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ABSTRACT

The transition to low-carbon energy systems requires efficient and scalable technologies capable of
addressing the challenges of the current global energy scenario. Solid Oxide Cells (SOCs) represent a
promising solution for efficient energy conversion and long-duration energy storage. Thanks to their
intrinsic properties such as reversibility and high efficiency, SOCs can play a strategic role in the
transition toward hydrogen-based and low-carbon energy systems. However, their widespread
deployment remains limited by degradation phenomena and by the limited understanding, at a detailed
level, of their behavior under realistic operating conditions.

This doctoralresearch investigates the potential of SOC technology through a multi-scale approach that
combines theoretical modeling, simulation of renewable energy integration, and experimental
validation. A detailed thermodynamic framework has been developed to describe the electrochemical
behavior of the cell, alongside a comprehensive analysis of its materials, design, and main degradation
mechanisms.

A few innovative methodologies and experimental studies have been proposed. The first concerns the
development of an in-house-built multisampling test bench for localized in-operando characterization
of single SOCs. This setup enables simultaneous measurements of gas composition and temperature
at eleven points along the fuel electrode surface, providing direct insights into spatial electrochemical
and thermal gradients that are typically inaccessible through conventional inlet-outlet analysis. The
resulting chemical and thermal mappings reveal non-uniform reaction kinetics along the electrode,
identifying high-activity zones near the inlet and highlighting the influence of fuel utilization and steam
conversion on local performance and degradation. A coupled modeling study was then conducted to
verify the correlation between experimental and simulated data, allowing the estimation of key local
parameters such as current density and cell voltage from the measured gas composition profiles.

The second experimental activity focuses on a short-stack campaign performed on a 15-cell SOC stack
operated with various fuel mixtures representative of current and future gas-grid scenarios. The results
demonstrate the fuel flexibility of SOC technology, capable of efficient operation with pure hydrogen,
natural gas, or intermediate blends. Formulations of electrical and thermal efficiency are proposed and
compared, establishing harmonized criteria for the evaluation of stack and system performance under
different operating regimes.

At system-level, a reversible SOC (rSOC) was coupled with a photovoltaic (PV) installation and a
residential energy load to assess its suitability for seasonal storage applications. The cell was tested
dynamically under variable power input and output, simulating the real behavior of a domestic
renewable energy system. The test campaign was designed to accurately reproduce, at laboratory scale,
the load fluctuations experienced by a real rSOC stack. The results demonstrated excellent
responsiveness and operational stability during transient conditions, confirming the technology’s
potential for flexible energy management and effective coupling with intermittent renewable sources.

Another system level analysis has been carried out, and a >10 kW reversible SOC (rSOC) was tested at
constant load, and the enthalpy flow analysis and efficiency calculations confirmed stack efficiencies
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above 95% and system efficiencies up to 92% under optimized thermal integration scenarios,
highlighting the decisive role of steam generation and heat recovery strategies in determining overall
performance. These results validate the scalability of SOC technology and highlight its potential for
flexible energy management, seasonal storage, and integration into hybrid energy systems.

Overall, this work provides a comprehensive understanding of SOC behavior across multiple scales,
from local electrochemical phenomena to integrated system operation. The findings contribute to
advancing diagnostic methods, optimizing operating strategies and improving the efficiency and
durability of SOC-based systems. Ultimately, the research supports the future deployment of solid oxide
technologies within renewable energy infrastructures, contributing to global decarbonization and
sustainable energy storage.
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PREFACE

This PhD thesis is entitled “Multi-Scale Experimental and System-level Analysis of Solid Oxide Cells:
Studies and Applications for Energy Storage Purposes”, and has been carried out in the facilities of ENEA
Casaccia Research Centre in Rome and in VTT - Technical Research Centre of Finland in Espoo. The
research was conducted under the supervision of Professor Elio Jannelli and Dr. Francesca Santoni, and
was developed within the framework of Italian national and European initiatives focused on hydrogen
and advanced energy systems. The doctoral project ran from November 2022 to October 2025 and was
hosted at the ENEA Casaccia Research Center, in the Laboratory for Hydrogen and New Energy Vectors
(H2V), Division of Technologies and Vectors for Decarbonization (DEC). A collaboration with VTT has
also been done from Nov 2024 to Jun 2025.

The first chapter of the thesis (Introduction) presents a comprehensive overview of the energy transition
context, the role of hydrogen as a strategic energy carrier, the potential of fuel cells/electrolyzers -
specifically Solid Oxide Cell (SOC) technology — and its operating principles. These sections introduce
the research questions of the study.

The second chapter (Materials and Methods) is focused on the description of the experimental activities
and setups used in this work, while the third chapter (Results and Discussion), which comprises the
research carried out throughout the PhD, represents the core of the study.

The final chapter (Conclusion) presents the conclusions, the answers to the research questions
proposed earlier and outlines future research directions.
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Multi-Scale Experimental and System-level Analysis of Solid Oxide
Cells: Studies and Applications for Energy Storage Purposes

1. Introduction

The issue of energy supply represents one of the most critical topics for the entire scientific community,
encompassing multiple dimensions: technical, engineering, social, economic, and environmental. This
chapter presents an examination of the challenges and open questions that researchers and scientists
are called upon to address, while also assessing how hydrogen has gained momentum and is
increasingly regarded as a promising solution within the framework of sustainable and efficient energy
carriers.

Particular attention will be devoted to solid oxide technology - the specific focus of this work — notable
for its operational reversibility and high efficiency. The discussion will highlight the key issues identified
through the preliminary analysis, as well as the opportunities that this study aims to explore.

Finally, the motivations and research questions that have guided the development of this work will be
presented in detail, as they constitute the starting point for the design of the methodology and for the
interpretation of the results.

1.1 Transition From Fossil Fuel-Based To Low-Carbon Technologies

The steep growth in global demand for primary electricity represents both a major subject of debate and
an area of increasing concern at the international level. The rapid rise in the world’s population — which
reached 8 billion in 2022 —together with the growing energy requirements of both industrialized nations
and developing countries, has led in recent years to a significant increase in energy demand and,
consequently, in energy production.

The results of recent studies on global energy production, broken down by source and updated to 2024,
arereportedin Figure 1a and Table . It can be observed that non-renewable sources stillaccount for the
large majority, with the combined production of coal, oil, and natural gas making up 81.3% of the total.
Renewable sources’ contribution is 14% (including solar, hydro, wind, and geothermal), a share that
increases to 18.7% when nuclear and biofuels are also considered [1]. Although the trend is growing,
the contribution from clean energy sources remains insufficient to ensure a safe level of pollutant and
CO, emissions. Atmospheric concentrations of CO, continue to rise year after year, from approximately
290 ppm of the pre-industrial era to 432 ppm in 2025 [2], as shown in Figure 1b. This phenomenonis a
direct consequence of the combustion of carbon-containing fuels, through which the chemical energy
stored in the fuel is converted into other forms of energy.
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Figure 1: a) global energy production from 1965 to 2024, broken down by source and expressed in percentage of
overall production [1]; b) concentration level of CO; in the atmosphere over the course of the years [2].

Table I: global energy production in 2024, broken down by source [1]

Source Production [TWh]
Natural gas 41,278.3
Coal 45,850.5
oil 55,292.1
Nuclear 6,871.8
Hydro 10,860.8
Wind 6,124.5
Solar 5,150.6
Biofuels 1,366.9
Other renewables 2,476.4
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In the current context, characterized by increasing pressure on global energy demand and the need to
meet stringent climate change mitigation targets, the transition from fossil fuels to low- or zero-carbon
technologies emerges as a key process. The current energy paradigm can be described as a complex
system, in which the progressive penetration of renewable sources introduces variability and non-
dispatchability, thereby requiring complementary solutions to ensure security and stability of supply.
[3], [4]. In this scenario, it becomes essential to maximize the potential of each energy source in the
sectors where it can achieve the highest levels of efficiency and effectiveness.

Hydrogen is assuming a strategic role as a flexible and cross-sectoral energy carrier. Its intrinsic
properties — storability, transportability, absence of greenhouse gas or pollutant emissions, and
applicability across a wide range of contexts — make it particularly well suited to act as a bridge between
sectors that are difficult to electrify (such as hard-to-abate sectors or heavy transport) and the
increasing share of variable renewable sources. Although it cannot be regarded as the only solution to
decarbonization, hydrogen represents a key element in the construction of an energy system capable
of integrating multiple technologies while consistently addressing long-term sustainability goals.

1.2 Role Of Green Hydrogen In The Transition Towards Low Carbon Technologies

Hydrogen is a highly versatile element, currently employed across a wide range of sectors. One of the
most common application areas is the chemical industry, where it serves as a key feedstock for the
synthesis of ammonia, methanol, and various other products [5], [6]. Although the electrification of the
transport, residential, and industrial sectors is expected to increase, in certain areas such as heavy-
duty transport, aviation, and maritime shipping, given the current state of technology, batteries are
unlikely to represent an effective solution due to their low volumetric energy density [7]. This gap left by
batteries could be addressed by fuel cell systems, which are capable of converting hydrogen, methanol,
or ammonia into electrical energy and thereby into propulsion [8].

Secondly, steel production — classified as a hard-to-abate sector — also presents significant potential
for decarbonization through the use of hydrogen, particularly if coalis replaced as the reducing agentin
iron reduction processes [9]. The steel industry is among the most energy- and carbon-intensive
sectors, with recent studies reporting that it accounts for approximately 11% of global CO, emissions,
thereby making its decarbonization pivotal to achieving global climate targets [10].

Ultimately, hydrogen demonstrates particular potential in the field of seasonal energy storage. One of
the major challenges associated with high shares of renewable energy, particularly wind and solar, is
the seasonal mismatch between renewable generation and end-user demand, as electricity output
from these sources often peaks during specific periods while demand may be highest in other seasons.
Hydrogen therefore emerges as a mitigating option for this phenomenon, acting as an energy carrier that
can store surplus generation and subsequently compensate for the lack of renewable production during
periods of deficit [11].

