantly rely on freshwater sources [2]. 

For instance, in Germany, an additional 3300 m3/s of freshwater would be required by 2050 to 

meet the demand for the planned hydrogen economy, as illustrated in Figure 8 [73-74]. This 

dependency could become problematic, as in the current decade the water demand is 

expected to rise due to the population growth, increasing incomes, and urban expansion [3-4]. 

In addition, water supply and availability is expected to become more erratic and uncertain, 

exacerbating water scarcity and stress [4]. 

In consequence, water scarcity among the urban population is projected to rise from one third 

(approximately 933 million people) to nearly half (1.7 – 2.4 billion people) [5]. Thus, competition 

between freshwater use for industrial and economic purposes and the need to meet the basic 

water demands of local populations is likely. As a result, the utilization of seawater in 
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electrolysis has moved into focus as a strategy to alleviate pressure on freshwater resources 

[8, 75].  

Two main solutions are discussed in literature which include (i) the direct utilization of seawater 

(one step electrolysis) and (ii) the coupling of an industrial mature seawater reverse osmosis 

(SWRO) system with an electrolysis plant (two steps electrolysis) [76]. Some studies report that 

the direct use of seawater is advantageous due to additional devices such as the SWRO 

system requiring additional maintenance reducing the total operation time and thus the 

revenue [77-78]. Other studies argue that the two step electrolysis from seawater is preferable, 

as  the costs of the SWRO system are marginal compared to the expenses of water, and it 

protects the electrolyzer from potential damage caused by impurities present in the seawater 

[75, 79]. For instance, in PEM electrolysis systems saltwater ions can damage the membrane 

and the electrode [8, 80]. However, a one size fits all solution must always be seen carefully 

taking into account plant size, geographic location, and technological maturity [81]. 

Another avenue, scarcely addressed in the literature, is the direct use of industrial and 

chemical wastewater as feedstock for electrolysis. Even in the food industry, significant sodium 

chloride concentrations are found in wastewater from processes such as meat curing, 

vegetable pickling, and fish processing [82]. In addition, numerous chemical industries 

discharge wastewater with a high content of sodium chloride (10 to 22 wt. %) or sodium sulfate 

(Na2SO4) [83-85]. For instance, polycarbonate synthesis generates wastewater with 

approximately 10 wt. % NaCl content [85]. Here the utilization of wastewater could support a 

circular economic approach, as illustrated in Figure A 1,  and help minimize operational costs. 

 

Figure 8 Freshwater demand in Germany in 2023 and the expected needed freshwater 
demand for hydrogen production equal to 600 TWh/year by 2025. The figure is based on [73]. 
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In most evaluation studies on seawater utilization for hydrogen electrolysis, the focus has been 

on low temperature systems such as alkaline electrolysis, PEM, and AEM technologies. By 

contrast, SOEC systems are largely absent from technical and economic assessments. In 

SOECs, a steam generator is necessary, and the steam produced is used as feed gas. This 

inherently avoids the chloride evolution reaction commonly observed in other electrolysis 

systems. In the case of direct seawater or industrial wastewater utilization, a compatible steam 

generator system would be essential.  

For instance, electrically heated steam generators are problematic when operated with 

seawater due to potential failure caused by salt cloaking. Thus, thermal water treatment could 

be advantageous when purification and steam generation are combined in one system [86]. 

Nevertheless, no thermal treatment and purification concept for continuous SOEC operation 

has yet been evaluated in the literature to the authors best knowledge. Direct seawater feeding 

into a thermal evaporation/purification system could be compared to a two step process in 

which first passes through a reverse osmosis (RO) before being evaporated in a conventional 

(electrical) evaporator. Even in such cases, trace amounts of impurities (at the ppm or ppb 

level), transported to the cell for example via aerosols in the steam, could still pose critical risks 

to the electrochemical reaction or the evaporators. 

Chlorine, sulfur, and silicon containing salt or molecules are problematic. Silicon containing 

impurities can accumulate at the TPB of the Ni-YSZ fuel electrode leading to the passivation 

and degradation of the SOEC [87-89]. Sulfur containing impurities likewise cause fuel electrode 

passivation of the SOEC [90-91]. Additionally, studies on SOFC operation have examined the 

impact of halogens in the feed gas. Here especially, chlorine containing impurities in coal 

syngas (HCl and CH3Cl) were investigated and found to harm the Ni-YSZ fuel electrode 

stability [34, 92-93].   

Several studies have investigated the effects of direct seawater utilization on SOEC operation 

at the laboratory scale [9, 14-15, 94]. All studies used a bubbler setup for steam generation 

consisting of a heated water bath and carrier gas to transport the produced steam to the cell. 

One study examined the use of synthetic seawater with self fabricated 

Ni-YSZ/YSZ/LSCF-GDC fuel electrode supported single cells [9]. The authors reported no 

significant differences in the initial performance when comparing pure water and seawater 

operation, consistent with other studies [9, 14-15, 94]. Furthermore, similar degradation rates are 

observed for pure water and seawater operations. However, a total degradation time of only 

120 hours was achieved, which is too low for a meaningful long term projection. In addition, 

the authors reported no salt depositions in the cross sections of the fuel electrode by scanning 

electron microscopy (SEM) imaging. However, neither energy-dispersive X-ray spectroscopy 

(EDX) analysis nor investigation of the surface of the fuel electrode was applied. 
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Another study reported no impact on the stability of a Ni-YSZ fuel electrode cell during a 

400 hour degradation test; however, no comparison to a pure water measurement in the same 

test setup is reported [14]. Furthermore, sea salt deposition inside the inlet pipe of the SOEC is 

detected, which could be due to insufficient isolation of the inlet pipes, and would explain the 

high voltage oscillations during the stability test [14]. Furthermore, no salt deposits were found 

by SEM imaging. 

A recent study from 2023 reported a stability test over 1000 hours of operation with direct 

seawater utilization [15]. They reported a degradation rate of 129 mV∙kh−1 for a gas composition 

of 67 % H2O + 33 % H2 for Ni-YSZ/YSZ/GDC/LSCF-GDC cells at 750 °C and a current load of 

300 mA∙cm−2. Their reference pure water measurement was performed for only 150 hours and 

showed a higher degradation rate of 213 mV∙kh−1. The study does not further explain the 

differences between seawater and pure water. The seawater operated cells were post 

characterized by SEM-EDX analysis and no impurity deposition was detected. However, the 

EDX mapping was done in a big area of around 60∙60 µm; thus, small particles could be 

overseen. Furthermore, no EDX map of Na impurities is shown even though the Na content in 

seawater is the highest among the contained cations [95]. 

Another study from 2023 reported a stability test of Ni-YSZ pellets at 750 °C for 500 hours of 

operation time and measured the conductivity [94]. Again, no reference data was recorded 

during the measurement to compare seawater and pure water under the current load. 

However, the authors reported a comparison of the ASR evolution as a measure for the 

conductivity at no current load for seawater and pure water where seawater operation led to a 

higher degradation rate of 0.0072 mΩ∙cm2∙kh−1 compared to 0.00084 mΩ∙cm2∙kh−1. They 

stated that seawater steam caused agglomeration and loss of Ni particles in the Ni-YSZ 

support. Furthermore, they stated that no impurities were found by SEM-EDX analysis, even 

though only the EDX maps of the elements Ni, Zr, O, Y and B are shown in the manuscript. In 

addition, the EDX mapping was done for a large area of around 60∙60 µm.  

In the author’s opinion, several issues can be identified in the current laboratory scale literature, 

as discussed above. Either insufficient post test characterization, insufficient comparison with 

pure water reference measurements or short degradation times limit the significance of the 

reported findings. Furthermore, there is a lack of laboratory stability studies involving 

wastewater or saline water with higher salt concentrations either for investigating industrial 

wastewater utilization or as accelerated stress tests for seawater operation. In addition, 

comprehensive technical and economic analysis of seawater utilization in SOECs has yet been 

published to the authors’ best knowledge.  

Against this background, the present thesis aims to study the effects of direct saltwater and 

seawater operation in SOECs. First, the transport of impurities, including salts, to the cells is 

investigated. Second, the impact of the direct use of this water on the performance and stability 



 
 

23 
 

of SOECs is discussed. This helps to point out possible critical impacts which will help to 

discover the feasibility of seawater and wastewater utilization, a deeper understanding and the 

possibility to prevent or improve the operation. Thirdly, a novel system concept is evaluated, 

focusing on a technically feasible approach for simultaneous thermal evaporation and 

purification in a real SOEC plant's continuous operation with seawater. Finally, a technical and 

economic assessment of seawater utilization at larger scales is carried out, comparing the 

proposed concept with a seawater reverse osmosis (SWRO) system coupled to an SOEC. The 

research concept and context of the thesis are graphically shown in Figure 9. 

 

Figure 9 Graphical representation of the thesis research and development with the research 
questions. 
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5 Experimental  

5.1 Measurement Setup 

A schematic display of the electrochemical measurement setup is shown in Figure 10. Mass 

controllers (MFCs) by Bronkhorst GmbH (Germany) were used to control the gas compositions 

and flows on the air and fuel electrode channels. These were factory calibrated to standard 

liters per minute (SLM) at 20 °C and 1 atm. For the fuel electrode, dry H₂ and N₂ were primarily 

used in the experiments; however, CO and CO₂ mass flow controllers were also installed. At 

the air electrode O2, N2 and air gas flows are possible. Steam is added to the fuel electrode 

gas by leading the dry fuel gases through a heated water bath. The steam content is adjusted 

by the temperature depending on water vapor pressure over an oil heated condenser. The 

water in the bubbler was exchanged depending on the investigated water. For the baseline 

pure water measurements, the bath was filled with deionized ultrapure water. For the 

investigation of seawater, real seawater gathered at the island Texel in the Netherlands was 

used. In Table A 1, the salt composition of the seawater is shown as determined by ICP-OES 

(iCAP 7600, Thermo Fisher Scientific, Germany) performed by ZEA-3 of Forschungszentrum 

Jülich. In the case of the saturated NaCl solution, the salt was added to deionized ultrapure 

water. For salt containing solutions, the water bath temperature was increased to account for 

the elevated boiling point.  

 

Figure 10 Schematic illustration of the used measurement setup. 

The solid oxide electrolysis cell was placed in a Probostat test cell setup. The cell was 

contacted by a platinum mesh on the air electrode side and a combined nickel and platinum 
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mesh on the fuel electrode to minimize Seebeck effect–related measurement artifacts. The 

individual fuel and air gas chambers were sealed with a gold ring placed between the cell and 

the ceramic sample holder. The cell is fixed and gas tightened by a spring loaded ceramic 

tripod. A Faraday cage surrounded the setup to prevent electromagnetic interference. A Vertex 

potentiostat of the company Ivium Technologies B.V. (The Netherlands) is used for 

electrochemical measurements.  

5.2 Electrolysis Cell 

The solid oxide electrolysis cells used in this study were commercially bought from the 

company Elcogen AS (Estonia). The cells were supplied as fuel electrode supported single 

button cells with a diameter of 2 cm and an active area of 0.79 cm2. Each cell consists of a 

Ni-YSZ fuel electrode (NiO-YSZ before reduction) which is divided into the more porous 

support and the denser active functional layer (AFL) adjacent to a thin 8YSZ electrolyte. Above 

the Ni-YSZ fuel electrode, a thin Ni contact layer is applied. The air electrode side consists of 

a GDC barrier layer and a LSC air electrode. The complete cell design is schematically 

displayed in Figure 11. The manufacturer provided thickness data for the Ni–YSZ fuel 

electrode, the YSZ electrolyte, and the LSC air electrode, whereas the thicknesses of the Ni 

contact layer and the GDC barrier layer were determined by the author via secondary electron 

microscopy (SEM) imaging. Two production batches of cells, referred to as the 'new' and 'old' 

batches, were used throughout the study. Table A 2 in the appendix lists the tested cells from 

each batch used for the stability experiments. 

 

Figure 11 Schematic representation of the used Ni-YSZ fuel electrode single cell with a total 

diameter of 2 cm. 
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5.3 Electrochemical Characterization 

To reduce the NiO-YSZ fuel electrode, the cell was treated with H2 at 900 °C. Heating to 900 °C 

was carried out under a flow of 6 L∙h−1 N2 at the fuel electrode and 6 L∙h−1 air at the air electrode 

with a heating rate of 1.5 °C∙min−1. The reduction was done stepwise with gas compositions 

and time frames shown in Table 2. Air was supplied during the reduction at the air electrode. 

Each gas composition was kept until the OCV remains constant. After the reduction, the cell's 

performance was evaluated to ensure proper contact and no faultiness of an individual cell. A 

current density voltage curve (iV) curve measurement in fuel cell mode was conducted from 

OCV down to 0.6 V and back to OCV at 900 °C. Only cells achieving a current density of at 

least 3 A∙cm−2 at 0.6 V were used for the subsequent measurements shown in this thesis. 

Table 2 Reduction procedure with respective flow rate at fuel and air electrode 

Step N2 (L∙h−1) H2 (L∙h−1) Air (L∙h−1) Time 

1 6 0.5 6.5 2 - 6 hours 

2 6 1 1 1 - 2 hours 

3 6 2 2 30 - 60 min 

4 6 3 3 30 - 60 min 

5 5 4 4 30 - 60 min 

6 4 5 5 30 - 60 min 

7 3 6 6 30 - 60 min 

8 2 7 7 30 - 60 min 

9 1 8 8 30 - 60 min 

10 0 9 9 15 - 30 min 

The shown iV curve measurements in the thesis were performed by potentiostatic cycling from 

OCV to 0.6 V to 1.4 V to 0.6 V to OCV with a scan rate of 10 mV∙s−1. EIS measurements are 

recorded in a frequency range from 0.11 to 114 kHz with 25 data points per frequency decade 

and an amplitude of 20 mV to 50 mV, depending on the linearity of the system. Before each 

measurement, an equilibration time of at least 60 seconds was maintained. The EIS data were 

evaluated using the commercial analysis software RelaxIS by RHD-Instruments GmbH & Co. 

KG (Germany). The DRT is calculated using the same software by Gaussian discretization. 

The DRT plots were prepared following the procedure described by Hahn et al. [96]. The current 

and resistance derived from iV curves and EIS measurements were normalized by the active 

area of the cells. iV curves and EIS measurements were conducted at various operating 

conditions under the utilization of different waters such as pure water, seawater and 

concentrated sodium chloride solution. 
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In case of a temperature variation, iV and EIS measurements were recorded at seven 

temperatures in the range from 750 to 900 °C in steps of 25 °C. The gas compositions at the 

fuel electrode were constant at 60 % H2O + 40 % H2 for all the measurements.  

In case of a steam content variation at the fuel electrode, the operating temperature was held 

constant at 800 °C and H2 was used as balance gas. The steam variation was in the range of 

10 to 60 % H2O.  

The investigated short term stability tests were performed at a constant voltage of 1.25 V for a 

total measurement time of 212 hours. The tests were performed under different operating 

conditions. The operating temperature evaluation was performed at three temperatures of 750, 

800 and 850 °C with a constant gas composition of 60 % H2O + 40 % H2. For the variation of 

steam content at the fuel electrode three conditions with 60, 50 and 40 % H2O with H2 as 

balance gas at 800 °C were investigated.  

The long term stability measurements were performed at a constant current density of 

−1 A∙cm−2, 800 °C and with a gas composition of 60 % H2O + 40 % H2 at the fuel electrode for 

500 to 1000 hours of operation. All measurements were performed with a total gas flow rate of 

9 L∙h−1 at both electrodes. At the air electrode atmospheric air was used. During the stability 

measurements, electrochemical measurements including iV curves and EIS measurements 

were performed every 100 hours at OCV. Here, the stability measurements were stopped and 

restarted. 

The cooldown of the cells to room temperature was done with a gas composition of 

0.5 L∙h−1 H2 + 6 L∙h−1 N2 at the fuel electrode and 6 L∙h−1 air at the air electrode with a cooling 

rate of 1.5 °C∙min−1. 

5.4 Post characterization 

The degraded cells were post characterized by various techniques after dismantling them by 

hand from the measurement setup and exposure to air atmosphere.  

The surface of the Ni-YSZ fuel electrode was characterized by X-ray diffraction (XRD) at room 

temperature using a PANanalytical X´pert MPD diffractometer (Malvern Panalytical), with 

Mo-Kα or Cu-Kα incident radiation. In the case of Mo incident radiation, a mathematical 

conversion to Cu-Kα was done for better comparison with literature or previous results. The 

system was operated in a reflection transmission spinner configuration with a generator 

voltage of 55 kV and a tube current of 40 mA in the case of Mo-Kα incident radiation. In the 

case of Cu-Kα radiation a generator voltage of 40 kV and a tube current of 40 mA were applied. 

Gracing incidence X-ray diffraction (GI-XRD) further characterized the surface of the fuel 

electrode at room temperature an identical instrument with Cu-Kα incident radiation. The 

system was operated in a reflection transmission spinner configuration with a generator 

voltage of 40 kV and a tube current of 40 mA.  
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X-Ray Photoelectron Spectroscopy (XPS) measurements were performed on the fuel 

electrode surface of the degraded cells. A Phi5000 VersaProbe II (ULVAC-Phi Inc., USA) was 

used for the measurements. The Source was monochromatic Al K-alpha (1.486 keV). The 

X-ray setting was 50 W, 15 kV and 200 µm spot size. The Survey was recorded with 187.5 eV 

pass energy in 0.8 eV steps and a 100 ms/step scanning rate. The Quantification of elements 

was done in at% with Shirley-Background and with empirical relative sensitivity factors. The 

measurements and data analysis were done by the ZEA-3 of Forschungszentrum Jülich. 

In the case of the degraded cell operated with steam from saturated sodium chloride solution, 

a plasma focused ion beam scanning electron microscope (TESCAN Amber X; TESCAN) was 

used for planar imaging. Secondary electron (SE) imaging was performed using the integrated 

Everhart-Thornley (E-T) detector and the multidetector (MD), while backscattered electron 

(BSE) imaging was performed using the MD detector only. A low acceleration voltage of 2 kV 

was used to enable surface specific resolution. Compositional analysis was performed using 

energy dispersive X-ray spectroscopy (EDX) using the Elite Super detector from EDAX. Data 

acquisition and analysis were performed using EDAX Apex Advanced software (version 

2.5.1001.0001). The same instrument was used for the EDX analysis of the polished and 

embedded cross sections investigating the Ni and Zr phases of all shown cells with a higher 

acceleration voltage of 20 kV. The analysis and segmentation of the SEM/EDX images 

presented were done using Python, as described in [97]. These results were conducted in 

cooperation with Jean Pierre Puc and Pritam Chakraborty under the supervision of Dr. Basak 

at IET-1. 

The other shown surface measurements were performed by the author using a Quanta FEG 

650, FEI© with the same operating parameters as discussed above. The same instrument was 

used for fractured cross section characterization for all cells. A low acceleration voltage of 2 kV 

was used to enable surface specific resolution. Compositional analysis was performed by EDX 

using the Elite Super detector from EDAX with a higher acceleration voltage of 20 kV. Data 

acquisition and analysis were performed using EDAX Apex Advanced software (version 

2.5.1001.0001). Additionally, the instrument was used to detect Si impurities in the Ni phase 

with an acceleration voltage of 20 kV. 

5.5. Techno-Economic Analysis  

5.5.1 Implementation in Aspen Plus 

The commercial software Aspen Plus, with its extensive thermodynamic and physical 

properties database, is used for the implementation and simulation. This approach is time 

efficient for running chemical process studies and system modeling, integration, and 
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optimization. The Aspen Plus flow sheets used in this thesis can be found in Figure A 11 and 

Figure A 12. 

For easier implementation, the salt content in seawater was simplified to 3.5 mol% NaCl. The 

energy consumption of auxiliary equipment (e.g., magnetic valves, sensors, and 

microprocessors) is not accounted for in the flowsheets, and the compression and storage of 

product gases are not included. A pressure drop of 2 % for the steam generation and the SOEC 

stack is assumed to account for minor hydrogen losses. The heat exchangers are modeled as 

counter flow shell and tube systems. The efficiencies of the balance of plant components 

retrieved from literature are shown in Table A 3 in the appendix [98-99]. The process is modeled 

in Aspen Plus using the ELECTRN and Peng-Robinson property methods. The thermodynamic 

behavior of seawater was modeled using the ELECTRN property method. The Peng-Robinson 

method is used after the point where no significant salt concentrations remain in the system. 

The mentioned cyclic streams were implemented as tear streams in Aspen Plus. The recycle 

stream of the H2 was defined as a design specification to be maintained at 10 mol% of the feed 

stream to the SOEC system to prevent reoxidation of the Ni based fuel electrodes. The 

required molar flow of generated steam is adjusted by the design specification for the water 

vapor to ensure a steam utilization of 85 % and the prevention of excessive steam production. 

The falling film evaporator (FFE) is modeled with a heater and a flash block. Python unit 

operations represent the SOEC stack and the seawater reverse osmosis (SWRO) unit. 

Compressors are added to the process (not present in the simplified flowsheets) to 

compensate for the pressure losses in the SOEC stack. Here, it is important to note that the 

heat exchangers shown in the Aspen flowsheets (Figure A 11 and Figure A 12) do not reflect 

their actual positions. Their precise number, positions, and heat sources are determined after 

optimization in the Aspen Energy Analyzer.  

Since Aspen Energy Analyzer cannot interpret Python based unit operations in terms of direct 

thermodynamic or energy analysis, the SOEC and SWRO models were encapsulated within a 

hierarchy block in Aspen Plus. This allowed the specification of thermal and electrical energy 

demands as conventional stream connections, enabling proper integration into the energy 

analysis framework. A Hierarchy Block in Aspen Plus is a specialized sub flowsheet that 

appears as a standard process block within the main flowsheet but contains an independent 

internal flowsheet with defined input and output flows. In this context, the Hierarchy Block 

serves to encapsulate Python based models (e.g., SOEC and SWRO) while explicitly defining 

their mass and energy flows as inlet and outlet streams. A more detailed description about the 

use of Python Unit Operations can be found in the official Aspen Plus user guide and in [100]. 

In addition, a starting stream with a small amount of H2 is fed into the process and removed at 

the end to ensure convergence in Aspen Plus. 
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5.5.2 Modeling of the System Components 

The Solid Oxide Electrolysis Cell (SOEC) was modeled as a steady state, zero dimensional 

white box unit, capturing its electrochemical and thermodynamic behavior through first 

principles equations implemented in Python. The model assumes no time dependent changes 

in the operation and transient dynamics e.g. heat up and shut down are not considered. The 

model was executed using AmsterChem’s ‘Python Unit Operation’- a CAPE-OPEN-compliant 

interface enabling seamless integration of custom Python based unit operations into a process 

simulation environment. This setup allowed for flexible and transparent modeling of the 

SOEC’s mass, energy, and electrochemical balances. In Aspen Plus, a block with defined input 

and output streams refers to the model. It was assumed that the SOEC operated with a 

constant current of −1 A∙cm−2 and a pressure drop of 2 %. The respective input parameters 

are shown in Table A 5.  