The production cost of hydrogen is one of the most significant barriers to its large-scale deployment as
an energy carrier. The mostrecent data for Europe, as of September 2025, refer to 2023 and are provided
by the European Hydrogen Observatory: the levelized production cost of hydrogen via Steam Methane
Reforming (grey hydrogen) averages around 3.76 €/kg, rising to 4.41 €/kg when a carbon capture
installation is included. The most environmentally advantageous solution is clearly green hydrogen,
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produced via water electrolysis directly connected to a renewable energy plant, with production costs
ranging between 4.13 and 9.3 €/kg. [12]. Similar estimates are reported for the U.S. market, with
production costs ranging between 4.5 and 7.5 $/kg [13]. For reference, as of September 2025, the price
of natural gas is approximately 32 €/ MWh, or 0.46 €/kg [14]. The main factors contributing to the high
cost of green hydrogen, compared to a fuel with a similar role and usage such as natural gas, are the
cost of renewable electricity, the cost of electrolyzers, and the relatively low overall efficiency of the
entire process [13].

Research focused on developing systems for the production and utilization of green hydrogen that are
both efficient and economically sustainable — capable of competing with conventional energy sources
— is therefore of paramount importance. Fuel cells and electrolyzers currently represent the most
effective technologies for this purpose. Given hydrogen’s strategic importance, it is crucial to explore
the technologies that enable its efficient production and conversion.

1.3 Fuel Cell / Electrolyzer Systems: Technology Overview

Fuel cells and electrolyzers represent key technologies for the efficient production and use of hydrogen
as a sustainable energy carrier. Electrolyzers are electrochemical devices that generate hydrogen and
oxygen through the electrolysis of water, powered by an electrical current. Fuel cells, on the other hand,
convert the chemical energy stored in hydrogen directly into electricity, water, and heat. The main
advantages of these devices include: (i) high conversion efficiency, due to the direct conversion of
energy between electrical and chemical forms; (ii) zero emissions of polluting gases; (iii) very low noise
levels. Depending on the specific type, additional benefits may be realized, such as fuel flexibility,
reversibility, and cogeneration capability [15]. In all types, separate reactions take place at the two
electrodes that form the cell (fuel electrode and air electrode), while ions are transported through the
electrolyte from one electrode to the other, and electrons are directed through an external circuit. Fuel
cells and electrolyzers are generally classified according to the material used for the electrolyte, as
illustrated in Table Il and Table Ill, where their main characteristics are also described [16], [17], [18],
[19].
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Table Il: comparison of main fuel cell technologies [17], [18], [19]

Fuel cell type Polymer Alkaline Phosphoric Molten Solid Oxide
Electrolyte (AFC) Acid (PAFC) Carbonate (SOFC)
Membrane (PEM) (MCFC)
Molten lithium,
Aqueous Phosphoric sodium, and/or Yttria
Electrolyte Perfluorosulfonic solution of acid soaked in potassium stabilized
acid KOH, soaked in matrix carbonates, zirconia
a matrix soakedin a
matrix
Operating
temperature <120 <100 150-200 600-700 500 - 1000
[°C]
Typical stack <1-100 1-100 5-400 300-3000 1-2000
size [kW]
Efficiency [ %] 60 60 40 50 60 (electric);
>80 (CHP)

Table Ill: comparison of main electrolyzers technologies [20], [21], [22], [23], [24], [25], [26], [27], [28]

Electrolyzer Polymer Alkaline Anion Solid Oxide
type Electrolyte (AWE) Exchange (SOEC)
Membrane (PEM) Membrane
(AEM)
Aqueous
Electrolyte Nafion solution of Polymer Yttria
KOH, soaked in membrane stabilized
a matrix zirconia
Operating
temperature 50-80 60-90 40-60 600 -850
[°C]
Efficiency [%] 65-80 60-70 55-70 >80

Among the broad range of fuel cell types, solid oxide cells (SOCs) represent a particularly promising
technology due to several intrinsic strengths, including: (i) higher conversion efficiencies compared to
other fuel cell types in both operating modes (fuel cell and electrolysis), (ii) fuel flexibility at the inlet,
and (iii) reversibility [29], [30].

1.4 SOC Operating Principles And Electrochemical Performance

In Figure 2, a schematic representation of the main mechanisms and phenomena occurring in a solid
oxide cell (SOC) is provided. In SOFC mode, for the sake of simplicity, the schematic assumes pure H,
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as the fuel supplied to the anode (fuel electrode), while air is supplied to the cathode (air electrode).
The fuel (H,) diffuses through the porous structure of the anode and reaches the interface with the
electrolyte. In this region, known as the triple phase boundary (TPB), hydrogen is oxidized by oxygen ions
(O%*) coming from the cathode, which have crossed the electrolyte, thereby forming H,O and releasing
two electrons (e’). These electrons flow through an external electrical load connected between the
anode and cathode, before reaching the cathode, where they reduce oxygen from the air. The newly
formed O* ions then migrate across the thickness of the cathode until they reach the electrolyte
interface. Since the electrolyte is an ionic conductor, it allows these ions to move towards the opposite
interface, at the anode, where they participate in the oxidation of additional incoming fuel.

The description above can be conveniently summarized by the electrochemical half-reactions
occurring at the two electrodes. In particular, Eq. 1 refers to the fuel electrode, Eq. 2 to the air electrode,
and Eq. 3 represents the overall reaction [31], [32]:

H, + 0%~ 2 H,0 + 2e~ (1)
%02 +2e” = 0% (2)
H2+%02 = H,0 (3)

In SOEC mode, the operation is based on the splitting of steam into hydrogen and oxygen, which is the
reverse of the SOFC process. At the fuel electrode (cathode), steam is reduced, generating hydrogen
and oxygen ions (Eqg. 4). The latter migrate through the electrolyte towards the air electrode (anode),
where they are oxidized, releasing molecular oxygen (Eq. 5). The electrons produced at the air electrode
are transferred back to the fuel electrode through an external circuit. The overall reaction is represented
in Eqg. 6 [33]. Here too, for the sake of simplicity, only steam is considered as the gas supplied to the fuel

electrode.

H,0 +2e~ = H, + 0%~ (4)
0%~ 220, +2¢” (5)
H,0 = Hy +3 0, (6)
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Figure 2: a) Schematic representation of a solid oxide cell operating mechanism in fuel cell mode [34]; b)
Schematic representation of a solid oxide cell operating mechanism in electrolysis mode [34].

The maximum electrical work obtainable from a fuel cell operating at constant temperature and
pressure is given by the change in Gibbs free energy between reactants and products, as defined in Eq.
7 [32]:

We = 4G = Gf,products - Gf,reactants =-n-F-V (7)

Where W, [J] is the electrical work, AG [J/mol] is the Gibbs free energy variation, Gt progucts aNd Gt reactants
[J/mol] are the free energy of the products and of the reactants respectively, n [-] is the number of
electrons taking part in the reaction, F[C / g mol e’] is the Faraday constant and V [V] is the cell voltage.
From Eq. 7, it therefore follows that:

AG
2F

Let us consider the generic chemical reaction:
aA+bB 2 cC+dD 9)
Where a, b, c, d are the stoichiometric coefficients of the respective species A, B, C, D.

The Gibbs free energy can be expressed as a function of the activities and concentrations of the
reactants and products. The following relation assumes ideal gas behavior, and is therefore slightly
simplified compared to its more general form [32]:

d d
AG = AG® + RT In (%) (10)

Where AG° [J/mol] is the Gibbs free energy in standard conditions, [A], [B], [C] and [D] [-] are the
concentrations of the species A, B, C and D, R [J/mol K] is the universal gas constant, T [K] is the
operative temperature

The concentration of a species i can, in turn, be expressed as the ratio between the partial pressure of
the species p;[Pa] and the standard pressure po[Pa] (100 000 Pa):
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[i]="2 (1)
The ideal gas assumption is justified in the present study due to the high temperatures and low
pressures involved [31].

From Eq. 8, Eq. 10, and Eq. 11, the Nernst equation (Eq. 12) can be derived, which allows the calculation
of the maximum potential difference generated by a cell under open-circuit conditions and perfect
reversibility. Below is the expression of the equation specialized for a fuel cell supplied solely with
hydrogen (in power generation mode) or solely with water (in electrolysis mode):

_ _46®_rry ([P0l
Vnernst = 2F  2F In ([Poz]o's . [pH2]> (12)

Eq. 12 can be rewritten in a more mathematically elegant form:

V = EO +ﬂ ln [poz]o.s'[sz] (13)
Nernst 2F [P—Hzo]

When the cell is operating and delivering current, various polarizations arising from irreversible
processes cause the theoretical Nernst potential to decrease (in fuel cell mode) or increase (in
electrolysis mode) to avoltage that depends on the operating point [31], as expressed in Eq. 14. It should
be noted that the positive sign preceding the polarization terms corresponds to electrolysis mode,
whereas the negative sign applies to fuel cell mode.

Vcell = VNernst + (nact,fuel + nact,air) + Nohm + (nconc,fuel + nconc,air) (14)

Activation polarization

Activation energy is required to overcome the energy barrier that prevents a reaction from occurring
spontaneously. Accordingly, activation polarization is associated with the energy barrier that must be
surpassed for the reaction to proceed. Several factors influence activation losses, including the type of
reaction, the chemical properties of the catalyst, the activity of the reactants, and the structure of the
electrodes. The relationship between the current density and the overpotential generated at an
electrode is described by the Butler — Volmer equation [31], shown in Eq. 15:

= o+ [exp (E5Taer) — e (U2t 1o

Where j [A/m?] is the current density, jo [A/m?] is the exchange current density, and « [-] is the charge
transfer coefficient atthe electrode. The exchange current densities for both the anode and cathode can
be expressed using an Arrhenius-type relationship:
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PH2,ref PH20,ref
Yoz
: _ ;bre Po2 ) ( Eact,cat)
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Where jg’;i andjg_zgt [A/m?] are respectively the anode and cathode exchange transfer current density
pre-exponential factors, E;.; on and Eg ¢ cq¢ [J/mol] are the activation energies for anode and cathode,
Pxrer [Pa]is the reference partial pressures —assumed to be equal to the ambient pressure —and y [-] is

the reaction order of species x.

Ohmic polarization

Ohmic polarization arises from the transport of charge through the ionic and electronic conductors
within the cell. In a SOC, both the electrolyte and the electrode layers follow Ohm’s law [31], [35]:

Nohm = 1" Ronm (18)

Where i [A] is the current and Ronm [Q] contains the contributions of the ionic conduction, electronic
conduction, and contact resistance:

Ronm = Rion + Rey + Reone (19)

However, in typical SOCs only ionic resistance of the electrolyte is considered, other resistances are
assumed to be orders of magnitude lower, thus negligible.

Concentration polarization

Concentration losses are associated with the rate of reactant conversion at the fuel electrode and the
rate of gas diffusion through the porosity of the electrode. When the diffusion rate of the gas is lower
than its consumption rate, a local undersupply of fuel causes a drop in cell voltage in fuel cell mode,
and an increase in cell voltage in electrolysis mode. The rate of mass transport through a porous
electrode can be described by Fick’s first law of diffusion [31], [32]:

, “F-Dy-(CE-C3
R (20)

Where D, [mol / m? s] is the diffusion coefficient of the species x, CZ and C; [-] are the concentrations
of the species x in the bulk of the electrode and at the surface respectively, and [ [m] is the thickness of
the diffusing layer.

The maximum current, or the limit current, that can theoretically be obtained is when C3 = 0:
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, “F-Dy-CB
JL:nf (21)

Combining Eqg. 20 and Eq. 21, it results:
G_q_JL (22)

By applying the Nernst equation (Eq. 12), the concentration polarization can be determined:

Neone = % In (%) = % In (1 - L) (23)

JL

Figure 3 shows two typical current-voltage curves for a cell operating in fuel cell and electrolysis modes,
where all polarizations are evident.
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Figure 3: a) Typical shape of I-V curve in fuel cell mode [36]; b) typical shape of |-V curve in electrolysis mode
[35].

1.5 SOC materials and design

Following the analysis of SOC operating principles and electrochemical behavior, this section focuses
on the materials and structural design that enable and influence their performance.

A single solid-oxide cell is composed of three elements: the electrolyte, the fuel electrode and air
electrode, whose roles have been described in chapter 1.4 and whose working principles are shown in
Figure 4. In a solid-oxide stack, individual cells are electrically connected in series or parallel by means
of an interconnect, which completes the system by directing these electrons through the external
circuit, thereby enabling useful electrical work [32].

In this chapter, more details on the materials employed and their characteristics are presented.
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1.5.1 Fuel Electrode

The most widely used fuel electrode material in SOCs is the Ni-YSZ cermet, in which the YSZ ensures
mechanical stability and porosity, while finely dispersed metallic nickel particles act as the catalytic
sites for hydrogen oxidation (or steam reduction). Nickel alone tends to agglomerate at high
temperatures, posing challenges to its application [37].

The most common configuration of a solid oxide cell (SOC) features an anode with a bilayer structure
composed of: (i) a porous substrate with a thickness typically on the order of several hundred
micrometers. This is the thickest and most mechanically robust portion of the fuel electrode and serves
as the mechanical support for the entire cell. Its high porosity is designed to minimize mass transport
losses; (ii) a functional layer, a thinner region with a typical thickness of 10-20 pm, deposited on top of
the substrate and located near the electrolyte interface. This layer contains nickel particles that act as
active sites for the oxidation and reduction of the gaseous species.

This anodic architecture is currently regarded as providing the best trade-off between low transport
losses, structural stability, high electrochemical performance and cost-effectiveness [38].

Despite their extensive use, Ni-based electrodes suffer from several critical limitations, including
particle agglomeration at elevated temperatures, carbon deposition, sulfur poisoning, and poor redox
stability when operated with hydrocarbon- or sulfur-containing fuels [37], [39], [40].

To address these challenges, research efforts have focused on exploring alternative materials, such as
cerium oxide (CeQO.), which has been investigated for its potential to mitigate carbon deposition and the
poisoning of nickel by contaminants such as sulfur compounds and volatile organic compounds
(VOCs). However, these approaches have so far achieved limited success, primarily due to stability
issues that have emerged during operation [41], [42]. The use of a Cu-YSZ fuel electrode has been
considered, given the superior resistance of copper to carbon accumulation and sulfur poisoning
compared to nickel. However, copper suffers from low electrical conductivity, which limits its practical
application in SOC systems [43].

Lin et al incorporated Cu-Ni composites into YSZ electrodes, reporting moderate catalytic activity for
methane oxidation and significantly lower carbon cracking rates compared to pure Ni-based systems,
thereby highlighting the effectiveness of Cu-Ni systems in enhancing hydrocarbon utilization while
mitigating carbon deposition [44].

Perovskite oxides have emerged as promising fuel electrode materials owing to their excellent redox
stability and intrinsic catalytic activity. However, their performance in hydrocarbon oxidation reactions
remains limited, which poses a significant barrier to their widespread implementation in SOC systems
[45], [46].

Finally, among the most extensively studied fuel electrode materials is ScSZ-Ni, which exhibits high
electrical conductivity and good resistance to sulfur poisoning. However, the high cost of scandia-
stabilized zirconia (ScSZ) remains a major drawback limiting its practical application [47].
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Figure 4: Diagram illustrating the paths of electrons and O% ions in the SOC structure; a) SOFC mode [48]; b)
SOEC mode [49].
1.5.2 Electrolyte

Key requirements for reversible solid oxide cell (rSOC) electrolytes include: (i) excellent sealing
properties to prevent gas leakage and ensure system safety; (ii) high ionic conductivity, typically
exceeding 0.01 S-cm™ [50]; (iii) low electronic conductivity; (iv) high structural and chemical stability
[51], [52]; (v) thermal expansion compatibility with other cell materials to avoid mechanical failure
caused by mismatch-induced stresses.

The most widely used electrolyte is yttria-stabilized zirconia (YSZ), which is valued for its mechanical
robustness and high oxygen-ion conductivity. However, pure ZrO, undergoes phase transitions around
1373 K, resulting in substantial volume changes that can compromise structural stability [53]. Doping
with yttria or other stabilizers mitigates these issues by stabilizing the desired phases, increasing oxygen
vacancy concentration, and enhancing ionic conductivity [54].

Beyond ZrO,- based systems, alternative electrolytes such as CeO,- and LaGaOs; - based materials are
being investigated for specific applications due to their favorable conductivity and stability
characteristics [55]. Nevertheless, these materials may exhibit partial electronic conduction, often
attributed to the reduction of Ce* to Ce** under low oxygen partial pressures [56].
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1.5.3 Air Electrode

Oxygen electrodes in rSOCs are required to possess a porous structure to facilitate oxygen diffusion,
high mixed ionic and electronic conductivity for efficient charge transport, chemical compatibility with
adjacent cell components, and thermal expansion matching to minimize mechanical stress [37].

Most oxygen electrodes are based on perovskite oxides with the general formula ABO; . A-site doping
with elements such as La, Sr, or Ba, and B-site incorporation of transition metals such as Mn, Co, or Fe,
play a critical role in oxygen vacancy formation and redox behavior [57], [58]. Lag.s Sro.2 MNnO3 (LSM) is
widely employed due to its excellent thermal stability and compatibility with YSZ electrolytes [59]. To
further improve performance, composite designs such as LSM-CuO-SDC and PdO/ZrO, -LSM-YSZ have
been developed to expand the electrochemically active reaction zone and reduce polarization
resistance [59] [60].

Cobalt-based perovskites, such as Lag.s Sro.a CoO; (LSC), offer substantially higher electrical
conductivity - up to three to ten times that of LSM - and broader reaction zones, enhancing performance
in both SOFC and SOEC operation [61], [62]. However, interface degradation can occur over time [63].
Strategies such as surface coatings with Gdo.1 Ceo.o O, [64] and infiltration with CGO [65] have been
demonstrated to improve long-term stability and electrochemical performance.

1.5.4 Interconnects

In rSOC stack assemblies, interconnects perform a dual function: they provide electronic conduction
between adjacent cells while simultaneously acting as gas-tight barriers that separate the fuel and
oxidant compartments. A schematic representation of a SOC cell including interconnects is given in
Figure 5. The performance of interconnects has a direct impact on the electrical efficiency, mechanical
integrity, and long-term durability of the entire system. Therefore, the careful selection and engineering
of interconnect materials are crucial for the successful deployment of rSOC technology, particularly
under dual-mode operation where the cell alternates between fuel cell and electrolysis modes.

To operate reliably under rSOC conditions, interconnects must satisfy several key requirements,
including: (i) High electrical conductivity, typically above 10* S-m-1 at operating temperatures (700 -
850 °C) [66]; (ii) Gas tightness to prevent cross-leakage of H, and O,, maintaining strict separation
between the anode and cathode gas streams [31]; (iii) Chemical and thermal stability and compatibility
with the electrodes and gases [67]; (iv) Mechanical robustness, (v) resistance to corrosion [68].

The most commonly used interconnect materials in rSOCs are ferritic stainless steels, including Crofer
22 APU, SS430, and SS441. These alloys provide good mechanical strength and acceptable electrical
conductivity. However, their high chromium content can lead to Cr volatilization, which may migrate to
the cathode and poison oxygen electrode catalysts, such as LSCF, resulting in performance
degradation. To address this issue, protective coatings based on spinel-type oxides have been
developed to inhibit chromium migration. Alternatively, ceramic interconnects, typically composed of
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perovskite-based materials, offer excellent chemical stability, though they are limited by lower
electrical conductivity and higher fabrication costs [69].