The falling film evaporator was modeled by a heat exchanger unit followed by a two phase 

flash unit. Here, an approach from the literature was adapted where a thin film evaporator was 

simulated using only unit operations in Aspen Plus [101]. Heating the seawater to its saturation 

temperature is done by hot utility fluid. The surface temperature, tube outer diameter, and 

chamber pressure determine the evaporation rate. This work assumed an evaporation rate of 

50% [102]. The heater's output is a two phase mixture of water vapor and concentrated brine 

that is not reflective of the real process [101]. A slash unit separates the mixture into 

concentrated brine and water vapor. The separation happens without heat exchange. A 

pressure drop of 2 % is assumed for evaporator pressure losses [99]. The salt contents in the 

resulting vapor are considered negligible since the vapor pressure of salt is low. In the actual 

process, a demister is installed downstream of the evaporator [103-105].  

Based on the SIRION Sea Water Reverse Osmosis System D-75 by Veolia, the SWRO unit 

was simplified and modeled as an isothermal, steady state gray box model using the Python 

Unit Operation plugin from AmsterChem [106]. The seawater feed is assumed to be at 20 °C 

and a pressure of 5.5 bar entering the SWRO. The output pressure of the SWRO unit is set to 

1.1 bar. The separation of high salinity retentate and low salinity permeate is done in the 

SWRO, where the retentate is discharged as waste. The system operation parameters shown 

in Table A 4 in the appendix are integrated into Python and a mass balance was added [107]. 

The energy consumption is calculated using the feed pump and the SWRO unit.  

5.5.5 Optimization of the Heat Consumption 

The heat integration is done using the Aspen Energy Analyzer, which includes heat recovery 

and improving heat integration in the system. An analysis determining where heat is required 

and integrated was performed at first. In both cases, the water entering the evaporator 

(FFE: seawater and SWRO: pure water) can be preheated to a temperature of 90 °C in a 
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preheater [102]. A higher temperature is critical due to the flash effect before the evaporator. In 

the case of the FFE, the heat removed from the brine stream can be used to preheat the 

seawater. After the evaporator, the steam must be superheated to a minimum of 116.6 °C to 

prevent condensation [108]. This work sets a temperature of 130 °C to provide safety against 

condensation. The steam is heated to an operating temperature of 800 °C after compression. 

After the SOEC unit, a heat exchanger is integrated into the oxygen flow system to keep the 

sweeping gas at 800 °C. Cooling is limited to 30 °C after the heat integration as further 

compression of the product gases is not considered.  

A heat exchanger network was created in the Aspen Energy Analyzer. Specified constraints 

are separating H2 and O2 streams in the same heat exchanger due to safety constraints. The 

number of individual connections between the cold and hot streams determines the number of 

heat exchangers. Using a minimum temperature difference of 10 K, a composite curve is 

generated based on the process streams.  

5.5.6 Techno Economic Assessment 

A comparison is made for the two described seawater utilization cases (FFE/SOEC and 

SWRO/SOEC) and a conventional SOEC system using freshwater. Here, the freshwater price 

is included. The levelized cost of hydrogen (LCOH) was calculated for all cases. A sensitive 

analysis was performed taking into account electricity, external heat and freshwater prices [109]. 

The calculation of the LCOH was done using Equation 5.1 based on the methodology in 

literature where a conventional SOEC system using deionized water as feed was evaluated 

[109]. In Equation 5.1 the CAPEX relates to the one time capital expenditure, and OPEX to the 

sum of the discounted operational expenditure and 𝑛 the system lifetime in years. Moreover, 

𝑟 is the discount rate and mH2 the produced mass of hydrogen. 

The system’s lifetime is set to 20 years, with the first year being the construction year. The 

operation time is set to 8000 hours per year. The system degradation rate (SDR) is considered 

by periodic replacement of the stacks where the costs are included in the OPEX. The service 

and maintenance costs are 2 % of the CAPEX for the conventional case and 4 % for the 

seawater cases [109]. All costs are presented in US dollars based on the current exchange rate 

of September 2024. This work adjusts the LCOH and components to the German market. The 

electricity costs are based on the current German electricity market price of 89.55 USD/MWh. 

The cost of deionized water is set to 0.01 USD/kg while the cost of seawater is considered 

zero [109]. Costs associated with other operational activities are assumed to be 1 % of the 

CAPEX. The personnel costs are based on the average German salary for full time employees, 

which is 58 USD/year. The cost of low pressure steam is given as 20 USD/Mt for Germany. 

The transportation costs of external heat are estimated at 8.4 USD/MWh [110]. A detailed 

summary of the costs is provided in  
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Table A 6 to Table A 9 in the appendix. The processing of the product streams is considered 

in the techno economic assessment.  

LCOH =
Total Lifetime Cost

Total Lifetime H2 Production
=

CAPEX + ∑
OPEX𝑛

(1 + 𝑟)𝑛
𝑁
𝑛=1

∑
𝑚𝐻2(1 − SDR)𝑛

(1 + 𝑟)𝑛
𝑁
𝑛=1

 (5.1) 
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6 Results and Discussion 

The following chapters elucidate a scientific investigation of saline waters in laboratory scale 

SOECs and technical and economic analysis of seawater utilization in bigger scale SOEC 

systems. The results start with an investigation of degradation in pure water operation on a 

laboratory scale. In the following, the term pure water refers to ultrapure deionized water. Next, 

real seawater operation is evaluated in terms of initial performance and long term stability.  

Building on these results, the utilization of saturated sodium chloride solution is investigated 

under the same criteria. Finally, a technical and economic analysis for a 1 MWel SOEC system 

operated with seawater is shown, including a system approach for efficient thermal evaporation 

and purification. 

6.1 Stability in Pure Water Operation 

In this chapter, the stability of state-of-the-art Ni-YSZ fuel electrode supported cells was 

investigated on the laboratory scale for two different production batches of SOC single cells 

(old and new). In the rest of the manuscript cells from the old production batch are identified 

by the subscript old and cells from the newer batch by the subscript new. In this chapter, pure 

water was used for the generation of steam. The term pure water is used within the chapters 

to describe ultrapure deionized water. Differences in individual operated cells were connected 

to degradation phenomena and mechanisms by electrochemical investigations and post test 

characterization techniques. This is important to enable a meaningful comparison of cells 

operated with different waters for steam generation on the laboratory scale. Therefore, stability 

tests at the same operation conditions and a current load of −1 A∙cm−2 are conducted for two 

production batches of SOECs used in the thesis. EIS and post test characterization clarify 

differences in degradation behavior. The shown stability measurements in the appendix at 

higher steam contents were conducted during the research internship of Chenlu Li [111]. The 

stability measurement for pure water cell 1old was conducted during a supervised master thesis 

by Niklas Eyckeler [112]. The stability measurement for pure water cell 2old was conducted during 

a supervised internship by Niklas Eyckeler [113]. The shown Ni-YSZ fuel electrode polished 

cross section SEM-EDX measurements were recorded in cooperation with Jean Pierre Puc 

and Pritam Chakraborty from the working group of Dr. Basak at IET-1 Forschungszentrum 

Jülich. In addition, some of the results shown here were published in [51, 114]. 
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6.1.1 Long Term Stability Measurement 

6.1.1.1 Operation Voltage Evolution 

Firstly, the evolution of the voltage as a function of the operation time is discussed. Thus, 

Figure 12 shows the cell voltage evolution over time for individual Ni–YSZ electrode–supported 

SOECs operating at a temperature of 800 °C, a current density of −1 A∙cm−2 and a gas 

composition of 60 % H2O + 40 % H2. As mentioned above, steam was generated from 

ultrapure water. Every 100 hours, the electrolysis operation was interrupted to perform EIS 

measurements at OCV and measure iV curves. 

As listed in Table A 2, pure water cells 1old, 2old and 3old belong to an older production batch, 

whereas pure water cells 4new and 5new come from a newer one. The cells from the newer 

production batch exhibit initial voltages of 1.062 V and 1.074 V. Initial voltages between 

1.101 V and 1.17 V are recorded for the old production batch. Thus, the newer batch performs 

slightly better (40 to 100 mV) than the older one. The different initial voltage values are 

explained by the production and/or microstructure differences between the batches. However, 

differences between cells from the same batch are visible in an order of magnitude of 10 to 

70 mV. Differences between the same production batch reflect slight differences in cell 

contacting or the use of different experimental setups. These differences must be considered 

when comparing the initial performance of cells within a production batch and between cells of 

the different batches. 

Dips in voltage occur during the stability measurements every 100 hours, which are especially 

noticed after 300 hours of operation. The dips occur in both cell batches. These are expected 

to correspond to the EIS and iV curve measurements conducted as the constant current in 

SOEC operation is switched off when the cell is operated at OCV or in SOFC mode for the iV 

curve measurements. Similar spikes and drops in voltage were reported in the literature for 

switching between SOEC and SOFC mode suggesting a performance recovery [115-117]. A 

similar recovery is expected to take place in the cells used here. Since all cells experienced 

the same experimental protocol, these dips do not affect the overall degradation comparison. 

All cells exhibit a gradual voltage increase over time, but the shape of the degradation curve 

differs between production batches. The cells from the old production batch, pure water cell 

1old, pure water cell 2old, and pure water cell 3old, show a rapid rise during the first 200 h followed 

by a linear increase for the remainder of the test. A similar evolution is observed for cells tested 

at higher steam contents, as shown in Figure A 2 and in a previous study by our group [118]. 

The single cells from the new production batch, pure water cell 4new and pure water cell 5new, 

follow a steady, linear voltage increase throughout the measurement. Anomalous spikes in 

voltage around 580 hours of operation are due to a malfunction of the automatic water supply 

for steam generation. They are not believed to alter the overall degradation trend. Due to the 
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observed performance deviations, batch to batch comparisons under identical conditions are 

not meaningful, whereas within batch trends remain valid. 

Overall degradation rates were calculated by subtracting the end voltage from the initial voltage 

and interpolating to 1000 h of operation, as shown in Table 3. Pure water cells 1old,2old and 3old 

exhibit degradation rates between 374 mV∙kh−1 and 564 mV∙kh−1 whereas pure water cells 4new 

and 5new show significantly lower rates between 147 mV∙kh−1 and 209 mV∙kh−1. Thus, higher 

degradation rates are observed for the older batch, which also exhibited higher initial voltages 

and a pronounced early voltage increase. These findings indicate that differences between the 

two batches are significant and that inter batch comparisons are not suitable for evaluating 

operational parameters affecting degradation behavior. An alternative approach commonly 

used in the literature involves linear fitting of the steady degradation period. Considering only 

the linear periods of degradation, degradation rates between 215 mV∙kh−1 and 227 mV∙kh−1 

were observed for the cells of the old production batch. The new production batch exhibits 

degradation rate between 126 mV∙kh−1 and 186 mV∙kh−1. This indicates that even within the 

same batch, variability in degradation rates must be considered. 

 

 

Figure 12 Voltage time plots of individual Ni-YSZ fuel electrode supported cells with steam 
produced from pure water. 

In conclusion, the newer production batch exhibits significantly lower degradation compared 

to the older batch. This aligns with advancements in manufacturing processes and electrode 

microstructure optimization, which have improved SOEC durability in recent years [19]. Higher 

initial performance is often associated with lower degradation rates due to reduced electrode 
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overpotentials [119]. In addition, the rapid voltage rise in the first 200 hours observed for pure 

water cells 1old, 2old and 3old contributes substantially to their overall higher degradation.  

Results from similar investigated cells or SOEC systems based on Ni containing fuel electrodes 

operating in steam electrolysis mode are widely reported in the literature. Many studies 

document degradation rates below 200 mV∙kh−1 [26, 120], while larger scale systems have shown 

even lower degradation rates, often below or around 10 mV∙kh−1 [24, 121]. Conversely, several 

publications report significantly higher degradation rates for Ni based fuel electrode supported 

cells under steam electrolysis conditions [30, 88, 115, 122-126]. For instance, degradation rates of 

370 mV∙kh−1[31], 600 mV∙kh−1[124] or 880 mV∙kh−1[123] have been reported. In some of these 

studies, though not all, a rapid voltage increase during the first 200 h of operation was 

observed, contributing significantly to the high degradation rates [30, 88, 115, 122-123]. One major 

reason is the nickel redistribution through migration, depletion or agglomeration and the 

accompanied microstructural changes in the fuel electrode [31, 115, 123]. 

In other studies, Si poisoning has been identified as a primary cause of accelerated 

degradation and was linked to an initial passivation of the SOEC resulting in a sharp rise in 

operation voltage [30, 88, 115]. Additionally, microstructural differences in the fuel electrode have 

been shown to strongly influence degradation behavior [119].  

Comparing these studies reveals a broad range of degradation rates for similar Ni-YSZ fuel 

electrode supported cells and highlights multiple contributing degradation mechanisms. 

However, as shown in the previous section, cell to cell and batch to batch variability can 

strongly affect degradation behavior. To better understand the differences between the old and 

new batch used in this work and to link them to specific degradation phenomena, a more 

detailed electrochemical investigation and post test characterization are presented in the 

following sections. For this purpose, two representative cells operated for 1000 h, pure water 

cell 3old from the old batch and pure water cell 4new from the new batch, were compared. Both 

cells were tested in the same experimental setup to exclude setup related effects. 

Table 3 Degradation rates of the cell operated with steam produced from pure water. 

Cell 
Operation 

time (h) 

Initial 

voltage (V) 

Degradation 

rate calculated 

(mV∙kh−1) 

Linear fitting 

degradation 

(mV∙kh−1) 

Pure water cell 1old 500 1.176 522 227 (200 - 500 h) 

Pure water cell 2old 500 1.119 564 217 (200 - 500 h) 

Pure water cell 3old 1000 1.101 374 215 (200 - 1000 h) 

Pure water cell 4new 1000 1.062 209 186 

Pure water cell 5new 300 1.074 147 126 
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6.1.1.2 Current Density Voltage Curves  

To investigate the initial voltage increase observed in pure water cells 1old, 2old to 3old but not in 

pure water cells 4new and 5new, the two cells that operated for more than 1000 hours are 

compared in more detail. Figure 13 displays the iV curves recorded every 100 hours during the 

stability tests of pure water cell 3old and pure water cell 4new. The initial iV curves at 0 h are 

similar for both cells. The bending of the iV curves at high voltages from 1.2 V to 1.4 V seen 

for both cells is attributed to mass transport limitations. After 100 hours of operation, pure water 

cell 3old exhibits a lower slope of the iV curve between 1.2 and 1.4 V compared to the region 

from OCV to 1.2 V. This curve shape persists for the rest of the operation until 1000 hours. 

Additionally, from 200 hours onward, a clear hysteresis between the forward and backward 

scans becomes evident and persists throughout the experiment. The forward scan exhibits 

higher current densities than the backward scan as indicated by the arrows in the plot. These 

features are not observed in pure water cell 4new until 500 hours of operation when similar curve 

shapes and hysteresis appear. Similar observations under various operating conditions have 

been reported in the literature [17, 31, 127-129]. For instance, Dittrich connected the hysteresis to 

structural changes in the cell in her thesis [17]. However, a definitive identification of hysteresis 

should be addressed in future work. 

Figure 13c and Figure 13d compare the evolution of the area specific resistance (ASR) and 

the current density at 1.4 V, respectively. Figure 13c shows the ASR values at OCV as a 

function of the degradation time, calculated from the iV curves. As expected from the voltage 

evolution discussed in chapter 6.1.1.1, the ASR of pure water cell 3old increases sharply during 

the first 200 hours. Between 200 and 800 hours, a more gradual increase is observed, followed 

by a steeper rise after 800 hours. In total, the ASR increases by 430 mΩ∙cm2 from 145 mΩ∙cm2 

to 575 mΩ∙cm2 in case of pure water cell 3old. In comparison, pure water cell 4new exhibits a 

more moderate and linear increase of 95 mΩ∙cm2 from 119 to 214 mΩ∙cm2 over the entire 

1000 hour period. In conclusion, pure water cell 3old shows a more pronounced degradation 

behavior, particularly during the early phase. The ASR trend is consistent with the voltage 

development discussed in Section 6.1.1.  

Figure 13d illustrates the current densities at 1.4 V derived from the respective iV curves. Pure 

water cell 3old shows a strong decline of 1.64 A∙cm−2 from 2.34 A∙cm−2 to 0.70 A∙cm−2 over the 

measurement period. In contrast, pure water cell 4new exhibits a smaller, steady decline of 

0.66 A∙cm−2 from 2.37 A∙cm−2 to 1.71 A∙cm−2. Thus, a higher total decrease is observed in pure 

water cell 3old. The current density drop is particularly steep within the first 200 hours 

(approximately 0.85 A∙cm−2) in the case of pure water cell 3old, mirroring the rapid ASR 

increase. In pure water cell 4new the current density declines steadily throughout the test. These 

results agree with the ASR and voltage trends discussed above. 
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Figure 13 iV characteristics recorded every 100 hours during the stability test for (a) a cell from 
the old production batch and (b) the new production batch. Comparison of the evolution in (c) 
ASR values at OCV and (d) the current density at 1.4 V for the old and new production batch. 

6.1.1.3 Electrochemical Impedance Spectroscopy  

The EIS measurements performed at OCV every 100 hours of operation during the stability 

test are analyzed in this section. The recorded impedance spectra are shown as Nyquist plots 

for pure water cell 3old and pure water cell 4new in Figure 14a and Figure 14c, respectively. Both 

cells exhibit an inductive artifact at high frequencies near the intercept with the real x axis. This 

is attributed to parasitic inductances from the wiring, as commonly reported for the test setup 

used here and elsewhere [31, 51].  

The high frequency intercept with the real axis increases steadily for pure water cell 3old over 

the operation time. A similar trend is observed for pure water cell 4new, though the increase is 

less pronounced. However, a direct interpretation of the high frequency ohmic resistance is 

challenging due to the influence of parasitic inductance and overlap with a high frequency 

electrochemical process, as described in [51]. The low frequency interception with the real axis 

increases in both cells, exceeding the high frequency growth. Again, this effect is more 

pronounced in pure water cell 3old than in pure water cell 4new.  
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The low frequency region below 10 Hz remains largely unchanged in both cases, whereas the 

high to intermediate frequency region is most affected. Notably, the increases in both the real 

and imaginary regions are more significant in pure water cell 3old compared to pure water cell 

4new. 

At the end of the test, pure water cell 3old exhibits at least three distinguishable semicircles in 

the Nyquist plot, whereas only two are observed for pure water cell 4new. This indicates that the 

development of polarization resistance differs between pure water cell 3old and pure water cell 

4new and suggests that different processes are responsible for the specific degradation 

behavior. The corresponding DRT plots (Figure 14b and Figure 14d) confirm that for both cells 

the processes at low relaxation frequencies between 1 and 100 Hz contribute not significantly 

to the degradation. The processes referring to the intermediate (300 to 1000 Hz) and the high 

frequency (3000 Hz) regimes increase in magnitude for both cells; however, this is more 

significant for pure water cell 3old. In this cell, a particularly rapid increase in magnitudes is 

observed during the first 200 hours of operation. 
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Figure 14 Nyquist plots and DRT spectra derived from EIS data recorded every 100 hours 
during the stability test for (a, b) a cell from the old production batch and (c, d) the new 
production batch.  

To deconvolute the EIS data and evaluate the ohmic resistance, polarization resistance, and 

individual electrochemical processes during the stability tests, the data were fitted to an 

equivalent circuit model (ECM). Based on the DRT plot shown in Figure 15b, corresponding to 

EIS data recorded at 800 °C and OCV with a gas composition of 60 % H2O + 40% H2, an initial 

estimate of the number of distinguishable time constants was made. A total of five peaks is 

visible. P1 as a distinct peak at a relaxation frequency of around 2000 to 3000 Hz, P2 between 

300 to 700 Hz, P3 at a frequency of 60 to 200 Hz and P4 and P5 in the low frequency region 

with relaxation frequencies between 2 to 10 Hz and 10 to 30 Hz, respectively. However, fitting 

a model with five separate time constants led to significant fitting errors and decreased 

manageability. Therefore, a reduced model containing four time constants was chosen, which 

sufficiently described the system behavior [17]. Figure 15a shows the Nyquist plot including both 

the experimental data and the fitted ECM, with the individual RQ elements indicated. The 

comparison between the DRT of the experimental data and that of the fit demonstrates 
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excellent agreement as illustrated in Figure 15a. The error (chi square) between the measured 

data and the fit was in the order of magnitude 10−7. 

Furthermore, the absolute and relative residuals (Figure 15c and Figure 15d) exhibit a non 

sinusoidal profile and remain at low values, indicating a robust fit. The good fit of the simplified 

four element ECM, despite the presence of five peaks in the DRT, is attributed to the ill posed 

nature of the DRT inversion problem, which may lead to artificial peak splitting in the 

intermediate to high frequency region (P2 to P4) [58]. Additionally, RQ elements with Q values 

around 0.8 to 0.9 often lead to additional peaks in the DRT that do not correspond to actual 

physicochemical processes [58]. In the case of the fitting shown here, this applies to the 

elements corresponding to RQ2 and RQ3. The ECM configuration discussed is applied 

consistently for all subsequent cell analyses presented in this thesis. 

 

Figure 15 (a) Comparison of Nyquist plot of measured and fitted data, (b) comparison of DRT 
plots of measured and fitted data with the individual contribution of the 4 RQ ECM model, (c) 
absolute residuals and (d) relative residuals of the ECM fit in a gas composition of 60 % 
H2O + 40 % H2 at 800 °C and OCV. 

The ohmic resistance (RΩ) and the polarization resistance (Rp) were extracted from the ECM 

fitting. The evolution of RΩ as a function of operation time at OCV for pure water cell 3old and 

pure water cell 4new is shown in Figure 16a. Pure water cell 3old exhibits a higher initial RΩ of 

0.084 Ω∙cm2 in comparison with 0.061 Ω∙cm2 in the case of pure water cell 4new. In the case of 

pure water cell 3old, RΩ increases slightly by 0.013 Ω·cm2 within the first 200 hours, followed by 
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a more pronounced rise of 0.064 Ω·cm² between 200 and 600 hours. In contrast pure water 

cell 4new does not exhibit a significant increase in RΩ throughout the entire test duration.  

The evolution of Rp at OCV is shown in Figure 16b for both cells. Both cells start with 

comparable Rp values of 0.061 Ω∙cm2 and 0.057 Ω∙cm2 for pure water cell 3old and pure water 

cell 4new, respectively. In pure water cell 3, Rp rapidly increases by 0.155 Ω∙cm2 in the first 200 

hours Between 200 and 600 hours, Rp remains constant, before increasing again to a final 

value of 0.448 Ω∙cm2 by 1000 hours. In contrast, pure water cell 4new shows a continuous, 

gradual increase in Rp, reaching 0.157 Ω·cm2 at the end of the test. 

 

 

Figure 16 Evolution of the (a) RΩ, (b) Rp and the individual resistances of the processes (c, d) 

for a cell from the old production and a cell from the new production batch. All data shown is 

derived from the ECM fitting of the EIS data recorded every 100 hours during the stability 

measurement at OCV. 

Several conclusions can be drawn from the evolution of both resistances: (1) the lower initial 

performance of the older cell batch discussed in chapter 6.1.1.1 is mainly due to a higher initial 

RΩ compared to the newer cell batch; (2) the dominant contributor to the observed degradation 

in both cells is the polarization resistance consistent with previous literature reports [31, 124]; (3) 

the steep voltage rise in pure water cell 3old during the first 200 hours is primarily driven by the 
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increase in Rp; (4) the different evolution trends in both RΩ and Rp suggest that distinct 

degradation mechanisms are responsible in the two cell batches.  