Interconnect
Anode
Electrolyte

Cathode

Air
Cell ‘\

repeat
unit

Anode

Figure 5: Basic SOC cell structure with interconnects [70].

1.6 SOC Cells Degradation Mechanisms

An important requirement for commercial solid oxide cells is their stability and ability to preserve their
performance over time. Degradation mechanisms in SOCs are numerous and they can be found in all
of their components. The durability of SOC stacks must meet stringent lifetime requirements, especially
for stationary applications, where this value is typically about 90,000 hours [71].

The cell performance degradation is usually observed as a gradual voltage decay in fuel cell operation
and as a voltage increase in electrolysis. The degradation rate, generally expressed in mV/1000 h, is the
consequence of chemical, thermal, and mechanical phenomena. Understanding these mechanisms at
both the materials and system levels is therefore essential to enhance cell durability and ensure the
long-term reliability of SOC systems.

The Ni-YSZ present in the fuel-electrode plays a central role in cell degradation since, although it
ensures excellent electronic conductivity and catalytic activity, its microstructure is thermodynamically
more unstable under high-temperature operating conditions. Prolonged exposure to steam, for
example, leads to microstructural coarsening, phase changes, and chemical interactions that
progressively increase polarization and ohmic resistance. The main degradation mechanisms at the
fuel-electrode can be grouped into three categories: (i) material transport mechanismes, (ii) deactivation
and poisoning effects and (iii) thermomechanical degradation.

Material transport mechanisms mainly involve nickel migration and coarsening. Over time, Ni particles
tend to agglomerate to minimize surface free energy. This change, accelerated by high temperature and
high steam partial pressure, causes a reduction in the length of the triple-phase boundary and,
consequently, in the number of electrochemically active sites. The loss of active area increases the
polarization resistance and lowers the overall cell performance. The phenomenon where larger Ni
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particles grow at the expense of smaller ones is particularly critical under electrolysis conditions [72],
[73], [74], [75].

Nickel depletion and migration are additional degradation mechanisms often observed under SOEC
operation. The high steam and oxygen partial pressures promote the volatilization of nickel as hydroxide
species (Ni(OH),). This results in local Ni depletion and the formation of resistive zones that hinder
charge transfer. Conversely, in SOFC operation, nickel migration toward the electrolyte may occur due
to electrochemical gradients, occasionally causing local Ni accumulation and delamination. Both
phenomena are strongly influenced by the ratio of H,O to H; in the feed gas and by temperature [72],
[73].

Redox cycling, caused by repeated oxidation and reduction of the Ni-YSZ electrode, is another major
source of degradation. The process induces mechanical stress and possible fracture or delamination of
the porous structure. Frequent cycling or high humidity during shutdown accelerates this degradation
pathway and can lead to irreversible structural damage [71].

Other chemical effects, such as carbon deposition and sulfur poisoning, further compromise fuel-
electrode performance. When carbon-containing gases are used, carbon may deposit blocking pores
and catalytic sites. In addition, even impurities such as sulfur can adsorb on the Ni surface deactivating
active sites and causing substantial increases in polarization resistance [76].

The air-electrode also experiences degradation due to several mechanisms, the mostrelevant being the
chromium poisoning, which originates from volatile species deposits on the air-electrode surface.
These compounds block oxygen reaction sites and are among the most detrimental phenomena
affecting air-electrode durability [73].

The degradation of the electrolyte and interconnects also contributes to the overall performance loss.
Yttria-stabilized zirconia (YSZ) may suffer from grain growth, yttrium segregation, and oxygen vacancy
redistribution under long-term operation. These changes increase the ionic resistance and may induce
microcracking during thermal cycling. Metallic interconnects undergo oxidation and chromium
evaporation, which elevate contact resistance and lead to the formation of volatile Cr species.
Protective coatings have been developed to limit chromium diffusion [71], [73], [77].
Thermomechanical stresses further accelerate cell degradation by causing cracks, delamination and
mechanical instability. These stresses arise from mismatched thermal expansion coefficients between
different layers, nonuniform temperature distributions, and transient operational loads. The severity of
this effect grows with higher current densities [73].

Overall, the degradation behavior of SOCs results from a complex mixture of microstructural changes,
chemical instability and thermomechanical stress. Electrochemical impedance spectroscopy and
focused-ion-beam SEM are among the characterization methods that can directly correlate
microstructural changes with performance degradation [71], [77].

1.7 Solid Oxide Cells Scale-Up From Single-Cell To Stack-Level

Scaling up solid oxide cells (SOCs) from single-cell units to multi-cell stacks represents a critical step
in realizing the potential of this technology for industrial applications. This process, however, introduces
a number of complexities and challenges that must be addressed to ensure reliable, efficient, and long-
lasting operation.
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Industrial prototypes with capacities of several kilowatts have already been demonstrated. For
instance, the rSOC plant in Salzgitter, Germany, has a capacity of 40 Nm?® H,/h and consists of six
modules, each comprising 48 stacks with 30 cells per stack. In SOEC mode, the AC power input is 143
kW, while in SOFC mode the AC power output is 30 kW [78], [79]. Similarly, demonstration, verification,
and validation of a SOEC system integrated with a nuclear reactor have been carried out through a joint
effort by FuelCell Inc. (responsible for engineering design) and Idaho National Laboratory (system
testing). This project demonstrated a scalable 250 kW high-temperature SOEC capable of producing
hydrogen using electricity and steam from the nuclear power plant, aiming to maximize efficiency. The
primary goal was to generate physical test data that would inform the business case for hydrogen
production and support mid-term commercialization efforts [80].

Further scaling to multi-megawatt capacities is underway. A high-temperature SOEC system operating
at TRL8 is being demonstrated at a biorefinery in the Netherlands, with a nominal capacity of 670 Nm?®h
(over 60 kg/h of H,), covering approximately 1% of the site’s current hydrogen demand [81]. This project
targets a stack electrical efficiency of up to 85% (LHV), a hydrogen production loss rate below 1.2% per
1000 h, and an energy consumption of approximately 39 kWh/kg H,. Although the estimated hydrogen
cost is about 2,550 $ per kg H./day, the design allows flexibility for further upscaling to 100 MW,
potentially reducing the cost to about 2 $/kg in large centralized units or about 7.5 $/kg in smaller
decentralized installations.

One of the key challenges distinguishing large-scale operation from single-cell testing is temperature
control. At the single-cell level, the operating temperature is relatively uniform, whereas larger systems
are prone to asymmetries. Non-uniform temperature distributions can lead to thermal stresses, which
increase the risk of delamination and cracking, and can also cause uneven current density, resulting in
localized accelerated degradation. For example, modeling studies by Zhang et al [82] on a 20-cell fuel
cell stack revealed temperature gradients of up to approximately 100 °C, varying according to the gas
flow configuration (see Figure 6). Acommon observation is that the temperature is highest in the central
region of the stack and decreases progressively toward the periphery. Among various stack designs,
counter-flow configurations have been shown to outperform others in terms of temperature uniformity
in SOEC mode [83]. Effective thermal management, therefore, is essential for preserving stack
performance and longevity.
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Figure 6: Temperature distribution prediction for (a) co-, (b) counter-, and (c) cross-flow 20-cell SOFC stack
[82].
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Gas distribution across the stack is another critical issue. If the gas flow is not uniform between cells or
within individual cells, concentration gradients can develop, leading to local efficiency losses and even
gas starvation in some areas. While such issues may also occur at the single-cell level, they become
increasingly pronounced as the system scales up. Moreover, non-uniform gas distribution directly
affects temperature distribution, further complicating thermal management. To address this, optimized
flow channel designs have been developed. Stack configurations are generally categorized into two
types: (i) U-type, where all manifolds are located at one end of the stack, and (ii) Z-type, where inlet and
outlet manifolds are placed at opposite ends. A graphical representation is shown in Figure 7.

Overall, Z-type configurations have demonstrated superior performance due to improved uniformity in
temperature, electrochemical variables, and species concentration. For example, Choi et al [84]
showed that in SOFC operation, Z-type stacks achieved better control of both the maximum
temperature (705 °C versus 740 °C in U-type) and the maximum current density (0.43 A/cm? versus 0.6
A/cm?), as illustrated in Figures 8 and 9. These results highlight the importance of manifold design for
achieving stable and efficient stack operation.
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Figure 7: Schematic of: (a) single cell repeating unit, (b) U-type manifold stack, (c) Z-type manifold stack [84].
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stack [84].

At stack level, interconnects also present signhificant challenges. Operating temperatures between 700
°C and 850 °C can cause oxidation and volatilization of chromium-containing steels, leading to cathode
poisoning and long-term performance degradation. Protective coatings based on perovskite-type
oxides have been widely adopted to improve chemical stability in both SOFC and SOEC operation [85].
Importantly, these coating processes must be compatible with large-scale manufacturing, adding
additional constraints for industrial production. Recent research has also focused on improving stack
manufacturability and cost-effectiveness. For instance, Pirou et al [86] proposed a monolithic SOC
architecture produced via co-sintering, integrating all functional layers into a single ceramic block to
achieve high power density and simplified assembly.

In conclusion, while stack-level operation introduces additional complexities — such as temperature
gradients, non-uniform gas distribution, and interconnect limitations - the fundamental
electrochemical phenomena can still be meaningfully investigated at the single-cell level. Many
degradation mechanisms observed in single cells, including nickel migration, chromium poisoning, and
interfacial instability, are consistently observed across scales [87], [88], [89]. Alenazey et al [90] further
highlighted high operating temperature as a primary driver of performance decay, a factor equally
relevant in both single-cell and stack environments. Therefore, single-cell studies continue to provide
valuable insights into the behaviour of large-scale systems, while scale-up efforts must carefully
address the additional engineering challenges that arise in multi-cell stacks.

1.8 Work motivation and Research questions

Solid Oxide Cell (SOC) technology is among the most promising candidates for high-efficiency energy
conversion and long-duration storage, particularly in the context of renewable energy integration and
decarbonization of hard-to-abate sectors. However, despite significant progress in materials
development and stack design, several critical challenges remain unresolved when SOCs are operated
under realistic conditions.