Next, the evolution of the individual processes during operation is compared between the two 

cells. The resistances of the RQ elements at OCV are plotted as a function of operation time 

in Figure 16c and Figure 16d for pure water cell 3old and pure water cell 4new, respectively. 

Minor differences in the initial resistance values are observed between the cells. For instance, 

the resistance RRQ2 exhibits an initial value of 0.006 Ω∙cm−2 for pure water cell 3old and a value 

of 0.012 Ω∙cm−2 in the case of pure water cell 4new. These variations are attributed to individual 

cell characteristics and microstructural differences in the electrodes.  

In both cells, RRQ1 and RRQ2 increase over time, while RRQ3 and RRQ4 remain approximately 

constant. The increase in RRQ1 and RRQ2 is more pronounced for pure water cell 3old.  

In pure water cell 3old, RRQ2 shows a steep rise within the first 200 hours, while RRQ1 increases 

significantly only after 600 hours. In contrast, in pure water cell 4new both resistances increase 

gradually and continuously. 

From these observations, several conclusions can be drawn: (1) RRQ1 and RRQ2 are the main 

drivers for the increase in polarization resistance in both cells whereas RRQ4 does not 

contribute; (2) RRQ2 drives the rapid initial degradation in pure water cell 3old, explaining the 

higher degradation rate of the older batch discussed in chapter 6.1.1.1; (3) the differing 

resistance evolutions again indicate different degradation mechanisms occurring in both cells.  

Assigning the RQ elements to electrochemical processes enables further interpretation. The 

assignment is based on literature as shown in chapter 3.2.3. The low frequency process RQ4 

(2 to 9 Hz) is associated with gas transport in the Ni-YSZ fuel electrode due to its temperature 

independence and the dependency on a variation in fuel gas composition [62, 118, 130]. In 

literature, the process RQ3 is attributed mainly to the air electrode due to its dependency on 

the oxygen content at the LSC air electrode [62, 130]. The contribution of the air electrode to RQ3 

is identified as an electrochemical process at the TPBs of the LSC/GDC electrode and an 

oxygen electrode transport process. Previous studies identified the process corresponding to 

RQ2 as a process at the Ni/YSZ fuel electrode due to its dependence on the fuel gas content 

and by many groups assigned to the charge transfer reaction [61, 118, 130-131]. The processes RQ1 

is assigned to the ionic transport or in general, transport phenomena in the Ni-YSZ fuel 

electrode [61]. 

Furthermore, it is reported that RQ1 is a coupled process with RQ2 associated with the charge 

transfer at the TPB and the oxide ion transport in the YSZ matrix, respectively [59-60]. In addition, 

it is commonly done in literature to combine the high frequency processes corresponding to 

RQ1 and RQ2 to the Ni-YSZ fuel electrode polarization [59, 124]. The author notes that some 

overlap between fuel and air electrode contributions cannot be excluded with this approach. 

As shown in Figure 17, the main degradation effects are associated with the Ni-YSZ fuel 
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electrode and the electrochemical reaction. In addition, the electrochemical reaction at the TPB 

of the Ni-YSZ fuel electrode is responsible for the rapid increase in voltage in the first 200 hours 

of operation observed in pure water cell 3old. Other authors reported similar degradation 

behavior identifying a rapid increase in the resistance associated with the TPB reaction in the 

Ni-YSZ fuel electrode [30, 124, 132].  

In summary, the differences in long term stability between the two cells and the two production 

batches are primarily caused by the differing evolution of processes related to the Ni-YSZ TPB 

(RRQ1 and RRQ2), alongside a moderate contribution from variations in ohmic resistance. 

 

Figure 17 Evolution of the RΩ, the resistance corresponding to the Ni-YSZ fuel electrode and 

the resistance corresponding to the air electrode for (a) a cell from the old production and (b) 

a cell from the new production batch.  

6.1.2 Post Test Characterization 

To gain insights into microstructural evolution, scanning electron microscopy (SEM) images of 

fractured Ni-YSZ fuel electrode cross sections from a pristine reduced cell, pure water cell 3old 

and pure water cell 4new are shown in Figure 18. It should be noted that microstructural 

interpretation must be done cautiously due to the nature of the fractured cross sections, which 

may introduce artifacts [126]. All samples exhibit good contact between the Ni-YSZ fuel electrode 

and the YSZ electrolyte. However, small nanoparticles cover some particles in pure water cell 

3old which are not present in the case of pure water cell 4new or the pristine reduced cell. Similar 

nanoparticle features have been reported in the literature for Ni-YSZ fuel electrodes operated 

under pure water electrolysis conditions [126, 133-134]. In those studies, the nanoparticles were 

identified as ZrO2 precipitates formed on the Ni surfaces in the active region of the fuel 

electrode. Until now it is believed that the formation of these ZrO2 nanoparticles is related to 

the reduction of ZrO2 at the Ni-ZrO2 interface forming NixZry and the reoxidation and 

reformation of Ni and ZrO2 depending on the local partial pressure of oxygen [126, 133-134]. Since 

the local oxygen partial pressure is strongly influenced by the overpotential at the fuel 
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electrode, regions with higher overpotentials are more susceptible to ZrO2 nanoparticle 

formation. This supports the hypothesis that the more severe degradation in pure water cell 

3old is associated with locally elevated overpotentials, as also reflected in the electrochemical 

analysis. A detailed mechanism hypothesis can be found in [126].  

The preferential appearance of ZrO2 nanoparticles on Ni grain surfaces suggests possible 

detachment of Ni-Ni or Ni-YSZ interfaces. Such microstructural changes likely contribute to the 

observed increase in polarization and ohmic resistances. To validate this further, embedded 

and polished cross sections will be examined in the next step to eliminate fracture induced 

artifacts. 

 

Figure 18 SEM images of the fractured cross section of the electrolyte/Ni-YSZ electrode active 
area interface for a pristine reduced, pure water cell 3old from the old production batch and pure 
water cell 4new from the new production batch. 

For further analysis, SEM images of the polished cross sections of the Ni-YSZ fuel electrode 

from a pristine reduced cell, pure water cell 3old and pure water cell 4new are compared in Figure 

19a. In these images, the brighter regions correspond to Ni, while the darker areas represent 

the YSZ phase. In the pristine reduced cell, a well connected Ni–YSZ microstructure is 

observed throughout the active layer. A similar microstructure is present in pure water cell 4new 

though a qualitative densification of the active layer can be identified. In the case of pure water 

cell 3old, this densification appears even more pronounced.  

In addition, the red arrows indicate interfacial gaps or phases between the Ni and the YSZ 

phases. These are present particularly near the electrode/electrolyte interface. These are likely 

related to the ZrO2 nanoparticle formation described earlier. Such gaps reduce the triple phase 

boundary (TPB) length by physically separating the electronically conductive Ni from the 

ionically conductive YSZ. An increase in ohmic resistance is possible due to the growth of a 

nonreactive layer near the electrolyte/electrode interface. The observation is consistent with 

the higher RΩ values seen in pure water cell 3old compared to pure water cell 4new. 

Furthermore, inclusions within the Ni grains, visible as black dots and indicated by the red 

squares in Figure 19a, were further analyzed by SEM-EDX line scans as shown in Figure 19b. 

These black inclusions were identified as Si containing impurities incorporated into the nickel 
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particles. Similar features were previously reported in the literature, where they were assigned 

to Si oxides particles resulting from impurity incorporation during operation [126]. In literature, a 

rapid increase in voltage is often associated with the poisoning of the Ni-YSZ fuel electrode by 

Si impurities in the feed gas or in the cells used [30, 89]. Thus, the rapid increase in voltage and 

polarization resistance observed for pure water cell 3old is explained by Si poisoning and the 

blocking of active sites in accordance with the passivation of the Ni sites in the Ni-YSZ fuel 

electrode [88]. Though, Si incorporation reduces electrochemical activity, leading to increased 

local overpotentials. These local overpotentials could drive the formation of ZrO2 nanoparticles 

at the Ni-YSZ interfaces and explain their occurrence. A detailed mechanism of Si 

incorporation and its impact on Ni-YSZ degradation is discussed in [33, 135].  

 

 

Figure 19 (a) SEM images showing the embedded and polished cross section of the Ni-YSZ 
electrode active layer of a pristine reduced cell, pure water cell 3old from the old production 
batch and pure water cell 4new from the new production batch. Red arrows indicate gaps 
between the Ni and YSZ phases, while red squares mark inclusions within the Ni particles. (b) 
SEM-EDX analysis of a Ni particle in the Ni-YSZ active layer of pure water cell 3old. 
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The SEM images and the corresponding EDX maps of the Ni (orange) and YSZ (red) phases 

for a pristine reduced cell, pure water cell 3old and pure water cell 4new are shown in Figure 20. 

In all cells, the less porous active functional layer with a thickness of around 10 µm adjacent 

to the electrolyte is clearly distinguishable from the more porous support structure of the 

Ni-YSZ fuel electrode.  

 

Figure 20 SEM-EDX analysis of the Ni-YSZ fuel electrode of a pristine reduced cell, pure water 
cell 3old from the old production batch and pure water cell 4new from the new production batch. 

Quantitative data derived from the SEM/EDX images, including the Ni and Zr phase fractions, 

porosity, and particle sizes in the active and support layers, are summarized in Table 4. The 

Ni phase of the pristine reduced cell appears well distributed and highly interconnected with 

small, discrete individual Ni particles. In contrast, pure water cell 4new exhibits a slight 

agglomeration of Ni particles in the active functional layer near the electrolyte compared to the 

pristine reduced cell. Pure water cell 3old shows a higher Ni agglomeration and a depletion of 

the Ni fraction in the active layer compared to pure water cell 4new. Both operated cells also 

exhibit an increased Zr fraction and reduced porosity in the active functional layer relative to 

the pristine sample. The mean Zr particle diameter increases for both cells compared to the 

pristine reduced sample. These phenomena result in a densification of the Zr phase that can 
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be qualitatively seen in the EDX images in Figure 20 . The densification is more pronounced 

in pure water cell 4new. In summary, the Ni phase is significantly influenced in pure water cell 

3old whereas in both cells the Zr phase undergoes microstructural changes which are more 

pronounced in pure water cell 4new. 

Table 4 Quantitative analysis using the SEM/EDX images for the active functional layer and 
support layer of the Ni-YSZ fuel electrode. 

Fraction 

Pristine 

active 

layer 

Pristine 

support 

layer 

Pure water 

cell 3old 

active 

layer 

Pure water 

cell 3old 

support 

layer 

Pure water 

cell 4new 

active 

layer 

Pure water 

cell 4new 

support 

layer 

Porosity 28 % 39 % 26 % 33 % 22 % 32 % 

Ni fraction 30 % 27 % 26 % 23 % 31 % 27 % 

Zr fraction 42 % 34 % 46 % 44 % 47 % 41 % 

Average 

Ni particle 

size 

0.97 µm 1.09 µm 1.04 µm 1.01 µm 0.99 µm 1.06 µm 

Average 

Zr particle 

size 

1.12 µm 1.39 µm 1.23 µm 1.65 µm 1.31 µm 1.42 µm 

The agglomeration and depletion of Ni in the functional layer of the Ni-YSZ fuel electrode are 

known degradation processes in SOECs and directly linked to performance losses [29, 31]. The 

increased operation voltage and polarization resistance observed for pure water cell 3old are 

consistent with these degradation mechanisms. In addition, the higher degradation in pure 

water cell 3old compared to pure water cell 4new is explained by the more pronounced Ni 

agglomeration and depletion. The more pronounced Ni agglomeration in pure water cell 3old is 

likely exacerbated by the presence of Si impurities identified earlier in the electrode.  Such 

impurities may enhance Ni mobility, promoting migration and agglomeration [136]. Furthermore, 

the blocking TPBs by impurities could lead to higher local overpotentials, accelerating Ni 

migration [89].  

Although both cells exhibit decreased porosity in the active functional layer, EIS data (see 

chapter 6.1.1.3) indicated no significant impact on the gas diffusion resistance. However, both 

cells show Zr phase densification in the active layer. This phenomenon is not detailed 

described in literature until now as the microstructural changes in the Ni phase are dominant. 

In one study an increase in YSZ particles size in the support layer of the Ni-YSZ fuel electrode 

was reported after operation [137]. Another study identified a slight coarsening of the YSZ phase 
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after SOEC operation [138]. In both studies a clear link to the electrochemical degradation of the 

Ni-YSZ fuel electrode has not been established.  

Nevertheless, densification of the Zr phase may reduce the TPB length and the number of 

electrochemically active sites, which negatively affects the long term stability. Changes in the 

YSZ microstructure could influence Ni mobility and its microstructural evolution. Thus, further 

studies are needed to evaluate the role of Zr phase densification in the long term stability 

degradation and its interaction with Ni related degradation mechanisms. 

In conclusion, the differing degradation behaviors seen in both cells are strongly linked to their 

respective microstructural evolution. The more pronounced increase in ohmic resistance in 

pure water cell 3old is attributed to the formation of interfacial gaps between the Ni and YSZ 

phase artificially increasing the electrolyte thickness which is not observed in pure water cell 

4new. The accelerated rise in voltage and polarization resistance during the first 200 hours of 

operation in pure water cell 3old is associated with the Ni-YSZ fuel electrode, in particular the 

charge transfer process. This is explained by the presence of Si poisoning, increased Ni 

depletion and agglomeration, and the formation of ZrO2 nanoparticles which are not seen in 

pure water cell 4new. Since both investigated cells were operated in the same test setup, the 

differences are attributed to batch specific factors. It is believed that the Si poisoning observed 

is due to impurities in the cells' materials which was reported before in literature as a 

suggestion [33, 89].  

Based on these findings, in the next chapters only cells from the same cell production batch 

are compared regarding stability tests to ensure comparability. While minor differences in the 

initial performance (within 10 to 70 mV) and degradation rates must be still considered, the 

evolution of the operation voltage was consistent within each cell batch which allows a 

meaningful comparison of degradation behavior. 

6.2 Direct Utilization of Seawater  

Steam electrolysis was investigated using steam generated directly from seawater to evaluate 

its applicability in SOECs for hydrogen production. Initially, the performance of SOECs 

operated with seawater derived steam is evaluated at various operation parameters. 

Afterwards, the initial performance of seawater operation was compared with single cells 

operating with steam from ultrapure water. The production batch of each tested cell is indicated 

by a subscript. The short term degradation behavior of seawater operated single cells from the 

old production batch was studied at different temperatures and steam contents. The stability 

of the SOECs operated with seawater was evaluated and compared to a cell operated with 

ultrapure water from the new production batch (pure water cell 4new, see chapter 6.1). Post test 

characterization of the degraded cells was conducted to analyze salt deposition and the 

influence of seawater utilization. All experiments were carried out on commercial 
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state-of-the-art single cells supplied by Elcogen, featuring optimized electrode microstructures 

and cell designs. Some of the iV curves and EIS measurements for the evolution of the initial 

performance and the short term degradation measurements of the seawater operation were 

conducted in collaboration with Bintou Issa Dembele during her master thesis in the WASCAL 

exchange program [139]. SEM-EDX analysis of the polished Ni-YSZ fuel electrode cross 

sections was performed in cooperation with Jean Pierre Puc and Pritam Chakraborty from the 

working group of Dr. Basak at IET-1 Forschungszentrum Jülich. 

6.2.1 Electrochemical Initial Performance  

This section evaluates the electrochemical initial performance of state-of-the-art Ni-YSZ fuel 

electrode supported single cells using steam generated directly from seawater. Firstly, iV 

curves recorded at varying temperatures and steam content are presented and analyzed. After 

that, the performance based on iV curve measurements under identical conditions is compared 

to baseline experiments using steam derived from ultrapure water. Finally, the activation 

energies of the area specific resistance (ASR) values are calculated for both seawater and 

ultrapure water operated cells to enable an evaluation of their temperature dependent 

behavior. 

6.2.1.1 Temperature Dependency  

The performance of steam electrolysis using directly evaporated seawater was investigated 

under varying operating conditions. Figure 21 shows the iV curves of different individual cells 

recorded under a variation of the operating temperature with a constant gas composition of 

60 % H2O + 40 % H2. Operation in fuel cell operation mode leads to positive current density 

values due to power generation, whereas negative current densities are related to electrolysis 

operation and power consumption. As predicted by the Nernst equation, the open circuit 

voltage (OCV) increases with decreasing operation temperature. The theoretically calculated 

OCV by the Nernst equation and the experimental observed OCVs for the measured cells are 

shown in Table A 10 in the appendix. The experimentally determined OCVs differ up to 1 % 

from the theoretically calculated values. Deviations from the OCV are attributed to minor gas 

leakages between the air and fuel electrode sides [90].  

For Cell Aold the measurement range was chosen between 0.6 and 1.5 V, following previous 

studies from the working group [66-67, 140]. The highest operation temperature of 900 °C exhibits 

the maximum current density of −2.03 A∙cm−2. The iV curves recorded at 900 and 875 °C show 

an initial linear region up to approximately −1 A∙cm−2 followed by a steeper slope until the 

maximum current density at 1.5 V is reached in SOEC mode. Below an operating temperature 

of 875 °C, this behavior changes; the slope decreases after the linear range. This behavior is 

not seen in Cell Bold and Cell Cnew which were measured in a voltage range of 0.6 and 1.4 V. It 

is therefore likely that the higher maximum voltage of 1.5 V used for Cell Aold caused 
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microstructural changes and accelerated degradation [141]. As electrode overpotentials are 

elevated at 1.5 V, this may lead to irreversible damage [142]. Hence, in the subsequent 

experiments, the maximum voltage during the iV curve measurements is restricted to 1.4 V 

and detailed electrochemical analysis is only shown for Cell Bold and Cell Cnew.  

Cell Cnew achieved the highest current density in SOEC mode with −2.90 A∙cm−2 at 1.4 V and 

900 °C whereas Cell Bold reached a current density of −2.16 A∙cm−2. These differences are 

consistent with prior results (chapter 6.1), showing that the newer production batch (Cell Cnew) 

exhibits higher initial performances compared to the older batch (Cell Bold) due to lower ohmic 

resistances. In both cells the current density decreases with a decrease in temperature. This 

is expected as higher temperatures enhance reaction kinetics and increase the conductivities 

of the electrolyte, the LSC air electrode, the GDC barrier layer and the ionic conductive phase 

of the Ni-YSZ fuel electrode [143-146].  

 

Figure 21 iV curves of three individual (A, B, C) Ni-YSZ fuel electrode supported cells operated 
with steam produced from seawater at different operating temperatures in a gas composition 
of 60 % H2O + 40 % H2. 

In the case of Cell Bold and Cell Cnew at increased temperatures and high current densities, a 

non linearity and an upward bending of the iV curves are observed. This indicates an influence 
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of an activation or concentration overpotential. In previous work, this was mostly connected to 

mass transport limitations as the diffusion overpotential becomes more significant close to the 

limiting current density caused by a depletion of educt [141]. However, the calculated theoretical 

conversion of steam reaches a maximum of 18 % for the highest measured current density, 

suggesting that the observed non linearity is likely due to local diffusion limitations within the 

electrodes, rather than bulk reactant depletion. For operation temperatures above 800 °C a 

hysteresis in the iV curves is observed. The origin of this hysteresis at elevated temperatures 

remains under discussion in the literature and has also been reported for steam generated 

from ultrapure water [17].  

In summary, SOEC operation with steam produced from seawater is feasible across a range 

of temperatures. The highest performance is achieved for the highest operation temperature 

of 900 °C. However, high temperatures pose challenges concerning other SOEC system 

components. For instance, some state-of-the-art interconnects consisting of LaCrO3 are limited 

to an operating temperature of ≤ 800 °C [147]. Thus, industrial applications of SOECs are mostly 

reported between 600 and 850 °C [64, 148]. 

6.2.1.2 Steam Content Dependency  

The performance of steam electrolysis using steam directly generated from seawater was 

evaluated at varying steam contents while maintaining a constant temperature of 800 °C with 

H2 as balance gas. iV curves were recorded in a voltage range from 0.6 to 1.4 V. The resulting 

iV characteristics of two individual cells referred to as Cell Dnew and Cell Enew are presented in 

Figure 22. The corresponding theoretical and experimentally measured OCV values are 

provided in Table A 11 in the appendix. As observed previously, the experimental OCV values 

deviate by up to 1 % from the Nernst equation predictions, which can be attributed to minor 

gas leakage between the fuel and air sides [90].  

The highest current densities in SOEC mode were recorded at the highest steam content of 

60 % reaching −2.30 A∙cm−2 and −2.19 A∙cm−2 for Cell Dnew and Cell Enew, respectively. Both 

cells show the same trend that lower steam content results in lower performance of the cells. 

In addition, both show comparable performance, which is expected due to the same production 

batch. Minor deviations in current densities between both cells are attributed to the individual 

cell variability and differences in contacting quality.  

For both cells, a steepening of the iV curve slope is observed at high current densities in SOEC 

mode, which becomes more pronounced as the steam content decreases. For instance, at a 

steam content of 10 % the iV curves exhibit a nearly vertical slope after surpassing a voltage 

of approximately 1.2 V in SOEC mode indicating strong transport limitations. The theoretical 

steam utilization is calculated to be at a maximum of 20 % for both cells. These observations 

suggest that the performance is increasingly limited by gas phase diffusion at the fuel electrode 

under lower steam concentrations. By increasing the steam content, the mass transport of 
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steam to the active site at the electrode is accelerated and thus these limitations are seen at 

higher current densities. In summary lower steam content results in reduced electrochemical 

performance, whereas higher steam content improves cell operation. Thus, in the next section 

a steam content of 60 % is chosen for further evaluations and measurements.  

 

Figure 22 iV curves of two individual (Cell Dnew and Cell Enew) Ni-YSZ fuel electrode supported 
cells operated with steam produced from seawater at different steam contents with H2 as 
balance gas at a constant temperature of 800 °C. 

6.2.1.3 Comparison with Pure Water Operation 

In the previous section, iV curves for the direct utilization of seawater in SOEC single cells 

were presented. This raises the question of whether the use of seawater leads to a 

performance decrease compared to the conventional use of pure water for steam generation. 

The term pure water is used within the next chapters for ultrapure deionized water. This section 

compares the iV curves and key performance parameters of cells operated with steam derived 

from seawater and pure water. 

Based on the iV curves in the previous chapters, key performance parameters such as the 

current density at 1.4 V or the ASR at OCV are used to analyze the impact of seawater 

utilization on the initial performance. Figure 23a compares representative iV curves of a pure 

water and a seawater operated cell from the new production batch under identical conditions. 

Both measurements are conducted in the same experimental setup and with a gas composition 

of 60 % H2O + 40 % H2 at 800 °C. Both cells exhibit similar current density values and iV curve 

shapes. At 1.4 V current densities of −2.34 A∙cm−2 and −2.21 A∙cm−2 were measured for the 

cells operated with pure water and the cell operated with seawater, respectively.  

Figure 23b and Figure 23c present the current densities at 1.4 V as function of operation 

temperature and steam content for several cells operated with either seawater or pure water. 

In the case of temperature variation, the highest and lowest current densities were both 

observed for cells operated with seawater. This variability is attributed to differences between 
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the new and old production batches, as discussed in chapter 6.1. The pure water cells fluctuate 

in current density values as well. For example, the highest current density at 1.4 V and 900 °C 

achieved for a pure water operated cell is −2.63 A∙cm−2 whereas the lowest value is 

−2.26 A∙cm−2. These cells originate from the older production batch, and the variations are 

likely caused by differences in cell contacting.  

 

 

Figure 23 Comparison of individual Ni-YSZ fuel electrode supported cells operated with steam 
produced from seawater and pure water as (a) iV curves at 800 °C in 60 % H2O + 40 % H2, (b) 
current densities at 1.4 V in 60 % H2O + 40 % H2 at different operating temperatures and (c) 
current densities at 1.4 V and 800 °C for different steam contents with H2 as balance gas.  

The two seawater operated cells from the old production batch show similar performance 

comparable to their pure water counterparts, indicating no influence on the performance from 

seawater use at varying temperatures. Regarding different steam contents, the current 

densities do not fluctuate as much, and similar performances were observed when comparing 

pure water and seawater measurements. Here, seawater and pure water operation exhibit 

nearly identical results. In general, the results suggest that steam electrolysis using seawater 
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does not significantly affect current density. Performance variations are primarily attributed to 

cell to cell variability, contacting and production batch differences, rather than the water source. 

Another key performance parameter in steam electrolysis is the area specific resistance (ASR) 

of the cells. From the recorded iV curves, the ASR values are calculated from the slope. Based 

on the recorded iV curves, ASR values were derived from the slope of the voltage–current 

relationship. Activation energies were subsequently calculated using the Arrhenius equation.  

Figure 24 displays the respective Arrhenius plots of two cells operated with steam produced 

from seawater (Seawater Cell Bold and Seawater Cell Cnew). The ASR values were determined 

at OCV and a current density of −0.5 A∙cm−2 in electrolysis mode. A first analysis follows the 

conventional approach of linear Arrhenius fitting which is widely applied in literature as shown 

in Figure 24a and Figure 24b [51, 66-67, 140]. Two temperature regimes are distinguished in the 

Arrhenius plots of both cells. The first temperature regime ranges from 750 to 825 °C with 

steeper slope indicating higher activation energies. The second temperature regime ranges 

from 850 to 900 °C where the slope flattens corresponding to lower activation energies. A 

similar trend was found in CO2 electrolysis conditions by previous work of our working group 

on the same cell types which reported a transition around 832 °C between linear ASR 

dependence and a temperature independent regime [17]. Furthermore, a similar trend of slope 

flattening at higher temperatures is reported for SOECs with other fuel electrodes than Ni-YSZ 

[149].  

To account for this, a model comprising both a thermally activated electrochemical contribution 

and a temperature independent gas transport resistance is applied [61-62, 150-151]. By fitting the 

ASR data into a model that consists of a thermally activated electrochemical contribution and 

a temperature independent contribution from the gas concentration (diffusion and/or 

conversion) the flattening of the ASR is treated. This approach corresponds to equation 6.1 

where Rdiff. corresponds to the constant gas diffusion and conversion resistance and R0 to the 

pre exponential factor [149]. Following this approach, the respective fitting of the ASR is shown 

in Figure 24c and Figure 24d for both seawater operated cells. The fitted gas concentration 

related constant resistance is in the order of 0.07 to 0.1 Ω∙cm2 at OCV corresponding to fuel 

and air electrode gas concentration processes. These values are in the order of reported 

literature values for fuel electrode support structure with pores under 1 µm [152]. Here, the 

values depend strongly on the measurement geometry and the used gas atmosphere. 

Differences in the value between individual cells hint at different microstructures related to 

porosities and tortuosity of the electrode structures and differences in the binary gas diffusion 

within the current collectors or stagnant gas layers in the setups [152-153]. At a current density of 

−0.5 A∙cm−2 the calculated Rdiff.. are in the order of 0.06 to 0.09 Ω∙cm2 and thus slightly lower 

compared to the values at OCV. This is in line with reported trends of decreasing transport 

resistance at increasing current densities [153-155]. In electrolysis mode, the gas composition in 
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the active layer of the electrodes changes due to the conversion of the reactant. For instance, 

at the Ni-YSZ fuel electrode the gas conversion resistance is theoretically the lowest when the 

molar ratio of reactant and products is one [48]. Thus, in electrolysis mode the steam content of 

the initial gas compositions of 60 % H2O + 40 % H2 is decreased and the molar ratio of H2O to 

H2 is pushed towards 1. Furthermore, the Knudsen diffusion coefficient of H2O is smaller 

compared to H2 due to its higher molecular weight. Thus, a decrease in gas diffusion resistance 

could be explained by the higher molar ratio of H2 at the active layer of the Ni-YSZ fuel 

electrode reducing the Knudsen diffusion in the porous electrode.  

𝐴𝑆𝑅 = 𝑅0𝑒
(

𝐸𝑎
𝑘𝑇

)
+ 𝑅diff. 

(6.1) 

 

 

Figure 24 Arrhenius plots of two seawater operated cells with (a), (b) a separate linear fit for 
the calculation of two activation energies for the temperature ranges 750 to 825 °C and 850 to 
900 °C and (c), (d) fitting the data to a model taking account a constant gas concentration 
contribution to calculate the activation energy at OCV and an electrolysis current of 
−0.5 A∙cm−2. 

The activation energy of the ASR was also evaluated for cells operating with steam generated 

from ultrapure water. The resulting values for Rdiff. and the activation energies are shown in 

Table 5. Similar activation energies at OCV reaching from 103 to 156 kj∙mol−1 and at 
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−0.5 A∙cm−2 reaching from 118 to 154 kj∙mol−1 are calculated for the pure water cell compared 

to the seawater operated cells. Furthermore, similar values for the gas transport resistance are 

observed, reaching from 0.078 to 0.1152 Ω∙cm2 at OCV and from 0.071 to 1.100 Ω∙cm2 at 

−0.5 A∙cm−2. These values are within the expected experimental variation and show no 

significant deviation between seawater and pure water operation regarding transport related 

limitations or the thermal activation of electrochemical processes. In conclusion, the use of 

seawater in SOECs does not negatively influence the initial performance compared to 

conventional operation with ultrapure water. These results on real seawater utilization are in 

accordance with literature studies on the direct use of seawater in SOEC single cells [9, 14-15].  

Table 5 Calculated activation energies and the gas concentration resistance from a model 
taking into account a constant gas concentration contribution in the temperature range from 
750 to 900 °C for two cells operated with steam from seawater and three cells operated in pure 
water conditions at OCV and −0.5 A∙cm−2 electrolysis current.  

Cell 
Ea @ OCV 

(kj∙mol−1) 

Ea @ −0.5 A∙cm−2 

(kj∙mol−1) 

Rdiff. @ OCV 

(Ω∙cm2) 

Rdiff. @ −0.5 A∙cm−2 

(Ω∙cm2) 

Seawater Cell 

Bold 

117 ± 5 115 ± 5 0.099 ± 0.004 0.084 ± 0.005 

Seawater Cell 

Cnew 

117 ± 6 121 ± 8 0.075 ± 0.002 0.065 ± 0.004 

Pure water Cell 

Aold 
116 ± 3 132 ± 11 0.084 ± 0.005 0.084 ± 0.005 

Pure water Cell 

Bold 
156 ± 18 154 ± 32 0.1152 ± 0.010 0.1100 ± 0.019 

Pure water Cell 

Cold 
103 ± 9 118 ± 7 0.078 ± 0.009 0.071 ± 0.010 

6.2.2 Stability Evaluation 

This section investigates the longevity and stability of SOECs operated with steam directly 

produced from seawater. Evaluating the SOEC stability of seawater utilization is critical due to 

the potential transport of impurities such as salt aerosols, organic compounds, or trace 

elements into the electrochemical cell, which may impact performance and durability.  

The analysis begins with short term stability measurements (up to 300 hours) with cells from 

the old production batch with the focus on the influence of varying operating temperatures and 

steam contents at the fuel electrode. After that, a long term stability measurement of 

1000 hours on a cell from the new production batch is conducted and compared to a pure 

water test to identify the effects of seawater usage. The stability evaluation includes the 

comparison of iV curves and detailed electrochemical impedance spectroscopy (EIS) to 
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assess the evolution of ohmic and polarization resistances and identify performance limiting 

processes. The degraded cells are post test characterized by various techniques to detect and 

assess the impact of possible impurity transport and to identify degradation mechanisms 

specific to seawater operation. The surface of the Ni-YSZ fuel electrode was scanned for 

impurities using XRD, GI-XRD, XPS, and SEM-EDX measurements. Furthermore, the cross 

sections of the Ni-YSZ fuel electrode are characterized using SEM-EDX to analyze 

degradation phenomena and correlate them with electrochemical results. 

6.2.2.1 Short Term Stability Tests  

The degradation behavior during the utilization of seawater was investigated in short term 

degradation measurements (< 300 hours) under varying operating conditions. The tested cells 

originated from the old production batch, and a higher degradation rate is expected due to Si 

poisoning as described in chapter 6.1.  

First, the impact of operating temperature was evaluated at 750, 800, and 850 °C. The 

degradation experiments were performed at a constant voltage of 1.25 V and the temperature 

was adjusted every 24 hours. During each period, the current response was recorded, and EIS 

measurements at OCV were performed between temperature changes. 

Figure 25a shows the evolution of the current density over time. The current density is 

generally lower at lower operating temperatures due to reduced O2− ion conductivity of the 

electrolyte and the electrodes and slower reaction kinetics. The absolute degradation rates for 

the 24 hours operation periods reach from 48 to 194 mA∙cm−2/24h, equivalent to up to 

8 A∙cm−2∙kh−1. Relative degradation rates vary between 2.9 to 19.1%/24h. These high 

degradation rates are attributed to the high current densities achieved at 1.25 V reaching over 

2.2 A∙cm.2 and the corresponding high electrode overpotentials [115, 120, 123, 156].  For comparison, 

degradation rates of 6.6 A∙cm−2∙kh−1 were previously reported for similar cells operated at a 

constant voltage of 1.29 V at 800 °C in pure water conditions at similar or lower resulting 

current densities [157]. Furthermore, several studies have reported accelerated degradation 

during the first 100 to 300 hours of SOEC operation, which supports the high initial degradation 

seen here [30-31, 123, 157].  

Regardless of the operating temperatures, the lowest degradation rates at each temperature 

were observed within the first 72 hours of testing consistent with findings from a previous study 

using the same cell type [31]. Among the operating temperatures, the highest temperature of 

850 °C leads to the lowest relative degradation rates on average. The highest relative 

degradation rates are obtained from the lowest operating temperature of 750 °C. These results 

are in accordance with literature studies on SOECs operated with pure water [156, 158]. Other 

studies reported the reversed effect, a higher degradation rate for an increased operating 

temperature in pure water conditions [31, 157]. Thus, literature results can be contradictory due 
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to varying cell designs, operating conditions (galvanostatic or potentiostatic) and developed 

overpotentials [158].  

Figure 25b presents the corresponding evolution of the ohmic, and polarization resistance 

derived from the EIS data. As expected, higher temperatures lead to lower values of ohmic 

and polarization resistance. It can be rationalized that RΩ stays at constant values between the 

degradation periods while Rp increases between the degradation periods for all investigated 

operating temperatures. The average increase in Rp is most pronounced for the lowest 

operating temperature of 750 °C. Furthermore, the highest total and relative increase in Rp is 

at the lowest operating temperature of 750 °C in accordance with the highest degradation 

rates. Rp exhibits the lowest total and relative increase in Rp at an operating temperature of 

850 °C.  

From the observations, it is concluded that an increase in Rp is the primary contributor to 

performance degradation at all investigated temperatures. In contrast, RΩ does not significantly 

contribute to the cell’s resistance. This is following previous results by our workgroup for pure 

water measurements on similarly designed single cells [31]. Consequently, an operating 

temperature between 800 and 850 °C appears optimal for seawater based SOEC operation. 

However, it must be noted that these results were obtained using cells from the old production 

batch, which were influenced by Si impurities and the corresponding degradation. This may 

influence the observed temperature dependence of degradation behavior and should be 

considered. 

 

Figure 25 (a) Short time current density against time curves at 850 °C, 800 °C and 750 °C at 
a constant voltage of 1.25 V in a gas composition of 60 % H2O + 40 % H2 with steam produced 
from seawater and (b) the corresponding evolution of the ohmic and polarization resistance.  

Similar to the investigation of the operation temperature, the influence of the steam content at 

the fuel electrode was studied for the utilization of steam produced from seawater. Stability 

tests were performed at a constant temperature of 800 °C and an applied voltage of 1.25 V. 
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Figure 26a illustrated the evolution of the current density. Absolute degradation rates between 

25 and 139 mA∙cm−2/24h were observed, corresponding to 1.0 to 5.8 A∙cm−2∙kh−1. As 

discussed in chapter 6.1, these high degradation rates are attributed to the high current 

densities and the usage of cells from the old production batch [30-31, 123, 157].  

The lowest absolute and relative degradation rates were observed for the lowest steam content 

40 % ranging from 25 mA∙cm−2/24h to 56 mA∙cm−2/24h. Conversely, the highest steam content 

of 60 % resulted in the highest absolute degradation rates reaching from 84 to 

139 mA∙cm−2/24h, with relative degradation rates between 5.2 %/24h and 10.6 %/24h. A 

previous study on direct seawater utilization in SOECs reported similar trends for shorter test 

durations and lower current densities [15].  

Figure 26b depicts the evolution of the ohmic and polarization resistance. While RΩ remains 

largely unchanged throughout the test, Rp increases significantly with a higher average higher 

relative and absolute increase at higher steam contents.  

In conclusion, RΩ is not significantly affected during the degradation seen in the cells. The 

increase in Rp is the main contributor to the observed performance loss. A lower steam content 

reduces the absolute and relative degradation rates. However, by applying lower steam 

contents reduced current densities are accomplished at the same operating voltage. Thus, 

higher steam contents may be favorable in practical operation, as the increased hydrogen 

production rate can outweigh the elevated degradation rate.  

 

Figure 26 (a) Short time current density against time curves at different steam contents of 
60 %, 50 % and 40 % with H2 as balance gas at a constant voltage of 1.25 V and a temperature 
of 800 °C with steam produced from seawater and (b) the corresponding evolution of the ohmic 
and polarization resistance. 
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6.2.2.2 Long Term Stability Test – Voltage Evolution 

The long term stability of a SOEC operated with steam produced from seawater is compared 

to a SOEC operated with steam from pure water. Experiments were conducted over 

1000 hours using cells from the new production batch. The operation conditions were kept 

constant at 800 °C, a gas composition of 60 % H2O + 40 % H2 and a current load of −1 A∙cm−2. 

Every 100 hours of operation an EIS spectrum at OCV and an iV curve were recorded. Figure 

27 shows the evolution of the cell voltage as a function of operation time. The cell measured 

with steam generated from pure water (pure water cell 4new, see chapter 6.1) is displayed in 

blue and the cell operated with steam from seawater (Seawater cell 1new) in green.  

 

Figure 27 Voltage evolution over time for cells operated with steam generated from seawater 
(green) and pure water (blue) at a constant current density of −1 A∙cm−2, a temperature of 
800 °C and a gas composition of 60 % H2O + 40 % H2. 

As expected, both cells exhibit similar initial cell voltages. As noted in chapter 6.1, the voltage 

dips occurring every 100 hours are attributed to interruptions for electrochemical 

measurements of the iV curves and EIS [115-117].  

Over the full 1000 hour period, degradation rates of 206 mV∙kh−1 and 259 mV∙kh−1 were 

observed for pure water cell 4new and seawater cell 1new, respectively. Thus, the seawater cell 

exhibits a slightly higher degradation rate. In addition, the evolution of the cell voltage differs 

between both cells. Pure water cell 4new exhibits a period of linear voltage increase from 0 to 

700 hours. After 700 hours the voltage increase is slightly accelerated and an increase in slope 

is observed. The unsteady voltage spikes in the time of 580 to 600 hours of operation are 

attributed to a temporary failure of the steam generation in the test setup and are not expected 

to influence the overall trend. In contrast, Seawater cell 1new exhibits a period with a constant 
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linear voltage increase from 0 to 300 hours. After 300 hours until 600 hours, a steep rise in 

voltage is seen. In this period, the voltage increases by 0.140 V, accounting for 54 % of the 

total voltage rise throughout the measurement. After 600 hours until 1000 hours of operation, 

the voltage stabilizes, showing minimal further increase. From the results, the higher 

degradation rate of the seawater operated cell corresponds to the rapid voltage increase 

between 400 and 600 hours of operation time. 

In literature, degradation rates between 16 and 129 mV∙kh−1 are reported for the utilization of 

synthetic or real seawater which is lower compared to the measured one in this thesis of 

259 mV∙kh−1 [9, 14-15]. These lower rates are attributed to lower current densities used in prior 

work [9, 14-15]. For example, the highest reported degradation rate of 129 mV∙kh−1 is reported for 

SOEC operation with a load of 0.3 A∙cm−2 at 800 °C with a gas feed of 67 % H2O + 33 % H2.[9, 

14-15]. While previous studies concluded that seawater usage has no negative effect on SOEC 

stability [9, 15], they often lack direct comparisons to pure water operation and focus on short 

term degradation as discussed in chapter 4.  

Thus, the differences between pure water and seawater operated cells in long term stability 

tests must be investigated. In particular, the sharp voltage rise between 300 and 600 hours of 

operation only occurring in seawater operation needs further investigation to connect the 

underlying degradation mechanisms unique to seawater operation. 

Table 6 Degradation values and initial voltages of individual cells operated with steam 
generated from seawater and pure water with different operation times. 

Cell Name Operation 

time 

(h) 

Water used 

() 

Degradation rate 

(mV∙kh−1) 

Initial voltage 

(V) 

Pure water cell 4new 1000 Pure water 209 1.062 

Seawater cell 1new 1000 Seawater 259 1.054 

6.2.2.3 Long Term Stability Test – Current Density Voltage Curves 

For further investigation, the iV curves recorded every 100 hours during the stability test of 

pure water cell 4new and seawater cell 1new are compared and presented in Figure 28. The 

current densities decrease continuously in the case of seawater cell 1new until 600 hours of 

operation. Between 600 and 900 hours, the iV curves exhibit similar shapes and current density 

values, indicating a stabilization in performance. A slight decrease in current densities is 

observed in the iV curve at 1000 hours of operation. After 400 hours of operation, the iV curves 

exhibit a sigmoidal shape and hysteresis develop. The forward scans exhibit higher current 

densities, and the backward scans lower current densities. As shown in Figure 28a, the same 
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trends are visible for the pure water operated cell, indicating that the hysteresis and sigmoidal 

shape are not specific to seawater usage.  

The trends seen here for the seawater and pure water operated cells are reported in the 

literature for various operation conditions of SOCs. [17, 31, 127-129] For instance, Dittrich connected 

the hysteresis to structural changes in the cell in her thesis, which would explain the 

observation after a certain stability test time [17]. However, a clear identification of hysteresis 

must be considered in the future.   

 

Figure 28 iV curves recorded every 100 hours of operation (a) of pure water cell 4new operated 
for 1000 hours and (b) of seawater cell 1new operated for 1000 hours. Evaluation of the (c) ASR 
at OCV and (d) the current density at 1.4 V for both cells. 

In the next step, the evolution of the ASR at OCV, derived from the iV curves, is compared to 

seawater cell 1new and pure water cell 4new. Figure 28c presents the evolution of the Asr for 

both cells. Seawater cell 1new shows an increase in ASR at OCV until 600 hours of operation. 

6.2.2.2.1. The initial ASR increases from an initial value of 116 mΩ∙cm2 to 227 mΩ∙cm2 after 

1000 hours of operation. In contrast, pure water cell 4new exhibits a steady increase in ASR 

over the entire operation, from 119 mΩ∙cm2 to 214 mΩ∙cm2. Interestingly, the ASR at OCV is 
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similar for both cells at the end of the stability measurement which contrasts with the voltage 

evolution seen in Figure 27. Thus, this observation suggests that ASR at OCV alone may not 

fully capture the differences in degradation behavior. 

Figure 28d illustrates the current densities of both cells at a voltage of 1.4 V as a function of 

the degradation time. As discussed in chapter 6.1 the current density at 1.4 V of pure water 

cell 4new is steadily decreasing. Similarly, seawater cell 1new follows a constant decrease in 

current density for the operation time from 0 to 400 hours, which matches the behavior in pure 

water cell 4new. However, between 400 and 600 hours, seawater cell 1new shows a more 

pronounced drop in current density (0.254 A∙cm−2) compared to pure water cell 

(0.076 A∙cm−2) during the same period. After 600 hours, the current densities of the seawater 

operated cell remain relatively stable until 900 hours. After 900 hours a minor decrease is 

observed until the end of the measurement.  

At the end of the measurement the current density of pure water cell 4new is higher compared 

to seawater cell 1new which is consistent with the voltage evolution seen in Figure 27. In 

addition, the overall degradation trends of both cells correlate well with the evolution of ASR 

at OCV. However, both cells exhibit a similar ASR at OCV at the end of the measurement 

whereas pure water cell 4new shows a higher current density at 1.4 V. This indicates that voltage 

dependent electrochemical processes that are not captured at OCV are contributing to the 

degradation and differ between both cells [159-160].  

6.2.2.4 Long Term Stability Test – Electrochemical Impedance Spectroscopy  

EIS measurements were performed every 100 hours throughout the 1000 hour stability 

experiment. Figure 29a shows the Nyquist plots for pure water cell 4new and Figure 29b for 

seawater cell 1new. In both cells, the high frequency regime exhibits an inductive behavior, 

which is attributed to wiring effects, as commonly reported in the literature [31, 51].  

Pure water cell 4new exhibits a slight increase of the high frequency intercept with the real 

impedance axis over the entire measurement time. In comparison, the increase is more 

pronounced in the Nyquist plots of seawater cell 1new. However, direct interpretations of the 

high frequency ohmic (serial) resistance are difficult due to the parasitic inductance present 

[51].  

A more pronounced and reliable trend is observed at the low frequency intercept with the real 

axis, which increases significantly for both cells. Thus, the dominant contribution to the 

degradation originates from an increase in polarization resistance. 

Furthermore, the low frequency interception with the real axis increases due to a shift of the 

semi circles in the high to intermediate frequency region to higher resistance values in both 

cells. In pure water cell 4new a similar increase occurs gradually and consistently over time. In 

contrast, seawater cell 1new shows a rapid increase in the high to intermediate frequency 
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related resistances between 300 and 600 hours of operation which corresponds to the sharp 

voltage increase in this period previously discussed in chapter 6.2.2.2. 

This trend is further supported by the distribution of relaxation times (DRT) analysis derived 

from the EIS data, shown in Figure 29c and Figure 29d. in both cells, the contributions at low 

relaxation frequencies between 1 to 100 Hz exhibit only minor changes in magnitude. The 

processes referring to the intermediate (300 to 1000 Hz) and the high frequency (3000 Hz) 

regimes increase significantly in magnitude. Furthermore, seawater cell 1new shows a sharp 

increase in these contributions between 400 and 600 hours, which is not observed in pure 

water cell 4new. 