In particular, the performance and durability of SOCs are often compromised by localized degradation
phenomena, such as thermal stress, uneven current distribution, and material aging. These effects are

exacerbated under dynamic operating regimes, especially in electrolysis mode, where high steam
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concentrations and current densities can lead to strong gradients in temperature and gas composition.
Moreover, the lack of harmonized metrics for evaluating system efficiency across different fuel blends,
and the limited understanding of how SOCs behave when integrated with renewable energy systems
and at real-scale level, hinder their scalability and practical deployment.

This research was motivated by the need to address these gaps through a multi-scale experimental and
analytical approach. The work combines localized diagnostics, fuel composition studies, and system-
level modeling to investigate SOC behavior under diverse operating scenarios. Custom-built test
benches, in-operando measurement techniques, and real-world integration models were developed to
generate high-resolution data and actionable insights.

This thesis addresses four distinct but complementary research gaps through the development and
validation of novel experimental setups, modeling approaches, and system-level analyses.

The research questions addressed by the present doctoral thesis are reported below. They constitute
the guiding framework around which the entire research activity has been developed, and are aimed at
identifying clear answers and providing a meaningful scientific contribution to the issues concerning
solid oxide cells raised in the preceding sections.

RQ1: How can localized experimental characterization of SOCs be improved beyond conventional
techniques to optimize electrochemical performance?

While many studies have focused on SOEC performance and durability at stack-level [88], [91], [92],
[93], [94], [95], single cell-level investigations remain essential to understand localized phenomena and
degradation mechanisms.

Several works have explored long-term operation and accelerated stress testing, highlighting the
influence of operating conditions on performance and stability: Tietz et al [96] successfully completed
atest campaign on an electrode-supported solid oxide cell operated for 9000 h in SOEC mode with 80%
humidification and with a current density of -1 A/cm?, and a cell voltage degradation rate of 3.8%/kh
was observed. Kdénigshofer et al [97] instead opted for the development of accelerated stress test
protocols in SOEC mode, with a water concentration and current density varying from 15% to 90% and
from 0.250 A/cm? to 0.900 A/cm? respectively. The cell was kept in operation for about 200-300 h in
continuously variable conditions, each presenting different kinds and degrees of impact on
performance and microstructure of the cell. Nguyen et al [98] performed long term ageing tests of a
two-cell planar electrode supported stack in steam electrolysis (3450 h), co-electrolysis (640 h) and
fuel cell operation (4000 h). Nearly no degradation after 2000 h of steam electrolysis (800 °C, H,/H,O =
1/1, FU = 15%) at current density of -0.3 A/cm? was observed.

Cell degradation is a phenomenon influenced by multiple factors, some of which can be attributed to
the cell fabrication process [73], [99] or to pinch-up, a factor excluded in this work due to the absence
of geometric obstacles or cross-sectional restrictions in the gas channels. Despite the encouraging
progress demonstrated in literature, cell degradation, proved to be adversely influenced by gas
concentration and temperature gradients [100], is still considered one of the major concerns in SOEC
technology [73], [95], [101]: as Wolf et al [102] proved, their 1000 h-test at -1A/cm? and 800 °C showed
a 370 mV/kh voltage increase, as well as the delamination of the LSC electrode and a partial Ni
depletion in the active layer. To address these issues, Tong et al [103] developed and tested a nano-
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engineered SOC featuring a gadolinium-doped ceria (CGO) nanogranular coating on the fuel electrode
and a CGO scaffold on the air electrode, in order to improve both performance and degradation
behavior. They achieved high performance and durability (voltage decrease of only 0.024 V/kh after 900
h at 1 A/cm?), demonstrating that the CGO coating suppresses Ni migration while preserving the
structure of active sites. Regarding cell degradation, the long-term 23 kh test by Schefold et al [104]
highlights a key factor, namely the partially different response of electrolyte-supported cells under
prolonged stress: impedance spectroscopy reveals a predominantly ohmic degradation, attributable to
the loss of ionic conductivity in the electrolyte, while the fuel electrode shows no significant signs of
deactivation.

One of the approaches that allows to improve the performance and minimize the degradation is the
optimization of the thermal and gas composition gradients distribution. On one hand, computational
models are an effective method to predict the behavior of every portion of the cell as a function of its
operating conditions. 1D and 2D models are mainly used to describe the |-V characteristic of a SOEC,
whereas 3D models can provide detailed concentration of gas species and temperature distribution
[105]. A few 3D model-related articles are retrievable in literature, developed to study impacts of
operating conditions on SOECs, such as nominal working temperature, inlet gases compositions and
gas flow field patterns [106], [107], [108], [109], [110].

On the other hand, experimental studies on localized cell behavior and performance allow the
validation of the numerical models and confirm the presence of the phenomena predicted by the
models.

The analysis of segmented SOCs has been reported in several studies, including that of Schiller et al
[111], who employed a planar, fuel-electrode-supported SOFC divided into 16 galvanically isolated
segments for local experimental measurements, complemented by a 2D electrochemical model for
comparison. This study revealed pronounced gradients of gas concentration and current density along
the fuel electrode side of the cell, whereas the air electrode side exhibited much smaller gradients.
Additional investigations on fuel cell operation have been conducted, including those by Wu et al [112],
Kimetal[113], and Lang et al [114].

With regard to SOEC operation, Moussaoui et al [115] employed a segmented experimental setup to
analyze the local electrochemical and thermal behavior of a commercial solid oxide cell. Their
configuration partitioned the oxygen electrode into 20 segments, each individually controlled by an
electronic load under both galvanostatic and potentiostatic modes, enabling the measurement of
voltage and current density for each segment. Kdnigshofer et al [116] tested cells with a segmented air
electrode under steam electrolysis and co-electrolysis conditions, with the aim of experimentally
investigating local impedance and degradation characteristics.

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

In this context, previous studies have already demonstrated the effectiveness of a similar
multisampling setup in fuel cell mode, focusing on the fuel-electrode surface under various operating
conditions. In particular, Santoni et al [117] and Pumiglia et al [118] employed this configuration to
investigate the local gas-phase composition and temperature distribution in SOFCs fed by reformate
natural gas. Conti et al [119] also used this setup for combined experimental-modeling studies. These
works laid the foundation for the present study, which extends the application of the multisampling
approach to SOEC operation, enabling a detailed spatial analysis of electrochemical and thermal
behavior under electrolysis conditions. The main differences with respect to previous studies
conducted on a similar setup lie firstly in the operation of the test bench under electrolysis mode (thus
involving much higher water content, particularly at the inlet), which requires more accurate thermal
management of the gas mixture in the sections upstream of the cell. Secondly, the extension includes
cell fictitious segmentation as well as the development of simplified electrochemical and thermal
predictive models, aimed at determining the local distribution of current density, voltage, and
temperature.

In conclusion, this research question is addressed through the development of a custom-built
multisampling test bench enabling simultaneous in-operando measurements of temperature and gas
composition across eleven points on the fuel electrode surface. This setup allows for the detection of
spatial gradients that are not observable through conventional inlet-outlet analysis, and supports the
development of a simplified electrochemical-thermal model for predicting local current density and
voltage distributions.

RQ2: How does fuel composition affect the performance and efficiency of SOC stacks in stationary CHP
configurations, and which metrics are most appropriate for comparative evaluation? Is SOC technology
suitable for current and future gas grid scenarios?

Discussions on an efficient use of hydrogen must be preceded by an intelligent and sustainable
production of this energy vector. Fuel cells are modular and scalable systems, enabling small-scale
decentralized power generation and allowing a more effective exploitation of widespread gas and power
networks, while producing energy closer to the end users. This represents a distinctive advantage
compared to traditional thermo-electric systems, which are mainly conceived for centralized and large-
scale power generation.

One of the most promising characteristics of Solid Oxide Fuel Cells (SOFCs) is their capability to
process a wide range of fuels with high electrical efficiencies, when compared to other types of fuel
cells [120], [121], [122]. In modern commercially available SOFC u-CHP systems, natural gas is the
primary fuel utilized. However, in order to promote an increased production and use of clean energy
while simultaneously exploiting the existing natural gas distribution infrastructure, it is essential to
enable the utilization of blends of natural gas with gases obtained from renewable sources, such as
green hydrogen and biogas.
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For the successful development of hydrogen-related technologies, a safe and reliable infrastructure is
required. The cheapest and quickest solution would consist in using, and where necessary retrofitting,
the existing gas grid to transport hydrogen even across different countries [123]. Given the different
physical and chemical characteristics of hydrogen compared to natural gas, this condition is not
automatically guaranteed with the current gas grid. The high permeability of the hydrogen molecule
makes it prone to diffuse into the metallic lattice [124], causing embrittlement and pipeline corrosion
[125]. Embrittlement refers to the permeation of hydrogen molecules through the steel structure,
whose consequences include a loss of material ductility and strength as well as material failure; the
fracture toughness of the metal can be reduced to one tenth of its original value [126]. Corrosion is an
electrochemical material deterioration phenomenon [127], which is exacerbated by the presence of
impurities such as sulphur, chloride and CO, in the gas mixture [125].

This issue can be tackled by employing protective coatings (organic, inorganic or metallic layers [128])
that act as barriers to prevent excessive exposure of metallic materials to hydrogen and impurities
[125]. The compatibility of the current gas grid pipelines with H,—-NG mixtures therefore represents a
major concern, and numerous studies and research projects conducted in recent years have
investigated different case studies [125]. It has been shown that, when operating at low gas pressure,
hydrogen leakage is comparable to natural gas leakage, whereas at higher operating pressures
hydrogen leaks more easily [123]. Moreover, improper injection and mixing of hydrogen with natural gas
may lead to separation of the two gas streams, resulting in increased leakage rates and enhanced
pipeline material degradation [125].