 

 

Figure 29 Nyquist plots and DRT spectra of the EIS data recorded at OCV every 100 hours 
during the stability test for (a, b) pure water cell 4new and (c, d) seawater cell 1new operated for 
1000 hours. 

To achieve a clear deconvolution of the ohmic and polarization contribution as well as insights 

into the underlying electrochemical processes, the EIS data were fitted using the equivalent 

circuit model developed in chapter 6.1.1.3. The fitting of the EIS data enabled the determination 

of RΩ and Rp at OCV. For a comprehensive evaluation, the results from the seawater stability 

test (seawater cell 1new) are compared to those from the pure water operation (pure water cell 

4new. 
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Figure 30a presents the evolution of RΩ over time for both cells. As earlier shown in chapter 

6.1, pure water cell 4new maintains a nearly constant RΩ throughout the measurement. In 

contrast, seawater cell 1new exhibits a slight increase in RΩ by 0.013 Ω∙cm−2 from an initial value 

of 0.057 Ω∙cm−2 to 0.070 Ω∙cm−2.  

Figure 30b shows the corresponding evolution of Rp. In seawater cell 1new, Rp increases 

gradually by 0.051 Ω∙cm−2 during the first 400 hours of operation. The rise in Rp is accelerated 

between 400 to 600 hours where an increase of 0.074 Ω∙cm−2 is observed. From 600 to 

1000 hours, Rp stabilizes or even shows a slight decrease. In contrast, pure water cell 4new 

exhibits a steady and continuous increase in Rp throughout the full measurement period. 

These trends correlate with the voltage time evolution discussed earlier in Section 6.2.2.2 and 

the analysis of the Nyquist and DRT plots shown above. In both cells, the degradation is 

dominantly covered by the increase in Rp. The rapid increase in voltage between 400 and 600 

hours observed in seawater cell 1new is mainly due to an increase in Rp.  

 

Figure 30 Evolution of (a) the ohmic resistance and (b) the polarization resistance for cells 
operated with steam generated from seawater and pure water and the evolution of the 
individual process resistances for the (c) seawater cell 1new and (d) pure water cell 4new. All 
data shown is derived from the ECM fitting of the EIS data recorded every 100 hours during 
the stability measurement at OCV. 
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Interestingly, like the ASR at OCV discussed in the previous section, Rp is similar between 

seawater cell 1new and pure water cell 4new at the end of the stability test. However, seawater 

cell 1new still exhibits a higher operating voltage at 1 A∙cm−2, as shown in chapter 6.2.2.2. As 

stated before in chapter 6.2.2.3, this indicates underlying differences in individual voltage 

dependent processes in both cells. By breaking down Rp to its individual resistance 

contributions the differences between seawater and pure water operation are further 

investigated. 

Next, the evolution of the individual resistances derived from the ECM fitting are discussed. An 

ECM containing an inductance in series with a resistor and four RQ elements is used as 

discussed in chapter 6.1. In Figure 30c and Figure 30d, the individual resistances of the RQ 

elements of both cells are shown.   

In both cells, RRQ4 remains largely unaffected by the operation time. The low frequency process 

(2 - 9 Hz) associated with RQ4 has been attributed to the gas diffusion at the Ni/YSZ fuel 

electrode through literature studies due to its temperature independence and dependence on 

a variation of fuel gas content [62, 118, 130].  

Like RRQ4, RRQ3 exhibit no significant change during the test duration in either cell. In the 

literature, the intermediate frequency process of around 10 Hz RQ3 is attributed to the air 

electrode due to its dependency on the oxygen content at the LSC air electrode [62, 130].  

In contrast, the resistance RRQ2 increases substantially in both cells over time. In pure water 

cell 4new, a steady rise of RRQ2 is observed from 7 to 49 mΩ∙cm2 over the measurement time. 

In seawater cell 1new, RRQ2 increases more pronounced from 11 to 83 mΩ∙cm2. The increase 

of RRQ2 in seawater cell 1new, is gradual during the first 300 hours of the measurement. After 

300 to 600 hours RRQ2 increases sharply. After 600 to 1000 hours, the resistance stays at a 

constant value. This trend mirrors the overall polarization resistance behavior and thus in 

seawater cell 1new RRQ2 is the dominant contribution to the Rp increase. This behavior is not 

visible in pure water cell 4new. Overall significant differences between both cells are registered 

in the evolution and total increase of RRQ2. Based on previous literature, RQ2 is associated with 

a process at the Ni/YSZ fuel electrode due to its dependence on the fuel gas content [61, 118, 130-

131]. It is reported that RQ2 is assigned to the charge transfer reaction in the Ni-YSZ fuel 

electrode [61]. 

The last contribution RRQ1 is attributed as a fuel electrode process contributing to the 

electrochemical reaction in the Ni-YSZ fuel electrode including the O2− transport (see chapter 

3.2.3). In seawater cell 1new, RRQ1 increases sharply during the first 300 hours of operation 

followed by a slight decrease in value. A similar rapid increase of RRQ1 is observed in the first 

300 hours in pure water cell 4new. However, unlike the seawater cell, RRQ1 steadily increases 

from 300 hours onwards until the end of the operation at 1000 hours in pure water cell 4new. In 
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addition, RRQ1 is the main contributor to the increase in Rp in pure water cell 4new, while in 

seawater cell 1new RRQ1 levels off after the initial rise.  

Since both RRQ1 and RRQ2 are attributed to processes at the Ni-YSZ fuel electrode, changes in 

the fuel electrode are the primary contributors to the overall degradation in both cells. For 

visualization purposes, the resistive contributions from the fuel electrode, air electrode, and 

ohmic resistance are visualized for seawater cell 1new and pure water cell 4new in Figure 31a 

and Figure 31b, respectively.  

In conclusion, RRQ1 is the main contribution to the increase in Rp in pure water cell 4new whereas 

RRQ2 is the main contribution to the increase in Rp in seawater cell 1new. The sharp voltage rise 

between 400 and 600 hours in seawater cell 1new as discussed in chapter 6.2.2.2 is due to an 

increase in RRQ2 and thus points to electrochemical degradation processes specific to the 

Ni-YSZ fuel electrode. This behavior is not seen in pure water cell 4new, implying that different 

degradation mechanisms are occurring during the stability test in both cells.  

In pure water cell 4new the gradual increase in RRQ1 indicates that microstructural changes in 

the Ni-YSZ fuel electrode are negatively affecting the electrochemical reaction and especially 

the O2− transport. In contrast, the sharp increase in RRQ2 in seawater cell 1new is connected to 

the charge transfer in the Ni-YSZ fuel electrode and indicates degradation related to Ni 

agglomeration, depletion or poisoning of the Ni-YSZ fuel electrode. The poisoning of the fuel 

electrode is potentially related to impurity transport from seawater to the cell. Thus, the 

transport of impurities and differences in the microstructures after operation are investigated 

by post test characterization of both cells in the following. 

 

Figure 31 Evolution of the RΩ, the resistance corresponding to the Ni-YSZ fuel electrode and 
the resistance corresponding to the LSC air electrode for (a) seawater cell 1new and (b) pure 
water cell 4new. 

6.2.2.5 Long Term Stability Test – Post Test Characterization  

The surface of the Ni-YSZ fuel electrode was characterized by X-ray diffraction (XRD) 

measurements to identify possible crystalline impurities. Figure 32a compares the respective 
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XRD spectra recorded of the fuel electrode surface of seawater cell 1new and pure water cell 

4new. Both spectra exhibit only the characteristic reflections of Ni and YSZ and no additional 

diffraction peaks indicate impurities at surface of the fuel electrode. Furthermore, no significant 

differences between the XRD spectra of seawater cell 1new and pure water cell 4new are 

identified.  

 

Figure 32 (a) XRD spectra and (b) GI-XRD spectra of the Ni-YSZ fuel electrode surface of the 
pure water cell 4new and seawater cell 1new. Both cells were characterized after disassembly 
from the measurement setup and exposure to air at room temperature. 

For enhanced surface resolution and improved detection of minor crystalline impurities present 

on the Ni-YSZ fuel electrode surface, grazing incidence XRD (GI-XRD) measurements were 

conducted. Figure 32b shows the respective GI-XRD spectra for pure water cell 4new and 

seawater cell 1new. In both cells, only peaks corresponding to the Ni and YSZ phases are 

identified. In the GI-XRD measurements, the relative intensity of Ni peaks is increased due to 

the thin Ni contact layer printed on top of the Ni-YSZ fuel electrode which dominates the lower 

penetration depth of the GI-XRD measurements. Importantly like in the conventional XRD 

measurement, no crystalline salt deposits or additional impurity phases are detected on the 

Ni-YSZ fuel electrode surface of seawater cell 1new. This indicates that impurities transported 

by seawater usage are either amorphous, present in concentrations below the detection limit, 

or not retained on the surface in crystalline form. 
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To further investigate surface deposits, seawater cell 1new was analyzed by scanning electron 

microscopy (SEM). Figure 33 presents two representative SEM images of the Ni-YSZ fuel 

electrode surface of seawater cell 1new. Numerous nanoscale particles of varying morphology 

are observed on top of the current collecting Ni layer. For comparison, SEM images at the 

same position of pure water cell 4new are provided in Figure A 3 in the appendix, revealing 

similar particles on top of the Ni-YSZ fuel electrode surface. Therefore, based on SEM imaging 

alone no distinct salt deposits or additional surface deposits are identified on the Ni-YSZ fuel 

electrode surface of seawater cell 1new.  

 

Figure 33 Top view of a Ni-YSZ fuel electrode surface of seawater cell 1new operated for 
1000 hours with steam produced from seawater. 

To elucidate the nature of these surface particles, SEM-EDX mapping was conducted. Most 

of the particles found on the surface of seawater cell 1new were identified as Al2O3 particles or 

ZrO2 particles as shown in Figure A 4 in the appendix. The presence of ZrO2 particles can be 

attributed to the 8-YSZ phase in the Ni-YSZ fuel electrode itself. The presence of Al is likely 

associated with the use of alumina containing components in the test setup. In addition, 

alumina is often used as a sintering aid for shaping the sintering behavior of ceramics, which 

may contribute to its presence on the electrode surface [161]. 

In some localized regions of the Ni-YSZ fuel electrode surface of seawater cell 1new, CaOx 

deposits were detected as shown in the SEM-EDX maps in Figure 34. However, no Na 

containing impurities were found on the Ni-YSZ fuel electrode surface of seawater cell 1new. By 

calculations based on prior research, it is estimated that during 1000 hours of seawater 

operation an amount of 2 mg NaCl and 0.2 mg Ca containing species could be transported to 

seawater cell 1new [14, 162]. In the present thesis, only Ca species were detected across several 

spots on the Ni-YSZ fuel electrode surface. Although Na species were not detected by 

SEM-EDX it cannot be ruled out that Na is deposited on the surface of the Ni-YSZ fuel 

electrode. While Salt deposits on the fuel electrode surface could potentially interfere with the 

electrical contact and performance of the SOECs, the EIS measurements discussed in chapter 
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6.2.2.4 show no notable increase in RΩ for seawater cell 1new. Thus, no significant influence is 

expected by the salt deposits on the Ni-YSZ electrode surface. 

 

Figure 34 SEM-EDX analysis of the Ni-YSZ fuel electrode surface of seawater cell 1new 
operated for 1000 hours with steam produced from seawater. 

The cross section of the Ni-YSZ fuel electrode was investigated to assess potential 

microstructural changes and deposits in the electrochemical active porous electrode. Initially, 

the fractured cross sections of the active layers were analyzed, as shown in Figure 35. As the 

cells are fractured by hand, the resulting surfaces are uneven and may introduce artifacts.  

In the case of seawater cell 1new, small nanoparticles are observed on the surfaces of some 

grains within the active layer of the Ni-YSZ fuel electrode. In contrast, these nanoparticles are 

absent in the freshly reduced reference sample and in pure water cell 4new. As discussed in 

chapter 6.1, such nanoparticles have been identified as ZrO2 particles deposited on Ni grains 

in the fuel electrode active layer. Since SEM-EDX mapping of the Ni-YSZ fuel electrode surface 

confirmed the transport of salt to seawater cell 1new during operation it cannot be excluded that 

some of the nanoparticles are due to seawater operation and consist of salt residues or other 

impurities.  

For clarification, SEM-EDX measurements were performed on fractured cross sections of the 

Ni-YSZ electrode in seawater cell 1new. Figure 36 and Figure 37 display two EDX maps from 

two distinct areas of the fractured cross sections of seawater cell 1new. In both cases, beam 

induced damage occurred during the mapping which made detailed analysis difficult and 

limited the spatial resolution and accuracy. Notably, similar beam damage was encountered 

during SEM-EDX measurements of pure water cell 4new, indicating that this observation is not 

a consequence of seawater utilization. The expected elemental Ni, Zr, and O maps are visible 
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in the upper parts of both figures (Figure 36 and Figure 37). Additional minor element signals 

of impurities are presented in the lower parts. 

 

Figure 35 SEM images of the fractured Ni-YSZ fuel electrode cross section of a pristine 
reduced, a cell operated for 1000 hours with pure water for steam generation, and a cell 
operated for 1000 hours with seawater for steam generation. 

From the EDX mapping, no evidence of Cl containing impurities in the Ni-YSZ fuel electrode 

is identified. Similarly, the Ca maps showed no clear indication of Ca based deposits within the 

active layer. However, in the case of Na, small and localized particles were detected in the 

corresponding Na elemental map. Interestingly, these Na signals overlap with the carbon 

signals in the carbon EDX elemental maps suggesting a Na and C containing compounds, 

possibly carbonates or organic sodium salts.  

This observation indicates the transport and deposition of Na containing impurities within the 

electrochemically active layer of the fuel electrode during seawater operation. To the best of 

the author's knowledge, the impact of sodium containing impurities as deposited particles 

within Ni-YSZ fuel electrodes has not been evaluated in the literature. However, potential 

blocking of active sites and pore structures by such impurities is plausible and could be critical 

to the SOEC lifetime.  

In summary, the results demonstrated that different impurities, namely Na and Ca species, are 

transported to the SOEC during seawater operation where they are deposited either in the 

cross section or on the surface of the Ni-YSZ fuel electrode. This contradicts earlier studies on 

seawater utilization in SOECs, which reported no impurity deposits at the fuel electrode [9, 14-15, 

94]. The discrepancy is likely due to the shorter test durations and the limited scope of post test 

characterization in those previous studies, as discussed in chapter 4.  
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Figure 36 SEM-EDX maps of the Ni-YSZ fuel electrode fractured cross section of seawater 
cell 1new (spot 1) operated with steam generated from seawater for 1000 hours. 

 

Figure 37 SEM-EDX maps of the Ni-YSZ fuel electrode fractured cross section of seawater 
cell 1new (spot 2) operated with steam generated from seawater for 1000 hours. 

By embedding, polishing and consecutive sputtering with gold of the fractured cross section 

the beam damage previously examined is avoided. This approach enabled analysis of a flat 

and stable cross section, allowing clearer identification of microstructural features in the 

Ni-YSZ fuel electrode. However, it should be noted that embedding and water based polishing 

might lead to washing out salt impurities and the potential introduction of artifacts from the 

used resin. The polished cross section SEM images of the fuel electrode of both cells are 

primarily evaluated to assess conventional microstructural degradation mechanisms (see 

chapter 2.3).  

Figure 38a presents the gold sputtered, polished cross sections of the Ni-YSZ electrode of a 

pristine reduced cell, seawater cell 1new and pure water cell 4new. All cells show good adhesion 

between the Ni-YSZ fuel electrode and the YSZ electrolyte. The denser active Ni-YSZ layer 

adjacent to the electrolyte is clearly distinguishable from the more porous support structure 

above in both cells. No significant structural separation or delamination between the individual 
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layers is depicted for seawater cell 1new and pure water cell 4new. In addition, both cells exhibit 

no delamination of the LSC air electrode as shown in Figure A 5, indicating mechanical integrity 

after operation.  

A slight densification of the active Ni-YSZ fuel electrode layer is qualitatively observed in pure 

water cell 4new. In contrast, Seawater cell 1new shows no significant densification of the active 

Ni-YSZ fuel electrode. This hints towards distinct microstructural evolution paths depending on 

the steam source used during operation. 

In seawater cell 1new, small gaps between the Ni and YSZ phases are seen within the dense 

active layer of the Ni-YSZ fuel electrode. These features are highlighted by red arrows in the 

SEM image (Figure 38a). Additionally, small black inclusions within the Ni particles are visible 

in the dense active layer of the fuel electrode. These are marked by red squares in the SEM 

image. Both features are absent in the corresponding SEM image of pure water cell 4new. The 

gaps near the Ni-YSZ electrode/electrolyte in seawater cell 1new correlate with the slight 

increase in RΩ discussed in section 6.2.2.4. These gaps disrupt the percolating electronic and 

ionic pathways within the Ni-YSZ electrode, resulting in inactivity of active sites and an artificial 

increase in the effective thickness of the not non electrochemically active 8-YSZ electrolyte.  

EDX line scans performed on the Ni particles in seawater cell 1new reveal that the black 

inclusions correspond to Si oxides as shown in Figure 38b by the increase in Si-Lα and O-Kα 

signals at the location of incorporation. This is in accordance with the results shown in 

chapter 6.1 and with literature reports [126]. The incorporation mechanism of Si into Ni particles 

is discussed in more detail in references [33, 135].  

Since both cells originate from the same production batch the presence of Si contaminants in 

seawater cell 1new are attributed to the use of seawater. As described in the literature natural 

seawater contains approximately a Si content of around 0.4 mg/L and a similar content is 

expected for the seawater used in this work [14]. Notably, even ultrapure water with a content 

of 7 µg/L of Si has been shown to result in Si contamination of Ni based fuel electrodes [163]. 

The detection of Si incorporation in the Ni-YSZ fuel electrode during seawater operation has 

not been reported in previous on SOECs operated with seawater [9, 14-15, 94]. In the case of 

synthetic seawater usage only the salt contents are considered which explains the 

contradictory results [9]. As outlined in chapter 4, prior studies also often lack rigorous 

comparisons with pure water operation and systematic post test characterization. This leads 

to a potentially overlooking of small changes in the electrode microstructure like black 

incorporations. In the author’s opinion these two factors explain why Si poisoning of the Ni-YSZ 

fuel electrode has not been reported in other literature studies in the context of seawater 

utilization in SOECs. 
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Figure 38 SEM images showing the embedded and polished cross section of the Ni-YSZ 
electrode of a pristine reduced cell, pure water cell 4new and seawater cell 1new. Red arrows 
indicate gaps between the Ni and YSZ phases, while red squares mark inclusions within the 
Ni particles. (b) SEM-EDX analysis of a Ni particle in the Ni-YSZ active layer of seawater cell 
1new. 
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To further evaluate the microstructural evolution in the Ni-YSZ fuel electrode of both cells, EDX 

maps of Ni and Zr were recorded and are presented in Figure 39. For comparison, a pristine 

reduced cell was additionally analyzed.  

In the pristine reduced cell, the Ni phase appears homogeneous and well interconnected with 

small, uniformly distributed Ni particles in the dense active layer adjacent to the electrolyte. 

Similarly, the Zr phase is fine structured, indicating a well developed percolating porous 

network. These microstructural features are also observed in seawater cell 1new where no 

significant deviations from the pristine reduced cell are visible. Specifically, no signs of Ni 

agglomeration or migration are visible which are mechanisms known to contribute to 

degradation in SOECs as described in chapter 2.3 [1, 29, 124]. Additionally, in pure water cell 4new 

no pronounced Ni agglomeration in the dense active layer is visible, however, a densification 

of the Zr phase is observed. These observations explain the qualitative densification of the 

active Ni-YSZ fuel electrode layer seen earlier in pure water cell 4new after 1000 hours of 

operation (Figure 38).  

 

Figure 39 SEM-EDX analysis of the Ni-YSZ fuel electrode of a pristine reduced cell, pure water 
cell 4new and seawater cell 1new operated for 1000 hours in steam electrolysis mode. 
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Table 7 summarizes the relative content of Ni, Zr and porosity in the Ni-YSZ fuel electrode 

active and support layer, derived from the SEM-EDX measurements. Both cells exhibit no 

significant Ni depletion compared to the pristine reduced cell in the active Ni-YSZ fuel electrode 

layer adjacent to the electrolyte. Pure water cell 4new shows an increase in Zr fraction, 

consistent with the observed qualitative Zr phase densification. This densification is not present 

in seawater cell 1new.  

Moreover, average particle sizes or Ni and Zr are provided in Table 7. Both operated cells 

exhibit slightly increased Ni particle sizes in the active Ni-YSZ fuel electrode layer compared 

to the pristine cell, with no significant difference between pure and seawater operation. 

Interestingly, pure water cell 4new shows a substantial increase in Zr particle size, while 

seawater cell 1new maintains a particle size distribution comparable to the pristine reduced cell. 

These findings suggest that operation with seawater suppresses a Zr densification in the active 

fuel electrode layer and may contribute to stabilizing the YSZ phase in the Ni-YSZ fuel 

electrode. In contrast, a densification of the Zr phase as observed in pure water operation 

could lead to a reduction of the electrochemically active triple phase boundary (TPB) length, 

negatively impacting cell performance, as discussed in chapter 6.1. 

Table 7 Quantitative analysis using the SEM/EDX images for the active functional layer and 
support layer of the Ni-YSZ fuel electrode. 

Fraction 

Pristine 

active 

layer 

Pristine 

support 

layer 

Pure water 

cell 4new 

active 

layer 

Pure water 

cell 4new 

support 

layer 

Seawater 

cell 1new 

active 

layer 

Seawater 

cell 1new 

support 

layer 

Porosity 28 % 39 % 22 % 32 % 26 % 30 % 

Ni fraction 30 % 27 % 31 % 27 % 30 % 27 % 

Zr fraction 42 % 34 % 47 % 41 % 44 % 44 % 

Average 

Ni particle 

size 

0.97 µm 1.09 µm 0.99 µm 1.06 µm 0.99 µm 1.03 µm 

Average 

Zr particle 

size 

1.12 µm 1.39 µm 1.31 µm 1.42 µm 1.12 µm 1.42 µm 

Comparing seawater and pure water operation, distinct differences in the microstructural 

evolution were observed that correlate with the differences in voltage evolution and electrode 

processes identified through EIS analysis in chapter 6.2.2.4. As discussed, different 
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degradation mechanisms and processes in the Ni-YSZ fuel electrode dominate the long term 

performance of pure water and seawater operation.  

In pure water cell 4new, a continuous increase in the resistances RRQ1 and RRQ2 was recorded, 

with RRQ1 being the dominant contributor to the steady rise in operation voltage during the 

stability test. The respective processes were attributed to the electrochemical reaction at the 

Ni-YSZ fuel electrode and the ion transport within the ionic YSZ network. This correlates with 

the observed agglomeration of the Zr phase and the slight agglomeration of the Ni phase in 

pure water cell 4new as both reduce the triple phase boundary (TPB) length, the ionic conductive 

pathways in the percolating YSZ structure and thus the electrochemical activity of the fuel 

electrode [29, 124].  