ENTSOG has shown that, in the case of very low hydrogen content in the gas mixture (blending
percentages up to 2 vol.% in natural gas), no specific adaptations of the infrastructure nor additional
measures are required, regardless of the operating pressure; for higher hydrogen concentrations this
condition may no longer be valid [123], [129]. In [123], the most common pipeline materials were tested
while transporting a 20 vol.% H, blend in natural gas at 80 bar: the experimental campaign lasted 3000
h and no significant embrittlement effects were observed. At present, a unanimous conclusion on this
issue has not yet been reached; therefore, further research is required to more accurately assess the
effects of hydrogen introduction into the gas grid and to identify viable solutions for the modification of
the current infrastructure.

Considering the prospective transition of the natural gas grid toward hydrogen in order to decarbonize
the gas sector [130], SOFCs could play a crucial role as flexible, efficient and clean stationary
Combined Heat and Power (CHP) systems. In particular, SOFC CHP systems could operate
interchangeably with different feedstocks supplied by the gas network, such as natural gas, hydrogen
and various blends of these two gases.

The fuel-flexibility characteristics of SOFCs arise from two main reasons: i) the high operating
temperatures (650-850 °C) favour the thermochemical decomposition reactions of carbonaceous
fuels, such as methane reforming and the water—gas shift reaction [131]; and ii) the presence of metallic
Ni as electro-catalyst material in the fuel electrode, which also acts as a thermochemical catalyst for
the aforementioned decomposition reactions [132]. In this way, carbonaceous feedstocks are
decomposed in different configurations (external and internal reforming), converting natural gas and
CO and enriching the fuel stream in hydrogen, which subsequently reacts electrochemically at the
active layer of the fuel electrode [32].
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SOFC systems are not solely composed of the fuel cell stack module, but rather consist of complex
assemblies encompassing several components that cooperate to increase the overall performance
and efficiency of the integrated system through the recycling of unused streams, the re-utilization of
internal energy flows and the enhancement of the Fuel Utilization factor (FU) [31]. In particular, the most
common system-level architecture includes an external fuel pre-processor reactor (external reformer),
which partially converts the fresh fuel feedstock at high temperature in the presence of steam sourced
from the recycled fuel off-gas exiting the stack module [133]. The partially pre-reformed inlet stream
continues its chemical conversion within the stack module itself (internal reforming in the electrode
bulk substrate) before the actual electrochemical reaction takes place. Since the single-pass FU
cannot be excessively high in order to avoid localized fuel starvation, possible Ni re-oxidation and
operation in concentration overpotential regimes — all of which lead to premature degradation of the
celland stack performance [134], [135] — a substantial amount of unused fuel mixed with product gases
exits the stack as off-gas and can be recirculated back into the system, for instance toward the external
pre-reformer by means of high-temperature blowers or ejectors, according to the selected system
concept. This strategy allows maximization of the global FU as well as of performance and efficiency,
with a significant impact on system design, component sizing and operating costs [134].

The design of the balance-of-plant components and the operating strategy (e.g. recirculation rate,
degree of external and internal reforming) is therefore of paramount importance to enhance the
performance of the integrated system. Nevertheless, the core component of the SOFC integrated
system remains the SOFC stack itself, and the determination of stack-level performance is crucial to
assess the overall system-level behaviour. Experimental data are essential to obtain detailed
information that can be used to calibrate and improve system-level models and to optimize the outputs
of the integrated SOFC system.

One of the goals of the present work is therefore to evaluate the performance and the potential of the
current SOFC technology in three different gas-grid scenarios: present conditions (100% natural gas),
mid-term transition scenarios (hydrogen blended with natural gas) and long-term perspectives (100%
hydrogen). Given the absence of standardized efficiency definitions in the fuel cell field, several
approaches to define and quantify this crucial parameter have been proposed, both at stack and
system level. Within this framework, part of this doctoral research is specifically devoted to the
harmonization and critical assessment of efficiency definitions, in order to enable consistent
comparisons across operating conditions and technological scenarios and to facilitate a meaningful
comparison between SOFC systems and more traditional power generation technologies.

The present research question is therefore explored via an experimental campaign on a fuel-electrode-
supported SOC short stack operating with different fuel blends, simulating progressive gas grid
decarbonization scenarios. The study compares stack-level performance and efficiency across these
feedstocks, and proposes harmonized definitions of efficiency to support cross-scenario analysis.

RQ3: What is the potential of rSOC systems for integration with renewable energy sources and forenergy
storage applications in residential and industrial scenarios?
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In their 2021 report, the International Energy Agency (IEA) stated that in order to be on the pathway to
world net-zero emissions by 2050, by 2035 emissions need to decrease by 80% in advanced economies
and by 60% in emerging markets and developing economies, compared to the respective 2022 levels,
hence highlighting the urgency to promote the penetration of clean energy sources [136]. Achieving
these targets represents one of the main objectives of world leaders, policy makers and academia [137].
The ever-increasing share of electrical energy supply from renewables is, on the one hand, pushing
towards the carbon neutrality targets set out by the IEA, but on the other hand the fluctuating,
intermittent and non-programmable nature of these sources (photovoltaic and wind above all) makes
the availability of efficient and flexible energy conversion and storage systems an absolute priority [138].
Balancing the constant mismatch between supply and demand while maintaining power grid stability
and ensuring the optimal exploitation of Renewable Energy Sources (RES) therefore represents a major
challenge, and several solutions and strategies have been proposed.

Energy storage can be achieved through various technologies, and Energy Storage Systems (ESSs) have
been classified into several distinct categories based on their underlying operative principles [139]: (i)
Thermal Energy Storage Systems (TESS), (ii) Electrical Energy Storage Systems (EESS), (iii) Chemical
Energy Storage Systems (CESS), (iv) Mechanical Energy Storage Systems (MESS), and (v)
Electrochemical Energy Storage Systems (ECESS).

Each technology presents its own strengths and weaknesses. EESS (e.g. supercapacitors), for instance,
exhibit very high power density, excellent discharge efficiency (>95%), fast response and long lifetime.
ECESS (e.g. Li-ion batteries, Na-S batteries, flow batteries), considered major competitors in energy
storage applications, combine limited maintenance requirements with high efficiencies (70-80%) and,
in some cases, relatively simple construction [140]. However, both EESS and ECESS are characterized
by limited energy capacity and short discharge times (approximately 1 min and 2 h, respectively), which
make them less suitable for the storage of large amounts of energy over long time horizons [139], [141],
[142], [143].

Pumped hydro represents the most widely employed MESS and the leading global energy storage
technology, accounting for 67% of the worldwide installed capacity with 181 GW [144]. Its advantages
include long operational lifetime, rapid dynamic response, high round-trip efficiency, large energy
capacity and low self-discharge. Conversely, its deployment is constrained by high capital investments,
long payback times, significant water demand and relevant environmental concerns [139], [145].

With respect to Chemical Energy Storage Systems, hydrogen storage can be regarded as a particularly
promising solution, as it contributes to advancing the global agenda towards carbon neutrality [137].
This technology, commonly referred to as “power-to-gas” (PtG), establishes a connection between the
electrical grid and the gas grid by converting surplus electricity into a grid-compatible gas, either
through hydrogen production via water electrolysis and subsequent methanation with an external
carbon source, or through direct hydrogen storage and reconversion by means of fuel cells [146], [147],
[148].
When selecting the most suitable energy storage technology, several factors must be considered,
among which the possibility of seasonal storage plays a crucial role. In this context, hydrogen offers
unique advantages compared to other technologies, since the storage capacity is essentially limited
only by the size of the reservoir, and can be further enhanced through compression or liquefaction.
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Within this framework, some intrinsic characteristics of solid oxide technology, such as high electrical
and combined heat and power efficiencies as well as reversible operation, make it particularly attractive
for specific applications in which its drawbacks (e.g. slow start-up time and high operating temperature)
are less critical [149]. Reversible solid oxide cells (rSOCs) have therefore been proposed as promising
candidates for large-scale and long-term energy storage, as they can operate alternately in electrolysis
mode to produce hydrogen and in fuel cell mode to reconvert it into electricity. They offer among the
highest overall energy conversion efficiencies currently achievable, with round-trip efficiencies
exceeding 70%. Moreover, unlike conventional batteries, the energy capacity of rSOC-based systems
can be readily scaled by increasing the hydrogen storage volume, thus decoupling energy capacity from
power output [138], [150], [151], [152].

Despite these advantages, several limitations still penalize rSOCs with respect to competing
technologies, among which cost and durability represent two major aspects. As reported in [153], in
2017 the capital cost of rSOC systems exceeded 2000 €/kW and the technology maturity was still at
demonstration level, while alkaline electrolyzers exhibited lower costs (1000-1200 €/kW) and higher
technological readiness. Nevertheless, significant cost reductions are foreseen, with recent studies
estimating total system costs in the range 760-917 €/kW [154], [155], and long-term projections by
industrial stakeholders predicting values as low as 230 $/kW by 2030 [156].

In addition to cost, long operational lifetime is a fundamental requirement for seasonal energy storage
systems, making degradation one of the key aspects to be assessed. The main degradation
mechanisms in rSOCs are generally consistent with those observed in conventional SOFC and SOEC
operation, including interfacial degradation, chromium poisoning and nickel migration [150], [157],
[158],[159], [160], [161]. As evidenced by the extensive body of literature available, this topic has been
and continues to be widely investigated.

Most experimental studies on solid oxide cells and stacks reported in the literature are conducted under
steady galvanostatic or potentiostatic conditions. Long-term tests on single cells and short stacks have
provided valuable insight into intrinsic degradation mechanisms [63], [87], [104], [162], [163], [164],
[165], [166], [167], [168]. However, the reported results often exhibit significant dispersion, and
conflicting trends between fuel cell and electrolysis operation have been observed. Moreover, the
majority of available studies focus on steady-state conditions, with limited attention devoted to realistic
dynamic operation.