On the other hand, seawater cell 1new exhibits an increase in the resistances RRQ1 and RRQ2, 

where RRQ2 is the dominant contribution. In addition, a rapid increase in operation voltage is 

observed between 400 and 600 hours primarily driven by a rise in RRQ2. In seawater cell 1new 

Si contamination is found in the Ni-YSZ fuel electrode. The above post test characterization 

revealed Si contamination in the active layer of the Ni-YSZ fuel electrode blocking active sites 

and poisoning the electrode. This leads to an increase in the operational voltage and the 

resistance connected to the electrochemical reaction [27, 33, 89]. Interestingly, unlike pure water 

cell 4new, no densification of the Zr phase is observed in seawater cell 1new. This raises the 

question of whether seawater utilization suppresses the densification of the Zr containing YSZ 

phase in the Ni-YSZ fuel electrode. 

As CaO and Na species were identified by post test characterization on or within the Ni-YSZ 

fuel electrode during seawater operation, these are potential candidates that could be able to 

suppress the densification of the YSZ phase in the Ni-YSZ electrode. There are some hints in 

literature that this could be a feasible explanation: (1) A study on Ni-YSZ-MO (M = Ca, Mg) 

suggested that a small addition of these MO oxides could arrest degradation [164]; (2) another 

study reported that doping of Ni-YSZ fuel electrodes with stable oxides (CaO, MgO) 

significantly reduced the reoxidation kinetics of Ni based fuel electrodes [165]; (3) it was reported 

that the use of Ni-YSZ modified with CaO is more stable against carbon deposition, however, 

decreased the performance [166]; (4) a recent study reported increased stability against low 

temperature hydrothermal degradation of CaO doped 3-YSZ in comparison to pure 3-YSZ [167]. 

In conclusion, literature reported that a stable backbone structure of YSZ in the Ni-YSZ fuel 

electrode can effectively mitigate degradation [168-169]. Given the absence of Zr phase 

densification during seawater operation and the identification of CaO deposits, it is possible 

that CaO contributes to stabilizing the YSZ phase under the chosen operating conditions. This 

phenomenon must be investigated in future studies to validate the hypothesis by the author 

based on the reported results here. 
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In summary, the electrochemical results demonstrate that the direct utilization of seawater 

does affect the stability of SOECs operated in steam electrolysis conditions over 1000 hours 

of operation. This finding contrasts with previous studies on seawater operation which reported 

negligible degradation effects[9, 14-15, 94].  This difference is attributed to a more detailed and 

precise comparison to pure water operation and the extended operation times employed in this 

thesis. The higher degradation rates observed during seawater operation are primarily linked 

to Si poisoning in the Ni-YSZ fuel electrode, confirmed by post test characterization. Si is 

known to be present in seawater as an impurity [14]. Furthermore, from post test 

characterization, the transport of salt impurities to the SOEC during operation was confirmed 

which contradicts current publications on seawater operation in SOECs [9, 14-15, 94]. Moreover, in 

pure water operation a densification of the Zr phase in the active layer of the Ni-YSZ fuel 

electrode mainly led to the seen degradation. This densification is not present in seawater 

operation. From literature analysis it is suggested by the author that the transport of CaO to 

the cell is beneficial for suppressing Zr phase densification in the Ni-YSZ fuel electrode, 

potentially mitigating related degradation.  

6.3 Direct Saturated Sodium Chloride Solution Utilization 

In the next chapter, a concentrated sodium solution is investigated for its direct use in steam 

production for SOEC single cells. As shown in the previous chapter, the utilization of seawater 

impacts the stability of a SOEC over 1000 hours of operation time, primarily due to Si 

poisoning. However, the reported transport of salts (see chapter 6.2) to the cell could influence 

the long term durability of SOECs negatively over the expected and needed lifetime of 

approximately 10 to 15 years. Thus, testing of concentrated salt solutions as an accelerated 

stress test could give insights as more salt particles as aerosols are transported to the cell. 

Furthermore, high salinity wastewater is commonly found in several industrial processes and 

their direct use in SOECs could represent an innovative approach to wastewater utilization. 

In this chapter, saturated sodium chloride (NaCl) solution is used as NaCl is the dominant salt 

in seawater and is also present in industrial wastewaters such as those from polycarbonate 

production. Thus, the following experiments aim to evaluate the use of high salinity wastewater 

from industry directly in SOEC systems while simulating accelerated stress testing for 

seawater operation. The author wants to note here that for the stability test two cells of the old 

cell batch are compared. As discussed in chapter 6.1 the old production batch shows Si 

poisoning due to material impurities. The used sodium chloride solution is produced by 

dissolving of NaCl salt in ultrapure water that is also used for the pure water test. Therefore, 

no Si transport to the cell during operation is expected.  

The initial performance and the ASR are evaluated by iV curve measurements and compared 

to results obtained using steam generated from pure water. The long term stability is assessed 
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by a stability test over 1000 hours, supported by electrochemical measurements including iV 

curves and EIS measurements and analysis. Finally, the degraded cell is post characterized 

to identify transported impurities and to evaluate degradation mechanisms occurring during 

operation. XPS surface analysis of the Ni-YSZ fuel electrode was performed by ZEA-1 at 

Forschungszentrum Jülich. The Ni-YSZ fuel electrode surface and polished cross section 

SEM-EDX measurements were recorded in cooperation with Jean Pierre Puc and Pritam 

Chakraborty from Dr. Basak's group. Selected results presented in this chapter are published 

in [114]. 

6.3.1 Electrochemical Initial Performance 

The initial electrochemical performance of a cell operated with steam generated from saturated 

sodium chloride (NaCl) solution was evaluated as a function of operation temperature. Figure 

40a displays the respective iV characteristics in a temperature range from 750 to 900 °C using 

a gas composition of 60 % H2O + 40 % H2 at the fuel electrode. As predicted by the Nernst 

equation, the OCV increases with decreasing temperature. The theoretically calculated OCVs 

using the Nernst equation and experimental measured OCVs are shown in Table A 12 in the 

appendix. The experimentally determined OCVs deviate up to 2 % from the theoretical 

calculated values. Deviations from the theoretical OCV are attributed to minor gas leakages 

between the air and fuel electrode sides [90]. As expected, the electrochemical performance 

decreases with a decrease in temperature due to lower kinetics and higher electrochemical 

process and ohmic resistances. The curvature of the iV characteristics at high temperatures 

and high current density is attributed to transport limitations.  

To evaluate the influence of steam content, additional iV curves were recorded. Figure 40b 

shows the iV characteristics at a constant temperature of 800°C and different steam contents 

for a cell operated with saturated NaCl solution. Hydrogen was used as balance gas. The 

respective theoretical and experimentally observed OCV values are summarized in Table A 

13 in the appendix. As with the temperature variation, differences of up to 1 % between 

theoretical and experimental determined OCVs are observed and explained by minor gas 

leakages in the setup [90]. The highest performance in SOEC mode is reached with the highest 

steam content of 60 %. With a decrease in steam content, the performance is decreasing.  

Figure 40c compares the current densities at 1.4V with 60 % H2O content for the NaCl 

saturated solution with those obtained using steam from pure water at different temperatures. 

The measured current densities are similar in both cells, indicating no negative impact when 

using NaCl saturated solution for steam production in SOEC operation. As described in chapter 

6.2, the activation energy is calculated from the ASR values, derived from the slope of the iV 

curves at OCV and at a current density of −0.5 A∙cm−2 in electrolysis mode using a model that 
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includes a thermally activated electrochemical contribution and a temperature independent 

gas transport related contribution, as introduced (see chapter 6.2.1.3).  

The resulting Arrhenius plots of the ASR for a cell operated with a saturated NaCl solution are 

shown in Figure 40d. The fitted gas concentration related resistance Rdiff. is 0.099 Ω∙cm2 at 

OCV and 0.084 Ω∙cm2 at −0.5 A∙cm−2, respectively. These values are in the same range as 

those observed for cells operated with pure water and seawater discussed in chapter 6.2.1.3. 

Therefore, the Rdiff. seems not influenced by the operation of the cell with saturated NaCl 

solution.  

The fitted activation energies refer to 117 kj∙mol−1 and 115 kj∙mol−1 at OCV and −0.5 A∙cm−2 

which are consistent with values obtained for pure water and seawater operation (see chapter 

6.2.1.3). In conclusion, no significant or negative influence on the initial performance is 

observed for the operation of a SOEC with saturated NaCl solution, indicating the feasibility of 

using high salinity water sources in SOEC systems. 

 

Figure 40 iV curves recorded at (a) different temperatures and constant gas compositions of 
60 % H2O + 40 % H2 at the fuel electrode and (b) at different steam contents and a constant 
temperature of 800 °C. (c) Current densities at 1.4 V at 800 °C and 60 % H2O + 40 % H2 in 
comparison with pure water reference measurements. (d) Evaluation of the activation energy 
of the NaCl operated cell. 
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6.3.2 Long Term Stability Test 

6.3.2.1 Operation Voltage Evolution 

Figure 41a presents the voltage time curves for a cell operated with steam generated from a 

saturated sodium chloride solution (NaCl cell 1old) and a reference cell operated with pure water 

(pure water cell 3old). Both investigated cells originate from the older production batch which 

showed Si poisoning in their initial materials (see chapter 6.1). The concentrated sodium 

chloride solution used for the NaCl cell was prepared by dissolving NaCl in ultrapure water 

from the same source as the water used in the pure water cell. Therefore, no additional Si 

transport to the cell during operation is expected. The stability test was performed under 

galvanostatic operation with −1 A∙cm−2 current load at 800 °C and a gas composition of 

60 % H2O + 40 % H2. 

 

Figure 41 (a) Voltage and (b) degradation rate evolution over time for cells operated with 
steam generated from saturated NaCl solution (red) and pure water (blue) at a constant current 
density of −1 A∙cm−2, a temperature of 800 °C and a gas composition of 60 % H2 + 40 % H2O. 

NaCl cell 1old exhibits a high degradation rate of 773 mV∙kh−1 over 1000 hours of operation. 

Pure water cell 3old shows a significantly lower degradation rate of 374 mV∙kh−1. Moreover, 

pure water cell 3old and NaCl cell 1old both display similar initial starting voltages and voltage 

evolutions during the first 400 hours of operation. In particular, a steep voltage increase is 

observed in the first 150 hours of operation as expected for the older cell batch (see chapter 

6.1). After 150 to 400 hours both cells exhibit a similar degradation rate and the voltage 

increases linearly.  

After 400 hours of operation, the behavior of the two cells diverges significantly. While NaCl 

cell 1old exhibits an exponential voltage increase after 400 hours, pure water cell 3old continues 

to degrade in a linear fashion with a steady rise in cell voltage until 800 hours of operation. 

After 800 hours until 1000 hours, a slight accelerated voltage increase is visible in pure water 
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cell 3old. This trend becomes clearer when the evolution of the degradation rate is plotted as a 

function of the operation time, as shown in Figure 41b for both cells. After 400 hours of 

operation, the degradation rate of NaCl cell 1old rapidly surpasses that of pure water cell 3old.  

Table 8 summarizes the absolute degradation rates for every 100 hours in both cells. In the 

first 100 hours of operation, degradation rates over 1000 mV∙kh−1 are observed in both cells. 

After, lower degradation rates around 250 mV∙kh−1 are measured until 400 hours of operation. 

The degradation rates increase after 400 hours to values over 1000 mV∙kh−1 in the time frame 

from 700 to 1000 hours for the NaCl cell 1old. Pure water cell 3old stays from 100 to 1000 hours 

of operation under a degradation rate of 600 mV∙kh−1.  

In summary, the results indicate that operation with NaCl solution leads to accelerated 

degradation after approximately 400 hours of operation. This points to a time dependent 

degradation mechanism which could be linked to salt transport or accumulation processes.  

Table 8 Degradation rate in absolute numbers every 100 hours of operation time for the 
utilization of saturated NaCl solution compared to pure water operation. 

Degradation time (h) 
Degradation rate (mV∙kh−1) 

Pure Water cell 3old NaCl cell 1old 

0 - 100 1120 1483 

100 - 200 612 380 

200 - 300 259 280 

300 - 400 217 300 

400 - 500 145 420 

500 - 600 178 490 

600 - 700 200 540 

700 - 800 179 1220 

800 - 900 311 1150 

900 - 1000 528 1510 

6.3.2.2 Current Density Voltage Curves 

For a more detailed understanding, the iV curves recorded every 100 hours during the stability 

test for pure water cell 3old and NaCl cell 1old are shown in Figure 42a and Figure 42b, 

respectively.  

The initial performance of both cells is identical reaching −2.33 A∙cm−2 at 1.4 V, indicating 

comparable starting conditions. The current densities decrease continuously over the 

operation time in both cells. The largest absolute drop in performance occurs within the first 

100 hours and reflects the high initial degradation rates. For instance, after 100 hours of 
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operation, the current density decreases to −1.57 at 1.4 V in NaCl cell 1old and to and 

−1.79 A∙cm−2 at 1.4 V in pure water cell 3old, respectively.  

At 1000 hours the current densities at 1.4 V further decrease to −0.41 and −0.67 A∙cm−2 at 

1.4 V for the NaCl and pure water operated cell. In relative numbers, the performance of the 

NaCl cell 1old at 1.4 V decreased by 82 % over 1000 hours of operation and the performance 

of the pure water cell 3old by 71 % which is similar to values reported by our group for pure 

water operation before [122]. In addition, both cells exhibit hysteresis of the iV curves after the 

first 100 hours of the degradation test. As said in the previous chapters, the origin of hysteresis 

is still under discussion in literature and more detailed information can be found in [17, 31, 127-129].  

 

Figure 42 iV curves recorded every 100 hours of operation for (a) pure water cell 3old and (b) 
NaCl cell 1old during the stability test and the corresponding evolution of (c) the ASR at OCV 
and (d) the current density at 1.4 V. 

Figure 42c presents the evolution of the ASR at OCV as a function of operation time for both 

the NaCl cell 1old and pure water cell 3old. Initially, both cells exhibit comparable ASR values 

with values of 145 Ω∙cm−2. In the first 200 hours, a rapid increase in ASR is observed for both 

cells. Pure water cell 3old demonstrates a linear increase in ASR reaching 0.61 Ω∙cm−2 after 
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1000 hours of operation. In contrast, the NaCl operated cell exhibits an exponential increase 

in ASR from 200 to 1000 hours reaching a maximum of 1.13 Ω∙cm−2 by the end of the stability 

test.  

Correspondingly, Figure 42d shows the current density at 1.4 V as a function of operation time 

for both cells. Throughout the entire operation period, it is observed that NaCl cell 1old maintains 

a lower current density compared to the pure water operated cell. Furthermore, the 

performance gap between both cells is widening after 600 hours of operation. This is in 

accordance with the trends observed for both the ASR evolution at OCV and the operation 

voltage at constant current density of −1 A∙cm−2, indicating more severe degradation in the 

NaCl operated cell over time.  

6.2.2.3 Electrochemical Impedance Spectroscopy 

For a detailed analysis of the accelerated degradation behavior of NaCl cell 1old, the EIS 

measurements performed at 100 hour intervals during the stability test are analyzed in detail. 

The corresponding Nyquist plots for NaCl operated cell 1old and pure water operated cell 3old 

are shown in Figure 43a and Figure 43b, respectively.  

 

Figure 43 Nyquist plots as a function of operation time for the (a) NaCl cell 1old and (b) the 
pure water cell 3old.  

For NaCl cell 1old, the high frequency intercept with the real impedance axis remains relatively 

unchanged during the first 200 hours of operation. After 200 hours a gradual increase in the 
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high frequency intercept is observed. A similar trend is present in pure water cell 3old, however, 

less pronounced. As discussed in chapters 6.1 and 6.2, a direct interpretation of the high 

frequency intercept is challenging due to the parasitic inductive effects inherent in both cells.  

In contrast, the low frequency intercept with the real impedance axis which primarily reflects 

the polarization resistance, increases throughout the entire operation period in both cells. 

Notably, a sharp increase after the first 100 hours of operation in the low frequency intercept 

is seen in both cells. This increase is more pronounced after 600 hours of operation in NaCl 

cell 1old compared to pure water operating indicating a correlation with the accelerated 

degradation during NaCl operation.  

For a more detailed analysis and a deconvolution of the EIS data, the data is fitted by an ECM. 

The ECM consists of an inductance in series with a resistor and four RQ elements, each 

representing distinct electrochemical processes in the cell, as described in detail in chapter 

6.1.  

Figure 44 illustrates the ohmic resistance and polarization resistance derived from the ECM 

fitting as a function of operation time for both the NaCl cell 1old and pure water cell 3old. In NaCl 

cell 1old, Rp increases from 0.073 Ω∙cm2 to 0.180 Ω∙cm2 in the first 200 hours, while RΩ rises 

from 0.078 Ω∙cm2 to 0.086 Ω∙cm2. After this period, Rp and RΩ steadily increase in an 

exponential manner, with Rp consistently exceeding RΩ throughout the entire operation. 

Especially after 600 hours until 1000 hours of operation a sharp increase in Rp is observed 

leading to a total increase by 0.525 Ω∙cm2 in this period. After 1000 hours RΩ reaches a value 

of 0.334 Ω∙cm2 and Rp a value of 0.788 Ω∙cm2. 

In contrast, pure water cell 3old exhibits a more moderate increase in resistances. During the 

first 200 hours, Rp increases from 0.066 Ω∙cm2 to 0.213 Ω∙cm2 and RΩ from 0.080 Ω∙cm2 to 

0.096 Ω∙cm2. Between 200 hours and 600 hours of operation, Rp remains approximately 

constant, and RΩ increases to a value of 0.160 Ω∙cm2. From 600 to 1000 hours, RΩ stays stable 

and Rp increases from 0.235 Ω∙cm2 to 0.450 Ω∙cm2.  

The sharp voltage increase observed during the initial 200 hours of operation in both cells is 

primarily attributed to a rise in Rp, consistent with the previous discussion in chapter 6.1. 

However, the accelerated degradation in NaCl cell 1old after 600 hours is due to an accelerated 

increase in Rp and RΩ after 600 hours. In addition, Rp is the dominant contribution to the more 

pronounced degradation.  

For a more detailed analysis of the degradation behavior, the evolution of the individual 

resistances associated with each RQ element in the ECM is presented in Figure 45a and 

Figure 45b for NaCl cell 1old and pure water cell 3old, respectively.  
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Figure 44 Evolution of the ohmic and polarization resistance during the stability test comparing 
the utilization of steam produced from pure water and NaCl solution. The values are derived 
from the EIS measurements in a gas composition of 60 % H2O + 40 % H2 at 800 °C and OCV. 

The resistance RRQ4 appearing at low frequencies remains unchanged over the entire 

operation period for both cells. Similar, RRQ3 shows a slight increase over the operation period 

in both cells, however, does not contribute significantly to the rise in Rp discussed above. In 

contrast, the resistance RRQ2 exhibits a sharp increase in the first 200 hours of operation in 

both cells followed by a steady increase until the end of the operation. However, this steady 

increase is more pronounced in NaCl cell 1old compared to pure water operation.  

The resistance RRQ1 increases in the first 200 hours in both cells and remains stable between 

200 and 400 hours. After 400 hours until 600 hours, RRQ1 shows a gradual increase in the case 

of the NaCl cell 1old, whereas it remains nearly constant in pure water cell 3old. After 600 hours 

of operation, RRQ1 increases sharply until the end of the measurement in both cells. However, 

the increase is more pronounced in the case of the NaCl cell 1old even surpassing the 

resistance RRQ2 which is not observed in pure water cell 3old.  

The observed rapid increase in voltage during the first 200 hours in both cells is primarily due 

to an increase in RRQ2, while the voltage acceleration after 600 hours is dominated by the 

growth of RRQ1. RRQ3 and RRQ4 do not significantly contribute to the degradation of the 

polarization resistance. The accelerated increase in voltage and Rp after 600 hours of 

operation in NaCl cell 1old is mainly related to an accelerated increase in RRQ1, whereas RRQ2 

is increasing more pronounced as well.  

These trends are further corroborated by the evolution of the distribution of relaxation times 

(DRT) analysis shown in Figure 45c and Figure 45d for the NaCl cell 1old and pure water cell 

3old, respectively.  
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The low frequency peak P5 remains unchanged in both magnitude and relaxation frequency 

across the test duration in both cells. The low to intermediate frequency peaks P4 and P3 

slightly increase in magnitude and shift to lower relaxation times with an increase in operation 

time. In NaCl cell 1old, P3 shows a more substantial rise in magnitude compared to pure water 

operation. P2 exhibits a clear increase in magnitude and a shift to lower relaxation frequencies 

in both cells. In the case of NaCl cell 1old, the increase in P2 is more pronounced compared 

with pure water cell 3old.  

The high frequency peak P1 increases in magnitude with time while its relaxation frequency 

remains constant in both cells. Again, the increase in the magnitude of P1 is more pronounced 

in NaCl cell 1new compared to pure water operation.  

 

Figure 45 Individual resistance analysis derived from ECM fitting for the (a) NaCl cell 1old and 
the (b) pure water cell 3old. Corresponding DRT plots as a function of operation time for (c) the 
NaCl cell 1old and (d) the pure water cell 3old. Data is derived from EIS measurements at 800 °C 
and OCV with a gas composition of 60 % H2O + 40 % H2 conducted every 100 hours of 
operation. 

From the DRT analysis, it is evident that the high frequency peaks P1 and P2 are the dominant 

contributors to the increase in Rp in both cells. Therefore, these processes are the major 

drivers for the accelerated degradation observed in the NaCl cell 1old compared to pure water 

cell 3old, consistent with the ECM based findings.  
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As established in chapter 3.2.3 the RQ elements and peaks in the DRT are attributed to 

physical processes. The processes corresponding to RRQ1/P1 and RRQ2/P2 are assigned to the 

electrochemical reaction at the Ni-YSZ fuel electrode [59, 61]. In conclusion, the more 

pronounced increase in Rp in the NaCl operated cell is caused by degradation mechanisms 

that affect the electrochemical activity of the Ni-YSZ fuel electrode.  

6.3.2.4 Post Test Characterization 

The accelerated degradation corresponding to the Ni-YSZ fuel electrode polarization and the 

ohmic resistance observed and clarified by EIS analysis in the NaCl operated cell was further 

investigated by post test analysis. This enables a correlation between the electrochemical 

results and microstructural changes or impurity detection. 

Firstly, the surface of the Ni-YSZ fuel electrode was scanned to detect potential salt deposits 

resulting from impurity transport during operation. Subsequently, the cross section was 

investigated by SEM-EDX analysis to identify compositional inhomogeneities and 

microstructural evolution.  

In the first step, the surface of the Ni-YSZ fuel electrode was characterized by XRD 

measurements to identify possible impurities with crystal structures. Figure 46a presents the 

respective XRD patterns of both cells. Only the expected Ni and YSZ phases are identified, 

with no additional crystalline phases present. Furthermore, no significant differences between 

the XRD spectra of NaCl cell 1old and pure water cell 3old are identified, indicating the absence 

of large scale crystallized salt contaminants.  