A research gap concerning the experimental investigation of rSOC systems under more realistic
application scenarios can be found, particularly involving variable loads and coupling with renewable
energy sources. While constant-load degradation studies have provided fundamental information on
material stability, they do not capture the complex stress and degradation pathways arising under
fluctuating operating conditions. For this reason, part of this doctoral research is devoted to the
experimental investigation of rSOC operation under shifting load scenarios representative of residential
applications coupled with photovoltaic generation and hydrogen storage, with the aim of assessing
dynamic response, degradation behaviour and control strategies under close-to-real operating
conditions.
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The research question object of discussion is investigated through dynamic experiments and
simulations of an rSOC system coupled with a photovoltaic (PV) plant and a residential load, simulating
real-world energy profiles with hourly resolution. The study evaluates the dynamic response, stability,
and degradation behavior of the rSOC under variable operating conditions, with particular emphasis on
seasonal hydrogen storage and grid independence. This work contributes to the broader discourse on
renewable energy integration and flexible storage solutions.

RQ4: What design strategies can be implemented to maximize the efficiency of rSOC stacks, and how
do systems scaled for real-world applications respond in terms of performance and operational
reliability?

The ultimate goal of research on solid oxide cell (SOC) technology is to support its development toward
the realization of reliable systems capable of being flexibly deployed across a wide range of application
scenarios. The advancement of this technology requires not only an in-depth understanding of the
individual components — namely, single cells — but also a comprehensive comprehension of how these
elements can be integrated and operated to fulfil specific functions, such as delivering electrical power
to end users or producing a defined hydrogen flow rate for industrial applications.
To achieve this objective, it is essential to pursue a progressive scale-up across different system sizes,
in order to collect critical information on both the behaviour of the individual components and the
operating strategies required for the correct functioning of a real plant. This approach also enables the
identification of the interactions among the various subsystems and of the conditions under which they
can operate synergistically to optimize the overall system performance and efficiency.
A real-scale system based on solid oxide technology comprises several integrated components
designed to ensure stable and efficient operation. The core of the system is the stack module, while
auxiliary devices such as superheaters are employed to guarantee that the process gases reach the
required temperatures at the stack inlet. In addition, heat exchangers are implemented to recover
thermal energy from the hot exhaust streams and preheat the incoming cold gases. This heat recovery
strategy reduces the thermal load on the heaters, lowers the overall energy consumption of the system,
and consequently enhances its global thermal efficiency.
Within this framework, the present chapter reports preliminary results and considerations on the
performance of areversible solid oxide cell (rSOC) system with a rated power exceeding 10 kW, operated
in electrolysis mode (SOEC). The analysis focuses on the evaluation of enthalpy flows and overall
system efficiency, and is conducted within the framework of the European research project BeBOP.
The experimental activities were carried out at the VIT Technical Research Centre of Finland, in the
context of a research collaboration between the author of this thesis and VTT. Since the project is still
ongoing and a dedicated scientific publication is currently in preparation, the level of detail and the
amount of quantitative data that can be disclosed in this thesis are necessarily limited. For this reason,
the discussion presented herein is intentionally focused on general trends and on a preliminary
assessment of the most relevant performance indicators.
Within the broader context of the present doctoral research, this chapter represents a natural extension
of the investigations conducted at the single-cell level, providing a transition from laboratory-scale
characterization to the operation of a system with quasi-real, pre-commercial power capacity. The
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results and considerations reported here are intended to highlight the main challenges and
opportunities associated with the scale-up of solid oxide technologies, with particular emphasis on
system integration, thermal management, and energy efficiency under realistic operating conditions.

2. Materials And Methods

This chapter presents the technical details and methodological approach adopted for the experimental
and modeling investigations carried out in this research. The first part of the chapter provides a
description of the test benches and the experimental setups used for cell and system-level
characterization — with particular attention to the configuration and instrumentation — as well as a
discussion on the theoretical and modeling approaches to the use of the experimental data. The
experimental setups and the testing campaigns were designed to replicate realistic operating scenarios
and enable high-resolution monitoring of electrochemical and thermochemical parameters.

The second part focuses on the analytical techniques employed to evaluate cell performance and
system behavior. These include polarization curve measurements (I-V curves), gas chromatography
(GC) for gas composition analysis and Electrochemical Impedance Spectroscopy (EIS) for assessing
internal resistances and identifying dominant loss mechanisms. Each method was selected to provide
complementary insights on the operation, degradation, and efficiency of the Solid Oxide Cell
technologies investigated in this thesis.

2.1 SOC single cell test station #1 - multisampling design

The experimental test bench developed at ENEA Casaccia Research Centre, hereafter referred to as
multisampling, represents an innovative setup designed for the detailed characterization of single solid
oxide cells (SOCs). It is designed to enable localized gas sampling along the fuel electrode surface, in
order to spatially map gas composition and temperature at multiple points of the cell. This approach
provides a significant advancement over traditional analyses, which are typically limited to the
measurement of inlet and outlet conditions. By enabling localized diagnostics, this setup allows the
investigation of the spatial evolution of chemical and electrochemical reactions along the electrode
surface, providing deeper insight into cell behavior and performance. Such information is particularly
relevant under electrolysis operation, where the high steam concentration and elevated average current
density imposed on the cell lead to strong gradients in gas composition, temperature, current density,
and local voltage - factors known to accelerate degradation and reduce performance.

211 Single cell and test rig design

The test bench was developed at ENEA Casaccia facilities, and a schematic rendering of the system is
shown in Figure 10. The cell housing is made of AlSI 310 stainless steel and consists of two parts (fuel-
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side and air-side), capable of accommodating cells up to 10 x 10 cm?. Gas inlet and outlet tubes are
made of Inconel, a material that forms a stable passivating oxide layer on its surface, effectively
preventing chromium evaporation and subsequent contamination of the cell.

Air-side housing

Air distribution plate Air outlet

Air-side gold current collector
Fuel outlet

Thermiculite gasket layer - air side

Anode supported cell

Thermiculite gasket layer #2 —fuel side

Thermiculite gasket layer #1 —fuel side

Air-side nickel current collector

Fuel distribution plate

Fuel-side housing

Multisampling set-up

Figure 10. Exploded view of the multisampling test setup (a); Exploded view of the test setup —focus on the
gas flows (b); fuel-side gas distribution plate (c).

Each side of the housing contains a gas distribution plate with 11 flow channels designed to distribute
the reactant gas uniformly across the cell surface from inlet to outlet. To prevent electrical contact with
current collectors and to minimize chromium release, a thin insulating Al,O; coating was deposited on
the entire surface of the distribution plates.

On the fuel side, both the housing and the gas distribution plate are equipped with 17 evenly spaced
holes enabling multisampling functionality. Through capillary tubes (1/16”’) made of AISI 310, small gas
samples can be extracted for gas chromatographic analysis, while thermocouples can be inserted to
perform localized temperature mapping across the active area. Each capillary line is equipped with an
individual valve to prevent gas mixing between sampling points and to minimize pressure drop.

Type K thermocouples are inserted within the capillaries, located close to the sampling holes,
estimated to have a nominal uncertainty of 1 °C.

The gas analysis is carried out by the Clarus 680 GC (Perkin Elmer) equipped with a Haysep Q and
molecular Sieve 5A column set and a thermal conductivity detector (TCD). The stainless-steel sampling
capillaries are trace-heated, as well as all gas inlet lines, and are maintained above 100 °C along their
entire length to prevent condensation of water vapor. The sampling flow rate is maintained between 5-
10 mL/min per channel, corresponding to less than 2% of the local fuel flow, ensuring negligible
perturbation of the electrochemical operation. The chromatograph was calibrated using certified gas
mixtures, and the repeatability of the measurements was verified at multiple sampling points. Based on
the manufacturer’s specifications, the typical accuracy for binary gas mixtures is within +2-3 vol%, with
+3 vol% adopted as the reference value for error propagation in steam conversion calculations.

Current collectors are placed between the gas distribution plates and the SOC electrodes. They are
carefully manufactured to ensure perfectly flat contact surfaces for optimal electrical connection. The

38



fuel-electrode current collector consists of a nickel mesh, while the air-electrode current collector is
made of gold. To prevent gas leakage caused by potential surface irregularities, the current collectors
are intentionally slightly longer than the housing.

Gas tightness and electrical insulation between components are ensured by three Thermiculite gaskets
(types 866LS, designed by Flexitallic), hand-cut into square frames to match the housing dimensions.
Two gaskets are placed between the current collectors and the housing, ensuring both sealing and
electrical insulation, while an additional gasket is placed at the cell level to avoid short-circuiting
between electrodes and to provide sealing at the active area.

The single-cell housing is inserted into a temperature-programmed furnace, allowing precise control of
the operating temperature throughout the test. The eleven capillary sampling tubes emerge from the
bottom of the furnace and converge into a multi-stage Valco valve, which sequentially directs the gas
from each sampling point to a Perkin Elmer Clarus 680 gas chromatograph.

The testrigis equipped with a complete electrochemical characterization system: a Kikusui PLZ664WA
electronic load connected in series with a Delta Elektronika SM-30-100D power supply enables the
acquisition of polarization curves.

The cell voltage is monitored with a TTi 1604 digital multimeter, while electrochemical impedance
spectroscopy (EIS) is performed using a BioLogic BP-300 Electrochemical Impedance Analyzer.

Gas flow is controlled via calibrated mass flow controllers, and on the fuel-side it can be humidified
using a controlled evaporator mixer (CEM) and a liquid flow meter.

At experimental level, the multisampling has been used to perform tests on a commercial fuel-
electrode-supported solid oxide cell with Ni-YSZ/YSZ/GDC/GDC-LSCF structure, having overall
dimensions of 10 x 10 cm? and an active area of 81 cm?. The cell was operated in electrolysis mode
under controlled conditions, with the furnace maintaining a constant temperature throughout the entire
test campaign.