For enhanced surface sensitivity and the detection of minor crystalline surface species on the 

Ni-YSZ fuel electrode surface, GI-XRD measurements were conducted. Figure 46b shows the 

respective GI-XRD spectra for pure water cell 3old and NaCl cell 1old. In both cells, only peaks 

corresponding to Ni and YSZ are present, like the standard XRD results. The increased Ni to 

YSZ peak intensity ratio in the GI-XRD is attributed to the thin Ni contact layer which is printed 

on top of the Ni-YSZ fuel electrode. Furthermore, no salt deposits are detected on the surface 

of the Ni-YSZ fuel electrode in NaCl cell 1old. These findings suggest that no significant 

crystallized salt deposits are formed during 1000 hours of operation with steam generated from 

saturated NaCl solution. 

Next, the Ni-YSZ fuel electrode of NaCl cell 1old was characterized by XPS measurements. 

The corresponding spectrum is shown in Figure 47. As expected, peaks referring to the 

constituent elements of the Ni-YSZ electrode (Ni, O, Y and Zr) were observed. Additionally, 

two distinct peaks at binding energies of approximately 1080 eV and 500 eV were detected 

which are attributed to Na 1s and Na KLL Auger transitions, respectively. These signals confirm 

the presence of sodium containing deposits on the surface of the Ni-YSZ electrode in NaCl cell 

1old. Figure A 6 illustrates a reference XPS spectrum of pure water cell 3old where no sodium 
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related signals were observed, validating that the observed Na peaks are associated with the 

operation using saturated NaCl solution.  

 

Figure 46 (a) XRD spectra and (b) GI-XRD spectra of the Ni-YSZ fuel electrode surface of 
pure water cell 3old and NaCl cell 1old. Both cells were characterized after disassembly out of 
the measurement setup and exposure to air at room temperature. 

Quantitative analysis of the XPS data shows the presence of Na at the Ni-YSZ fuel electrode 

surface at an amount of 2.4 at.% in NaCl cell 1old. In conclusion, the XPS measurement 

provides direct evidence that a Na species is transported and deposited on the fuel electrode 

during saturated NaCl solution operation. 

After the detection of Na containing deposits on the Ni-YSZ fuel electrode surface in NaCl cell 

1old, SEM and EDX analysis were performed to evaluate the composition of the Na species 

and to identify their distribution across the electrode surface. Figure 48 illustrates an exemplary 

analyzed area of the Ni-YSZ surface in NaCl cell 1old. With additional areas provided in Figure 

A 7 in the appendix. In the secondary electron (SE) images, nanometer scale particles were 

observed, localized on “islands” formed on top of the Ni contact layer. In the corresponding 

backscattered electron (BSE) image, these particles appear as black dots, whereas the Ni 

contact layer is dark gray. This indicates a lower averages atomic number of deposits 

compared to the contact layer.  

EDX analysis confirmed these particles as Na containing deposits. Additionally, oxygen (O) 

and carbon (C) were detected in the same places as the sodium signals, suggesting a Na 
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carbonate species such as sodium carbonate or sodium hydrogen carbonate on the Ni-YSZ 

surface. Importantly, no chlorine (Cl) signal was detected, indicating the absence of chloride 

containing phases like NaCl on the electrode surface.  

 

Figure 47 XPS spectrum of the Ni-YSZ fuel electrode surface of NaCl cell 1old at room 
temperature. 

 

Figure 48 SEM images including SE, BSE and EDX maps of the fuel electrode surface of the 
NaCl operated cell. 
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The SEM images show that the distribution of the Na carbonate species was found to be non 

uniform. The particles are primarily found on localized “islands”, which correspond to 

topographically elevated features of the Ni contact layer on the fuel electrode. In “flat” regions 

only minor or no deposits were detected as displayed in Figure A 8 in the appendix. This 

inhomogeneous distribution suggests that due to a Ni mesh acting as current collector which 

is attached to the Ni contact layer, only deposits are found in non contacted areas as 

graphically presented in Figure 49. Considering the localized nature of the Na–carbonate 

deposits, the author argues that an influence on the electrical contact between the Ni-YSZ fuel 

electrode and the current collecting Ni mesh is unlikely. Consequently, the accelerated 

increase in RΩ observed for NaCl cell 1old (as discussed in chapter 6.3.2.3) cannot be attributed 

to surface deposition of these carbonate species on the Ni-YSZ fuel electrode surface.  

 

Figure 49 Schematic visualization of the non uniform deposited salt particles on “islands” on 
the Ni-YSZ fuel electrode surface. 

It was previously demonstrated that salt species are transported to the cell during operation 

and detected on the surface of the Ni-YSZ fuel electrode. Next, the cross section of the Ni-YSZ 

fuel electrode was analyzed to evaluate the presence of salt related impurities. For this 

purpose, the cell was fractured and analyzed by SEM-EDX analysis. In the secondary electron 

(SE) images shown in Figure 50, nanoscale particles are observed covering some grains within 

the active functional layer near the electrolyte of the Ni-YSZ fuel electrode. As shown earlier 

in chapter 6.1., identical particles were detected in the reference pure water operated cell (pure 

water cell 3old), also presented in Figure 50. These particles have been identified as ZrO2 

nanoparticles that are deposited on Ni particles in the cross section as discussed in previous 
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literature on similarly operated cells [126, 133-134]. However, it cannot be excluded that some of 

the observed particles are related to salt deposits. 

 

Figure 50 SEM images of the fractured Ni-YSZ fuel electrode AFL of the NaCl operated and 
pure water operated cell. 

Thus, based on SE imaging alone, the identification of salt related impurities in the cross 

section was not possible. Therefore, EDX analysis was performed on several locations within 

the fracture cross section of the active layer in the Ni-YSZ fuel electrode of NaCl cell 1old. Data 

acquisition was challenging due to beam damage. However, the results indicate the presence 

of Na containing impurities in the Ni-YSZ structure. Figure 51 presents an exemplary EDX 

spectrum of a spot in the Ni-YSZ fuel electrode of the NaCl cell 1old, revealing a sodium content 

of 0.33 wt.%. Additional EDX spectra of other locations are presented in Figure A 9 in the 

appendix, confirming the presence of Na.  

No distinct Na containing particles were detected in the EDX mapping, this could be attributed 

to the spatial resolution of the EDX analysis, which typically ranges from about 10 nm to a few 

micrometers [170]. In addition, the European Network of Forensic Science Institutes states in 

their guidelines a spatial resolution of a few 100 nm [171]. In contrast, on salt transport via bubble 

bursting in NaCl solutions reports the transport of aerosol particle sizes with a diameter 

between 10 to 100 nm which could potentially falling below the detection limit of the EDX 

mapping [172].  

Interestingly, no chlorine signals were detected in any of the analyzed regions. This is in 

accordance with the surface analysis of the Ni-YSZ fuel electrode described earlier. Therefore, 

the results suggest sodium containing species are transported into the Ni-YSZ fuel electrode 

cross section. Salt deposits could block electrochemical active sites and hinder gas phase 

diffusion, contributing to the increase in Rp discussed in chapter 6.3.2.3. Additionally, blocking 

electrochemical sites near the Ni-YSZ/electrolyte interface may contribute to the seen 
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accelerated increase in RΩ. Over 10 years of operation, salt deposits in the Ni-YSZ fuel 

electrode could become critical, potentially accelerating cell degradation.  

 

Figure 51 EDX mapping of the fractured Ni-YSZ fuel electrode active function layer of NaCl 
cell 1old. 

Next, the embedded, polished and gold sputtered cross sections of pure water cell 3old and the 

NaCl cell 1old were analyzed and compared. It should be noted that no delamination of the fuel 

or air electrode was observed as shown in Figure A 10a in the appendix. Therefore, an 

accelerated increase in RΩ or Rp by air or fuel electrode delamination is ruled out. In addition, 

similar microstructures for the polished cross sections of the air electrode were observed for 

both cells as shown in Figure A 10b in the appendix. Thus, contributions from the air electrode 

to the overall degradation are unlikely, in accordance with the EIS analysis discussed in 

chapter 6.3.2.3.  

Figure 52a presents SEM images of the Ni-YSZ fuel electrode cross sections of a pristine 

reduced cell, pure water cell 3old and NaCl cell 1old. In the images, the lighter grey phase 

corresponds to Ni, while the slightly darker phase corresponds to the YSZ phase. In the pristine 

reduced cell, the Ni and YSZ phases are well distributed and interconnected within the active 

function layer of the Ni-YSZ fuel electrode.  

In contrast, pure water cell 3old exhibits qualitative signs of Ni particle agglomeration in the 

active and support layer of the Ni-YSZ fuel electrode. In addition, gaps between the YSZ and 

Ni phases are apparent in the active functional layer leading to a loss of the well percolating 

network, as indicated by the red arrows in the SEM image. The black inclusions incorporated 
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in the Ni particles, indicated by the red squares in the SEM image, were identified as silica 

species, as discussed in chapter 6.1.  

Similar microstructural features are present in NaCl cell 1old. Notably, an increased number of 

gaps between the Ni and YSZ phases are visible compared to pure water cell 3old, as indicated 

by the red arrows.  Black spots incorporated in the Ni particles are indicated by red squares. 

The pronounced appearance of gaps between the ionic YSZ and electronic conducting Ni 

phases could explain the higher increase in RΩ seen in the NaCl operated cell during the long 

term operation. 

 

Figure 52 SEM images show the embedded and polished cross section of the Ni-YSZ 
electrode of a pristine reduced cell, pure water cell 3old and the NaCl cell 1old. Red arrows 
indicate gaps between the Ni and YSZ phases, while red squares mark inclusions within the 
Ni particles. 

To distinguish better between the Ni and YSZ phases, EDX maps of the cross sections were 

analyzed, as presented in Figure 53. In the pristine reduced cell, a homogeneous distribution 

of the Ni phase and the YSZ matrix is observed. Here, fine Ni particles are visible in the active 

functional layer, while larger Ni particles dominate in the support layer.  

In contrast, pure water cell 3old exhibits an agglomeration of Ni particles in both the active 

functional layer and the support layer of the Ni-YSZ electrode. In addition, Ni is visible in the 

region approximately 10 µm away from the electrolyte interface, suggesting Ni migration away 

from the active zone. Thus, bigger Ni particles and lower Ni contents are qualitatively observed 
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in the active layer of the Ni-YSZ fuel electrode. Furthermore, the YSZ structure appears 

coarser, indicating microstructural changes in both cells due to the long term operation. 

In NaCl cell 1old, the most pronounced Ni agglomeration is observed in the active functional 

and the support layer of the Ni-YSZ fuel electrode. Interestingly, a migration of Ni particles 

towards the Ni-YSZ fuel electrode/electrolyte interface is evident, opposed to the Ni depletion 

seen in pure water cell 3old. Moreover, a stronger coarsening of the YSZ structure is visible 

when compared to the pure water cell 3old, suggesting a higher microstructural degradation. 

 

Figure 53 SEM and EDX maps of the Ni and Zr phase of the polished cross section of the 
Ni-YSZ fuel electrode of a pristine reduced, the NaCl cell 1old and pure water cell 3old. 

Table 9 summarizes the quantitative analysis derived from the EDX and SEM image evaluation 

for both the denser active layer and the porous support layer. NaCl cell 1old exhibits a Ni fraction 

of 29 % in the active layer of the Ni-YSZ fuel electrode adjacent to the electrolyte, closely 

matching the 30 % observed in the pristine reduced cell. In comparison, a lower Ni fraction of 

26 % is observed in the active layer of the Ni-YSZ electrode in pure water cell 3old. Therefore, 

in the cell a depletion of Ni away from the electrolyte/electrode interface takes place which is 

not visible in NaCl cell 1old. In regards of Ni particle sizes, NaCl cell 1old shows higher Ni particle 

sizes compared to the pristine reduced and pure water cell 3old, particularly within the active 

layer. Consequently, accelerated Ni agglomeration occurred during operation.  
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In addition, both cells show an increase in Zr particle size and thus a YSZ phase densification 

in the active functional layer of the Ni-YSZ fuel electrode after operation, while this is more 

pronounced in NaCl cell 1old compared to pure water operation.  

In summary, these results highlight distinct microstructural evolution pathways in both operated 

cells. In the case of the pure water cell 3old, a depletion and minor agglomeration of Ni in the 

active layer is visible. In contrast, for the NaCl cell 3old, a high agglomeration of Ni in the active 

layer and no depletion of Ni particles is observed. Additionally, more pronounced densification 

of the Zr phase is visible in NaCl cell 3old.  

This raises the question of how transported salt affects the degradation mechanisms and the 

microstructural evolution. Also, the observation of Na carbonate, rather than NaCl, on the cell 

surface remains unexplained. In the next paragraph a hypothesis based on the results above 

is elaborated that seeks to connect the seen salt transport with the differing degradation 

behavior of NaCl cell 1old compared to pure water operation.  

The author wants to reiterate here that the sodium chloride solution used in this chapter was 

prepared by dissolving NaCl in ultrapure water, the same as used for the pure water tests. 

Therefore, no additional silicon transport to the cell during operation is expected during 

operation. 

The author proposes that firstly NaCl particles are transported as aerosols to the cell [173]. A 

transported amount of around 15 mg for 1000 hours of operation is calculated based on 

literature studies using a similar bubbler setup [14, 162]. This is in comparison to seawater 

utilization shown in chapter 6.2 around ten times higher. During SOEC operation, a 

degradation mechanism increasing the Ni mobility by Ni(OH)x formation takes place in the 

Ni-YSZ fuel electrode [29]. The presence of NaCl by aerosol transport could facilitate 

chlorination reactions where Ni(OH)x reacts with NaCl as chlorination agent to form volatile 

NiClx and NaOH. During the operation at 800 °C, NiClx is reduced back to Ni by the hydrogen 

atmosphere under the formation of HCl [174]. The formation of HCl is favored due to its 

thermodynamic stability under the operation conditions [92-93]. Upon exposure to air/oxygen 

exposure due to  the cooling down and assembly of the cell, the NaOH is converted to a sodium 

carbonate species, as observed on the Ni-YSZ fuel electrode previously presented in the 

chapter [175].  

Especially, HCl present in the SOEC could be critical for its long term stability. Prior studies on 

the effect of HCl contamination on the degradation behavior of SOFC systems revealed an 

increased degradation due to limitations in the charge transfer at the Ni containing fuel 

electrode. In addition, another study has shown that trace amounts of HCl (as low as 1 ppm) 

in the feed gas lead to a sudden increase in voltage after around 400 hours of operation due 

to a limitation in the charge transfer of the Ni-YSZ fuel electrode [32]. This is in accordance with 

another study, which reported a slight degradation after 300 hours of exposure to HCl, with no 



 
 

100 
 

visible degradation during the first 100 hours [176]. These studies align with the previously 

shown electrochemical results presented in chapter 6.3.2.3, where an accelerated increase in 

polarization resistance was attributed to the degradation of the Ni-YSZ electrode [34, 93].  

The formation of HCl could also explain the distinct microstructural degradation and the 

pronounced Ni agglomeration in NaCl cell 1old compared to pure water cell 3old. Chlorine 

containing species such as adsorbed Cl on Ni surfaces could block active sites in the Ni-YSZ 

fuel electrode active layer [93]. Several studies reported microstructural changes, including the 

agglomeration or clustering of chlorinated impurities in SOC electrodes due to higher Ni 

mobility when chlorine contaminations are present in the feedgas [176-178]. A higher mobility of 

the Ni phase either connected to the NiClx species or the Ni-Clads explains the accelerated 

agglomeration found in the NaCl operated cell, as discussed in chapter 6.3.2. 

Table 9 Quantitative analysis using the SEM and EDX images for the active functional layer 
and support layer of the Ni-YSZ fuel electrode. 

Fraction 

Pristine 

active 

layer 

Pristine 

support 

layer 

Pure water 

cell 3old 

active layer 

Pure water 

cell 3old 

support layer 

NaCl cell 

1old active 

layer 

NaCl cell 

1old support 

layer 

Porosity 28 % 39 % 27 % 33 % 28 % 32 % 

Ni fraction 30 % 27 % 26 % 23 % 29 % 25 % 

Zr fraction 42 % 34 % 47 % 44 % 43 % 43 % 

Average 

Ni particle 

size 

0.97 µm 1.09 µm 1.01 µm 1.04 µm 1.11 µm 1.11 µm 

Average 

Zr particle 

size 

1.12 µm 1.39 µm 1.23 µm 1.65 µm 1.36 µm 1.67 µm 

6.4 Techno Economic Evaluation of Seawater Electrolysis  

In this chapter, system level approaches for direct seawater electrolysis in industrial scale 

SOEC plants are evaluated with respect to their technical and economic risks. This gives 

insights into the feasibility of seawater electrolysis in SOEC systems and identifies key 

parameters that must be considered for successful implementation. The technical and 

economic analysis presented here was conducted in collaboration with the chair of process 

systems engineering (AVT) at RWTH Aachen as part of the master’s thesis of Luca Inkmann 

in co-supervision with Malte Wernher in the research group of Prof. Matthias Wessling [179]. 
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6.4.1 Process Approaches 

For the evaluation, the overall process was divided into three main sections: (1) the 

evaporation section, (2) the SOEC section and (3) the balance of plant (BOP) section. In this 

thesis, only the evaporation section was varied across different technical configurations, while 

the SOEC system and BOP components were kept constant for the different cases. As a 

reference case, a conventional SOEC system using freshwater and a standard evaporator was 

evaluated. The second case investigated the use of seawater as water source, with a seawater 

reverse osmosis (SWRO) unit to remove impurities from the seawater, and a conventional 

evaporator. Additionally, as Si impurities are critical for seawater operation in SOECs (see 

chapter 6.2) the SWRO unit removes dissolved silica from the seawater [180].  

The third, novel case involved feeding seawater into a falling film evaporator (FFE), where the 

seawater is thermally separated into water vapor and concentrated brine. Here dissolved Si is 

removed by the evaporation process [181]. Figure 54 illustrates simplified flowsheet of both 

seawater based system configurations. 

 

Figure 54 Simplified flowsheets of seawater utilization in SOEC systems for (a) the FFE and 
(b) the SWRO case. 

6.4.2 Heat Demand and Integration 

To optimize the thermal integration of the system, an optimized heat exchanger system was 

developed, enabling the utilization of the waste heat for its usage in preheating of the water 

evaporator. The temperatures and enthalpies of the hot and cold streams within the whole 

system are obtained. The composite curves of the hot and cold internal streams are presented 

in Figure 55. These curves represent the internal heat exchange potential within the system. 

The composite curves for the pure water conventional and the seawater SWRO based system 

are identical, as both share the same hot and cold stream configuration.  
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The flat section in the cold composite curve corresponds to the energy required for water 

evaporation, with a characteristic temperature hold observed around 100 °C. The following 

linear increase in temperature reflects the heat input required for recirculation and mixing of 

hydrogen and steam in the feedgas of the SOEC system.  

In both the conventional and SWRO configurations, the heat duty required for evaporation is 

calculated as 206.8 kW. In contrast the seawater FFE system requires a higher heat duty for 

evaporation of 225.9 kW. On the one hand, the increased demand stems from the lower 

evaporation rate of 50 % in the FFE case, which results from the requirement to discharge the 

brine at 101.7 °C, which introduces additional cooling and associated energy. On the other 

hand, the elevated boiling point saline water requires more energy for the phase transition [182]. 

Together, this accounts for the approximately 8 % higher heating demand of the FFE case 

compared to the conventional and the SRWO bases systems.  

 
Figure 55 (a) Composite curves showing the enthalpy requirements for seawater evaporation 
in the two process cases. (b) Comparison of the required enthalpy with the waste heat potential 
of the outgoing hot streams.In the FFE case, the cold and hot composite streams differ from 

the conventional and SWRO based systems due to the direct evaporation of salt containing 
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seawater. However, in all cases, the available heat from the hot composite streams is 

insufficient to fully supply the system thermal requirements under the chosen operation 

conditions of −1 A∙cm−2 and an operation temperature of 800°C. Specifically, the thermal 

energy provided by either the oxygen or the hydrogen product stream from the SOEC is 

inadequate to evaporate the water feed completely. Even the non permissible simultaneous 

use of the oxygen and hydrogen hot streams in one heat exchanger remains insufficient, as 

illustrated in Figure 55.  

By operating the SOEC system at a higher current density or at the thermoneutral voltage hot 

product streams for full thermal self sufficiency might be realized [19]. However, operation at 

higher currents results in increases in degradation rates, which limits their practical 

applicability. [30, 120]. 

As the hot streams are not sufficient for both cases in the investigated system, external heat 

must be supplied. The FFE configuration requires a higher amount of external energy for 

heating compared to the conventional pure water and SWRO based systems as discussed 

above. Potential sources for this external heat include steam, external heat from solar thermal 

power or hot exhaust gases from industry [183-184].  

For both the SWRO and FFE configuration, an optimized heat exchanger network was 

designed and evaluated. The optimized network for the FFE case is shown in Figure A 11 in 

the appendix. It is concluded that a total of 13 heat exchangers are needed, with 10 being 

critical for the technical implementation. The remaining 3 heat exchangers are required for air 

cooling of unused heat from the output streams (hydrogen, oxygen, brine). Through this 

network, approximately 33 % of the total external heat demand can be covered by internal heat 

recovery. From the optimized heat exchanger network, a remaining external heat demand of 

about 267 kW and a cooling demand of 72 kW are calculated for the complete process. As 

expected, the evaporation process itself accounts for 84 % of the total external heat 

requirement. 

The optimized heat exchanger network for the SWRO case is shown in Figure A 12 in the 

appendix. From the designed network, only nine heat exchangers are needed, with seven 

necessary for the technical design. The two additional units serve again for air cooling of 

unused heat from the product gas streams. Compared to the FFE case, the number of 

necessary heat exchangers is reduced by three due to the unnecessary cooling of brine and 

the more efficient integration of the output flows. The remaining external heat demand for the 

SWRO configuration is around 248 kW with a cooling demand of 19 kW. In comparison to the 

FFE case, around 19 kW in external heating and 53 kW in cooling can be saved. 

In summary, across all configurations, internal heat recovery is insufficient to fully supply the 

evaporation energy, and external heat or electricity is necessary. From a technical point, the 

FFE case is more complex compared to the SWRO case as it contains more components that 
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are exposed to salt containing water, including the FFE unit and brine cooling heat exchangers. 

Thus, these components need to be corrosive resistant and are more prone to technical failure. 

Furthermore, the FFE case has a higher external heat demand of around + 20 kW in 

comparison to the SRWO, primarily due to the greater energy required for evaporating saline 

water. 

6.4.3 Electricity Demand 

Next, the electric power demand of the system is evaluated, focusing on the major inputs which 

are the demand for pumps, compressors and the SOEC and the cleaning of seawater in the 

case of a SWRO configuration. It is assumed that the required external energy for evaporation 

(see chapter 6.4.2) is provided by external heat sources (e.g., industrial waste heat or solar 

thermal) and not by electrical energy. The results shown here already consider the optimized 

heat integration performed in the previous chapter. For all configurations, a stationary 1 MW 

SOEC system was used under a current load of −1 A∙cm−2 and operated at 800°C. Thus, the 

demand of electric power of the SOEC is constant at 1000 kW, referring to 34 kg/h of H2 and 

271 kg/h of oxygen produced.  

 

Figure 56 Electricity demand of the FFE/SOEC case and the SRWO/SOEC case for the direct 
utilization of seawater. 

The total demand of electric power of the FFE case amounts to 1060.6 kW. Of this, 41.5 kW is 

required for the top heater and 19.1 kW for the system compressors and the rest to the SOEC 

itself.  The demand for electric power from the pumps is found to be negligible. The SOEC 

accounts for most of the electricity demand with a relative contribution of 94 %. The other 

components account for the remaining 6 %. In the case of the SWRO configuration, the total 

electricity demand is 1082.6 kW. The pumps are still negligible. Like the FFE case, the SOEC 

accounts for most of the electricity demand with a relative amount of 92 %. The remaining 8 % 
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is attributed to auxiliary components and the SWRO unit. Figure 56 presents a graphical 

comparison of the electricity demand for both seawater configurations. 

In conclusion, the SWRO based configuration requires approximately 22 kW more electrical 

power than the FFE case. As shown in section 6.4.2 the FFE case demands around 20 kW 

more in heat demand. Therefore, when considering the total external energy input (electric and 

thermal), both system configurations exhibit nearly an equivalent total energy demand. 

6.4.4 Techno Economic Evaluation 

For the economic evaluation, the two developed cases for seawater utilization in SOEC 

systems are compared with a conventional pure water utilizing SOEC system. The levelized 

cist of hydrogen (LCOH) values are calculated using ASPEN, based on the input parameters 

discussed in chapter 5.5.  For the conventional SOEC system, the hydrogen production rates, 

and the heat integration strategies developed in the seawater cases are also applied, ensuring 

a valid comparison of water source effects on analysis.  

Figure 57a presents the resulting LCOH values. All configurations exhibit values around 

5 $/kg H2. The LCOH value for a conventional 1 MW SOEC system with freshwater utilization 

is 4.95 $/kg H2. This is consistent with literature studies on similar plant sizes and at similar 

electricity prices where values between 3.5 and 7 $/kg H2 are reported [71, 185-186]. Here the 

author wants to note that a scale up reduces the LCOH significantly. For instance, the scale 

up to 1 GW SOEC system could enable a significant reduction to around 2 $/kg H2 
[68].  

The LCOH for the SWRO based case yields 4.95 $/kg H2, which is identical to the one for the 

conventional SOEC system. This is expected as in the freshwater case the price of the 

freshwater is included whereas in the SWRO case, the purification of freshwater is added. 

Even though the SWRO unit increases the electrical demand as shown in the section before 

and higher service and maintenance costs are included, the costs for the water supply are zero 

in contrast to the costs for freshwater. The FFE configuration exhibits the lowest price of 

4.90 $/kg H2. This is primarily due to the need for lower electricity demand compared to the 

SRWO configuration. Additionally, no money is accounting for freshwater compared to the 

conventional freshwater SOEC. However, this economic advantage is highly sensitive to the 

cost assumption for external heat which is assumed to be zero here because of integration 

into industry. Further in the thesis, a sensitive analysis is performed considering higher external 

heat costs (see Figure 58). 

A breakdown of the cost structure for the FFE based seawater SOEC system is presented in 

Figure 57b, comparing the annualized capital expenditure (CAPEX) over a 20 year lifetime 

with the non discounted average annual operating expenditure (OPEX). The CAPEX costs 

only contribute to a minority of the total yearly costs and, consequently, to LCOH. The dominant 

cost component is the OPEX due to the high electricity costs. Consequently, the electricity 
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costs are the main driver of the LCOH which explains the similar LCOH values for all three 

cases. Stack replacement costs are the second largest contribution due to the relatively high 

degradation rates reported for state-of-the-art Ni containing fuel electrode based SOECs as 

discussed in Chapter 2.3.  

 

 

Figure 57 (a) LCOH values in SOEC system operated with fresh water and the two cases for 
seawater utilization. (b) Breakdown of the annualized OPEX and CAPEX for the FFE/SOEC 
case per year. 

To further assess system sensitivity, a parametric analysis of key economic factors was 

performed. Firstly, the electricity price variation is evaluated as shown in Figure 58a. As 

expected, all three configurations are highly sensitive to a change in electricity prices, and a 

significant effect to the LCOH is visible. Thus, the electricity demand of the SOEC component 

is the primary cost driver and limits the potential for improvement. This underlines the 

dependence of the economic viability of electrolysis on the electricity prices [187-189]. Notably, at 
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higher electricity prices, the FFE based seawater configuration becomes economically more 

favorable compared to the SWRO case, due to its lower overall electricity demand. With a 

decrease in electricity prices, the SWRO case becomes more since the electricity demand of 

the SWRO unit becomes less economically impactful. Thus, in regions where the electricity 

price is high, the FFE case will gain economic viability compared to the SWRO case and in 

regions with low energy prices, the SWRO case closes the gap to the FFE case. 

 

 

Figure 58 Sensitivity analysis of (a) the electricity price, (b) the external heating costs and (c) 
the freshwater price for both investigated seawater cases and the freshwater operating system. 

Secondly, the price of waste heat is discussed, as shown in Figure 58b. With an increase in 

external heat prices, the LCOH is moderately increasing for the conventional pure water, the 

SWRO and the FFE configurations. In comparison to the electricity price, the influence of the 

external heat price is significantly lower. Furthermore, with an increase in external heat prices, 

the LCOH of the FFE case approaches that of the SWRO case, reducing its economic 

advantage. In regions where low costs of external heat are present, such as industrial wase 

heat, the FFE case is particularly favorable compared to the SWRO based SOEC system.  

For the conventional case, a sensitive analysis of the price of freshwater is shown in Figure 

58c. Here, freshwater prices significantly influence the LCOH. Thus, economically speaking, 

the use of seawater in the FFE and SWRO case becomes more feasible with an increase in 

freshwater prices. This highlights the potential economic benefit of seawater based 
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approaches (FFE and SWRO), especially in regions with limited freshwater availability or high 

freshwater prices. 

In summary, direct utilization of seawater is economically competitive against the conventional 

freshwater electrolysis and gets more economically advantageous with increasing freshwater 

prices. This is due to the high contribution of the electricity price to the LCOH in all cases. 

Furthermore, in regions where the electricity price is low and the price of external heat is high, 

the SWRO case is economically like the FFE case. In regions where the electricity price is high 

and the external heat price is low, the FFE case gains an economic advantage over the SWRO 

configuration. Thus, the economic risk of using seawater in SOEC is considered low and 

different evaporator systems can be used in different regions. Again here the author wants to 

note that  this is under the assumption that silicon impurities are filtered out by both seawater 

based configurations which was the main degradation issue in seawater operation discussed 

in chapter 6.2 [180-181]. However, the conventional SOEC and the SWRO system are already 

well known and thus the technical risk is considered low for the SWRO case. In contrast, the 

FFE case is not yet well established and is technically more demanding due to the need for 

more heat exchangers and corrosive resistant components. Furthermore, no practical data 

about the coupling of a FEE with a SOEC is available, for instance in terms of maintenance 

and difficulties in technical development.  
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7 Summary and Outlook 

The primary objective of this thesis was to investigate the feasibility of direct salt containing 

waters usage for hydrogen production in solid oxide electrolysis cells (SOECs). Specifically, 

the operation with real seawater and saturated sodium chloride solution were compared to 

pure water operation in terms of performance and stability on the laboratory scale. The initial 

performance was compared by measuring current density voltage (iV) curves at different 

operation conditions and activation energy analysis. Stability studies were conducted for up to 

1000 hours at a current density of −1 A∙cm−2. During the stability measurements, every 

100 hours iV curves and electrochemical impedance spectroscopy (EIS) measurements were 

recorded. The EIS data were fitted to an equivalent circuit model (ECM) developed in this work. 

The ECM includes an inductance in series with a resistor and four individual RQ elements 

representing the electrochemical processes occurring in the Ni-YSZ fuel electrode supported 

SOECs.  

Two different cell production batches were used throughout the study. To establish a robust 

baseline, several pure water measurements were performed first. Differences in the 

degradation behavior between two cell batches were analyzed. The older batch exhibited 

silicon (Si) poisoning which was associated with a rapid increase in cell voltage during the first 

200 hours of operation, leading to higher degradation rates compared to the newer cell batch. 

The Si poisoning corresponded to an increase in the high frequency processes RQ1 and RQ2 

related to the electrochemical reaction at the Ni-YSZ fuel electrode including the charge 

transfer and the ion transport. Scanning electron microscopy and energy dispersive X-ray 

spectroscopy (SEM-EDX) analysis of a cell operated for 1000 hours confirmed the presence 

of Si incorporated into Ni particles in the older cell batch. Furthermore, higher Ni agglomeration 

and depletion were observed post operation in the Si contaminated cells. Based on these 

findings, only cells from the same production batch were compared in terms of their stability 

using different water sources.  

For the investigation of direct seawater utilization in SOECs, natural seawater gathered from 

the coast of the island Texel in the Netherlands was used. In comparison to pure water 

operation, similar initial performances and activation energies of the area specific resistance 

(ASR) were found, indicating no influence by seawater utilization. However, during long term 

operation, seawater operation exhibited a higher degradation rate compared to pure water 

operation. This is due to an accelerated voltage increase between 400 and 600 hours of 

operation corresponding to an increase in the resistance of the high frequency processes RQ1 

and RQ2. Post test analysis confirmed the transport of salt impurities to the Ni-YSZ fuel 

electrode surface and the electrochemically active layer of the Ni-YSZ fuel electrode adjacent 

to the electrolyte. Si poisoning was found in the Ni-YSZ fuel electrode, which is believed to be 
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the main cause of the accelerated degradation exhibited for seawater operation. Furthermore, 

no significant Zr phase densification is observed in the Ni-YSZ fuel electrode after 1000 hours 

of operation, which is contradictory to pure water operation. This observation suggests that  

the transport of certain impurities might prevent Zr agglomeration, especially as it has been 

reported that CaO is increasing the hydrothermal stability of YSZ and could decrease Ni 

mobility [167]. Nonetheless, further studies are required to confirm the mechanisms underlying 

this potential effect. 

To investigate the effects of wastewater with higher sodium chloride content, such as that 

found in polycarbonate production, and to gather information into accelerated stress test for 

seawater utilization, a concentrated sodium chloride solution was employed in the SOECs. 

Like the findings for seawater, no negative impact on the initial performance and activation 

energies was observed compared to pure water operation. In contrast, a higher degradation 

rate was recorded in a stability test over 1000 hours for a NaCl operated cell. This is due to a 

more pronounced increase in voltage after 400 hours of operation compared to a pure water 

cell. From EIS analysis, the increase is mainly due to the high frequency process RQ1 and 

RQ2, which are associated with the electrochemical reaction at the Ni-YSZ fuel electrode. Post 

test analysis revealed salt deposits on the Ni-YSZ fuel electrode surface and the active 

electrode cross section. Notably, sodium was detected in the form of sodium carbonate species 

rather than sodium chloride. Thus, a mechanism was proposed, which included the formation 

of HCl and NaOH caused by the transport of NaCl to the Ni-YSZ fuel electrode. The 

accelerated degradation is connected to the poisoning of the electrode by the formed HCl, as 

described in the literature [32, 34, 93, 176]. Poisoning by HCl can lead to higher agglomeration of 

the Ni phase which was seen by SEM-EDX post characterization of the Ni-YSZ fuel electrode 

cross section [93, 176-178].  

From the laboratory experiments conducted, it is evident that salt transport to the cell and 

silicon poisoning are critical degradation factors when utilizing seawater or industrial 

wastewater in SOEC systems. At the system level, particular attention must be given to the 

evaporation section, as conventional evaporators are prone to salt cloaking and could be 

damaged by direct saltwater usage. Thus, a novel system design, including a falling film 

evaporator (FFE) coupled to a SOEC system and the required balance of plant (BOP) for direct 

seawater utilization, was developed. The FFE configuration was technically and economically 

evaluated and benchmarked against a seawater reverse osmosis (SWRO) unit coupled with a 

SOEC and a conventional freshwater SOEC system. The results indicate that both seawater 

based configurations (FFE/SOEC and SWRO/SOEC) are economically competitive against a 

pure water operated SOEC system and become advantageous as freshwater prices rise. 

Comparing the FFE/SOEC case to the SWRO/SOEC case shows that the FFE system requires 

more heating energy due to the higher evaporation enthalpy of the seawater, while the 
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SWRO/SOEC configuration requires more electrical energy to operate the additional SWRO 

unit. Consequently, the novel designed FFE/SOEC is economically advantageous in regions 

with access to low cost heat sources. However, the novel FFE/SOEC system carries increased 

technical risk, as it introduces more complexity due to an increase in heat exchanger numbers 

and components that need to be corrosive resistant.  In contrast, the SWRO/SOEC system 

offers a more mature industrial proven approach. The choice between the two systems 

depends on the local cost of electricity and heat, as well as risk assessments.  

In summary, the operation of an SOEC with steam produced from salt containing waters should 

be regarded as critical due to the salt and impurity transport to the SOEC and the associated 

technical difficulties, which contrasts prior literature publications [9, 14-15, 94]. Silicon containing 

water, such as seawater, can accelerate the degradation in SOECs due to poisoning of the 

Ni-YSZ fuel electrode. The transport of sodium chloride to the cell accelerates the degradation 

of Ni-YSZ fuel electrodes. A degradation mechanism, including the formation of HCl, is 

proposed in this thesis. Thus, these impurities should be avoided and removed before reaching 

the electrochemical active parts of a SOEC. Interestingly, seawater utilization also shows a 

beneficial effect, as it prevented Zr densification in the Ni-YSZ fuel electrode compared to pure 

water operation. From a technical and economic perspective, the utilization of seawater in 

SEOCs is feasible. Moreover, direct evaporation and thermal purification using a falling film 

evaporator can be economically when low cost waste heat is available, even though the 

technical complexity is higher compared to a SWRO coupled with a conventional evaporator.  

Further studies should focus on the development of materials that remain stable against critical 

impurities during seawater or wastewater operation. Ni free fuel electrodes are especially 

promising in preventing degradation issues of Ni poisoning or accelerated agglomeration. 

Another promising approach is the application of proton conducting electrolysis cells where 

steam is used on the oxygen side, which typically does not contain Ni [190-191]. Additionally, the 

beneficial effect of seawater on Zr phase densification in Ni-YSZ fuel electrodes should be 

investigated in greater detail, and the responsible substances should be assessed. Based on 

the results in this thesis, especially the impact of transported CaO should be evaluated. At the 

system level the potential of combining purification and evaporation into a single process step 

should be explored and novel concepts should be developed. Suitable economic locations for 

SOEC systems coupled with evaporator/purification systems for seawater or wastewater 

utilization should be identified. For a potential scale up of the FFE/SOEC system and a clear 

assessment of issues, collaboration with the manufacturing industry will be necessary. 
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9 Appendix  

9.1 Tables 

Table A 1 Salt ion content in the used seawater analyzed by ICP-OES. 

Ingredient Concentration (mg/L) 

Na 9740 

Mg 1163 

K 402 

Ca 337 

Cl 16968 

SO4 2333 

Br 59 

Table A 2 Used cells for the stability tests with the corresponding production batch. 

Name of measured cell Production batch 

Pure water cell 1 Old 

Pure water cell 2 Old 

Pure water cell 3 Old 

Pure water cell 4 New 

Pure water cell 5 New 

Seawater 1 New 

NaCl 1 Old 

Table A 3 Balance of plant components and the corresponding efficiencies [98-99]. 

Balance of plant component Efficiency (%) 

Water pump 70 

Compressor 75 

Electric heater 98 

Heat exchangers 95 

AC/DC converter 95 
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Table A 4 SWRO system operation parameters. 

Parameter Value 

Recovery (%) 40 

Salt Rejection (%) 99 

Installed Power (kW) 42 

Supplied Feed Pressure (bar) 5.5 

Table A 5 Overview of input parameters for the techno economic analysis. 

Parameter Symbol Value Unit Source 

Electrical Power Pel 1 MW - 

Gibbs Energy ΔGf 188.635 kJ/mol - 

Current density J 10000 A/m2 [99] 

Pre-exponential factor for anode 

exchange current density 

γa 2.051∙109 A/m2 [192] 

Pre-exponential factor for cathode 

exchange current density 

γc 1.344∙1010 A/m2 [192] 

Activation energy for the anode Eact,a 120 kJ/mol [192] 

Activation energy for the cathode Eact,c 100 kJ/mol [192] 

Thickness of the cathode dc 300 µm [148] 

Thickness of the electrolyte de 3 µm [148] 

Thickness of the anode da 15 µm [148] 

Porosity of the anode εa 0.43 - [193] 

Porosity of the cathode εc 0.265 - [193] 

Tortuosity of the anode τa 1.5 - [193] 

Tortuosity of the cathode τc 4.5 - [193] 

Average pore radius r 0.5 µm [99] 

Effective diffusion coefficient for H2O 𝐷𝑒𝑓𝑓
𝐻2𝑂

 1.6857∙10-5 m2/s - 

Specific heat capacity of water vapor Cp, H2O 1.996 kJ/kg∙K [194] 

Specific heat capacity of hydrogen Cp, H2 14.31 kJ/kg∙K [195] 

Specific heat capacity of oxygen Cp, O2 0.92 kJ/kg∙K [195] 

Efficiency of the current transformer ηCT 0.95 - [99] 

Steam utilization factor U 0.85 - [99] 

Proportion of O2 on the anode side xO2 1 - - 

Universal gas constant R 8.314 J/mol∙K - 

Faraday constant F 96485 C/mol - 
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Table A 6 Summary of the CAPEX for the FFE case [109, 196]. 

CAPEX Cost (USD) 

SOEC stack 520000.00 

Power supply 198225.00 

Steam/Water Circulation 66400.00 

Hydrogen processing 106580.00 

Cooling/Heat exchange 84000.00 

Electric Heater 5000.00 

FFE 20000.00 

Other BOPs 6000.00 

Total 1006205.00 

Table A 7 Component costs for the FFE case [109, 196]. 

Description Component Cost ($/unit) 

SOEC SOEC 520000.00 

Circulation 

Circulation pump 5500.00 

Compressor 11400.00 

Piping 7600.00 

Valves, Control 7700.00 

Hydrogen processing 

Dryer 13900.00 

Hydrogen Separator 28000.00 

Tubing 3800.00 

Valves, Control 5200.00 

Cooling/Heating 
Heat Exchanger 9000.00 

Valves, Control 3000.00 

FFE FFE 20000.00 

Other BOPs Other BOPs 6000.00 
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Table A 8 Summary of the CAPEX for the SWRO case [109, 197]. 

CAPEX Cost (USD) 

SOEC stack 520000.00 

Power supply 198225.00 

Steam/Water Circulation 66400.00 

Hydrogen processing 106580.00 

Cooling/Heat exchange 66000.00 

Electric Heater 5000.00 

SWRO unit 21400.00 

Other BOPs 6000.00 

Total 989605.00 

Table A 9 Component costs for the SWRO case [109, 197]. 

Description Component Cost ($/unit) 

SOEC SOEC 520000.00 

Circulation 

Circulation pump 5500.00 

Compressor 11400.00 

Piping 7600.00 

Valves, Control 7700.00 

Hydrogen processing 

Dryer 13900.00 

Hydrogen Separator 28000.00 

Tubing 3800.00 

Valves, Control 5200.00 

Cooling/Heating 
Heat Exchanger 9000.00 

Valves, Control 3000.00 

SWRO unit SWRO unit 21400.00 

Other BOPs Other BOPs 6000.00 
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Table A 10 Theoretical and experimental determined OCV values for cells operated with steam 
from seawater with a variation of operating temperature at constant gas compositions of 60 % 
H2O + 40 % H2. 

Temperature OCV theo. OCV Cell A OCV Cell B OCV Cell C 

900 0.890 0.899 0.890 0.896 

875 0.899 0.907 0.897 0.905 

850 0.908 0.914 0.910 0.914 

825 0.917 0.927 0.916 0.925 

800 0.925 0.934 0.925 0.934 

775 0.933 0.941 0.933 0.943 

750 0.941 0.950 0.943 0.948 

Table A 11 Theoretical and experimental determined OCV values for cells operated with steam 
from seawater with a variation of steam contents at the fuel electrode at 800 °C. 

Gas composition OCV theo. OCV Cell D OCV Cell E 

60% H2O 0.925 0.925 0.926 

50% H2O 0.944 0.941 0.933 

40% H2O 0.952 0.960 0.950 

30% H2O 0.983 0.977 0.970 

20% H2O 1.008 0.998 0.995 

10% H2O 1.045 1.034 1.030 

Table A 12 Theoretical and experimental determined OCV values for cells operated with steam 
from saturated sodium chloride solution with a variation of operating temperature at constant 
gas compositions of 60 % H2O + 40 % H2. 

Temperature OCV theo. OCV Cell NaCl 

900 0.890 0.901 

875 0.899 0.910 

850 0.908 0.923 

825 0.917 0.930 

800 0.925 0.940 

775 0.933 0.947 

750 0.941 0.956 
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Table A 13 Theoretical and experimental determined OCV values for cells operated with steam 
from saturated sodium chloride solution with a variation of steam contents at the fuel electrode 
at 800 °C. 

Gas composition OCV theo. OCV Cell NaCl 

60 % H2O + 40 % H2 0.925 0.926 

50 % H2O + 50 % H2 0.944 0.940 

40 % H2O + 60 % H2 0.952 0.959 

30 % H2O + 70 % H2 0.983 0.976 

20 % H2O + 80 % H2 1.008 0.998 

10 % H2O+ 90 % H2  1.045 1.030 
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9.2 Figures 

 

Figure A 1 Concept for the utilization of wastewater in a circular approach in the SOEC system 
to produce hydrogen from wastewater. 

 

Figure A 2 (a) Cell Voltage evolution of SOEC cells from the old production batch at different 
steam content.  
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Figure A 3 SEM images of the Ni-YSZ fuel electrode surface after operation for 1000 hours 
with pure water. 

 

Figure A 4 SEM-EDX analysis of the Ni-YSZ fuel electrode surface of seawater cell 1new after 
1000 hours of operation. 

 

Figure A 5 SEM images of the fractured cross section of seawater cell 1new after 1000 hours 
of operation. 
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Figure A 6 XPS spectra of the fuel electrode surface of the degraded pure water cell 3old at 
room temperature and after disassembly. 

 

 

 

 

 

 

 

 

 

Figure A 7 Several spots showing SEM-EDX analysis of the Ni-YSZ surface of the NaCl cell 
1old after operation. 
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Figure A 8 SEM images of the Ni contact layer on top of the Ni-YSZ fuel electrode of NaCl cell 
1old after operation. Sodium species deposition is found on “hills” in the contact layer structure 
marked with orange circles. 
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Figure A 9 EDX measurements of different location in the Ni-YSZ fuel electrode cross section 
of NaCl cell 1old after operation to detect Na containing salt depositions. 
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s 

Figure A 10 a) Fractured cross section of the NaCl operated cell with no delamination 
occurring for both electrodes and b) SEM images of the polished cross section of the air 
electrode for NaCl cell 1old and pure water cell 3old. 

 

Figure A 11 Developed Aspen optimized flowsheet for the FFE/SOEC case. 
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Figure A 12 Developed Aspen optimized flowsheet for the SWRO/SOEC case. 
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