The concept of a partitioned single cell is depicted in Figure 11. For detailed localized analyses, the fuel
electrode is figuratively divided into 11 segments, hence each of them is assigned to each of the
sampling points. Areas are divided in accordance with how the sampling points are distributed across
the cell and are named after the sampling spot they surround. Surface areas are 3.857 cm? for inlet and
outlet points, and 11.571 cm?for all the other points, resulting in an overall 81 cm? area. Table IV reports
the distance of each sampling point from the inlet cross section of the cell. Due to the presence of the
premixing chamber, the gas enters the cell homogeneously along the y-axis and is distributed over the
cell surface through 15 distribution channels. As a result, the total inlet flow to the cell is automatically
and uniformly divided among the fictitious segments 1, 2, and 3, each receiving one third of the total
flow. Segments 4-8, instead, extend across the entire cell along the y-axis and are therefore exposed to
the full inlet flow. Similarly, the outlet segments (9, 10, 11) each receive one third of the total flow. On
this basis, a homogeneous gas flow distribution along the cell y-axis is assumed.
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Figure 11. Fictitious partitioning of the fuel electrode into 11 areas, top view.

Table IV: distance of sampling point from the inlet

Sampling point Distance (mm)

1,2,3 9

4 21

5 33

6 45

7 57

8 69

9,10, 11 81

2.1.2 Single cell preliminary characterization procedures and test campaign definition

Electrical resistance and gas tightness tests are performed on the single cell prior to its standard start-
up procedure and reduction, with the leakage resulting to be in the range 2 — 4% of the inlet flow rate
(500 mL/min of N,) — a value considered acceptable to carry on with the tests. Its initial performance is
evaluated in fuel cell mode. Silva-Mosqueda et al [169] have already previously conducted an
experimental campaign on a Solid Oxide Intermediate Temperature electrode-supported single cell
using a similar version of the test bench, effectively validating the current test rig and cell assembly.

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

o Total fuel flow rates (300 — 500 mL/min);

e Fuel compositions (50/50 - 70/30 H,O/ H, %vol)

The electrochemical activity of the electrodes was monitored at a DC bias current of 1 A, with an AC
perturbation of 10 mA applied over a frequency range from 10 mHz to 100 kHz.. The |-V curves have been
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performed taking into account a few constraints: steam utilization below 90% (to avoid induced cell
degradation), maximum cell voltage 1300 mV [170], maximum current density 0.5 A/cm? (nominal
operating point suggested by the manufacturer), scan rate setto 0.1 A/s and a stabilization time of 1 min
every time the new current load was reached (e.g. 1 A, 2 A, 3 A, etc.)

In Table V all the experimental conditions tested are summarized, while in Figure 12b the plots of cell
voltage in the stabilization process are reported.

Table V: experimental working conditions for the 81 cm? electrode-supported single cell

Condition no. Total fuel flow rate H2 H.0
1 300 mL/min 150 mL/min (50%vol) 150 mL/min (50%vol)
2 250 mL/min (50%vol) 250 mL/min (50%vol)
500 mL/min
3 150 mL/min (30%vol) 350 mL/min (70%vol)

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

The EIS spectra, primarily intended for the preliminary monitoring of cell performance, are shown in
Figure 12a. A decrease in polarization resistance is observed with increasing inlet steam content,
whereas the ohmic resistance, being unaffected by the feed composition, remains nearly constant in
all three cases at a value between 0.20 and 0.25 Q cm?.

This value is consistent with other studies conducted on SOECs, such as Wolf et al. [102], whose work
reports internal resistance values around 0.2 Q cm?. Studies with segmented cells, on the other hand,
exhibit ohmic contributions ranging between 0.3 and 0.4 Q cm? per segment, higher than those
observed for the full cell due to the complex architecture of the setup, which prevents perfectly flat
contact between the segments and the interconnect [115], [116].
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Figure 12: a) EIS spectra for all testing conditions; b) cell voltage versus time in the stabilization process (> 2

h) in all testing conditions.

2.1.3 Cellvoltage prediction model (V)

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

Table VI: electrochemical reactions in steam SOE mode

Where Reaction

Cathode (fuel electrode) H,0 + 2e~ - H, + 0%

Anode (air electrode) 0% & 10 +2e-
72

. 1
Global reaction H,0 —>H2+502

Cell potential, as a function of the current load, can be expressed as [109], [171], [172], [173]:

V' = Vyernst + Nact + Nonm T Ncone (24)

where Vivermst [V] is the Nernst (reversible) cell potential, n..: [V] is the activation polarization, nosm [V] is
the ohmic polarization and ne.nc [V] is the concentration polarization.
The reversible cell potential is given by the Nernst equation [171], [174]:

R'T PH,0
Vnernst = Eo — F In <pH .pzo o.s) (25)
2'Po;
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Ey=1253-2416-10"*-T (26)
where E, [V] is the reversible cell potential at standard pressure and temperature, T [K] is the cell
temperature, R [J mol” K] is the universal gas constant, F is the Faraday's constant [96487 C/mol] and

px is the x species partial pressure.

The activation overpotential is split into fuel-electrode and air-electrode overpotential [171]:

2:RT i

— .ol -1
Nact,fuel = 2 F sinh A B _Eactfuel (27)
Z'que"(sz,IN) '(yHZO,IN) e RT
_2RT . 4 i
Nactair = 57" sinh ¢ _Eactair (28)
2 Yair- (yOZ,IN) 3 RT
Nact,tot = Nact,fuel T Nact,air (29)

where yue and yar [A / cm?] are pre-exponential coefficients in exchange current densities, y.n [%] are
the molar inlet fractions of the species x, A, B and C [-] are the reactant kinetic orders, Eactfuet aNd Eactair
[J / mol] are the activation energies at the fuel- and the air-electrode, i is the current density [A/ cm?].

The ohmic overpotential is defined as in Eq. 30 [171]:

P2

770hm=Pl'T'e?'i (30)

where P; [Q cm? K] and P, [K] are empirical parameters specific for each case study.

The concentration (or diffusion) overpotential may be expressed with Eq. 33 [174]:

RT i
Nconc,fuel = — SF In (1 - ll;) (31)
RT i
Neonc,air = — SF In (1 - ilim) (32)
nconc,tot = nconc,fuel + nconc,air (33)

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

For the model, the values of the input parameters are summarized in Table VII:
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Table VII: values of input parameters in the present study — calculation of cell voltage

Parameter Value Reference Unity
Temperature (T) 1023 - K
Pre-exponential coefficient — fuel side (Y1el) 5x10° [171] Alcm?
Pre-exponential coefficient — air side (Yair) 5x 108 [171] Alcm?
Molar inlet fraction of Hz (yHz,m) 30-50 %
Molar inlet fraction of H20 (yxzo,n) 50-70 %
Reactant kinetic order (A) 0.5 [171] -
Reactant kinetic order (B) 0.5 [171] -
Reactant kinetic order (C) 0.25 [171] -
Activation energy at the fuel electrode (Eactuel) 10° [171] J/ mol
Activation energy at the air electrode (Eact,air) 1.2x10° [171] J/ mol
Empirical parameter (P1) 1.6x107 adapted from [171] Qcm?K”’
Empirical parameter (P2) 7500 adapted from [171] K
Limiting current density (iim) 0.568-4.34 Alcm?

Figure 13 presents the voltage vs current density data obtained from both modeling simulations and
experimental measurements, in all of the three working conditions studied. |-V curves exhibit consistent
trends across the five different conditions, as both the predicted and measured maximum current input
increase as the H,0O mass flow rate on the fuel side rises. The comparison reveals an accurate prediction
of the cell voltage by the model, except at very high current densities where the prediction is
overestimated (at steam conversion over 80%). This does not undermine the validity of the model
because, for the scope of this study, only current densities below or equal to the nominal value (0.25
A/cm?) will be explored: in this operating range, the maximum relative error is 8 mV (or 6.1%) given by
condition no.1 at 0.25 A/cm?. Moreover, it can be observed that the voltage calculated using the model
is systematically higher than the voltage measured experimentally (up to 3 mV).

Since the ideal gas assumption employed in this study (which uses partial pressures instead of
fugacities in the calculation of the Nernst potential) is known to be highly accurate at atmospheric
pressure [175], this discrepancy may instead be attributed to the method used for calculating the
equilibrium constant in the determination of the reversible cell potential. This phenomenon has been
reported in the literature for solid oxide cells [176], with discrepancies between the two values reaching
up to 5 mV [175]. Another contributing factor may be the actual operating temperature: although the
furnace is set to 750 °C, the inlet gases from the tank do not immediately reach the surrounding
temperature (T <750 °C), which, as shown in Eq. 25, leads to an increase in the Nernst potential.
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Figure 13: Comparison of experimental and modelled polarization curve; as in Table V: a) condition no.1; b)

condition no.2; c) condition no.3.

While the predictive model presented here relies on classical electrochemical kinetics and transport
formulations , it is important to note that several additional phenomena may affect the effective
electrochemical response of the electrodes. These include local variations in the number and quality of
contact points, electrode aspect ratio and morphology, as well as charge and ion accumulation in the
vicinity of the electrode—electrolyte interfaces. Moreover, recent works have highlighted the role of
surface configurations and reconstructions in Ni-based electrodes, which can induce a p-type
semiconducting character and significantly modify the activation and transport processes at the
electrode surface [177], [178]. Although these effects are not explicitly included in the present
simplified formulation, they represent crucial factors in interpreting deviations between experimental
data and theoretical predictions, especially at high current densities or under strongly non-uniform
operating conditions.

214 Determination of local cell current density

The following equation is defined:
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Ix)=2-F- 7;lHZO,cons(x) (34)

Where I (A) denotes the electric current, x (cm) represents the position along the gas flow path, 14,0 cons
(mol/s) is the molar flow rate of water vapor consumed at position x. By applying the differentiation
method, the following expression is obtained:

an x
i(x) = 2 % HZOd,;ons( ) (35)
Where i (A/cm?) is the current density at position x, W is the width of the cell’s active area. It can be
observed that the current density at each point is a function of the cell size and the water conversion
rate, which in turn is derived from experimental gas chromatographic data. The finite humber of
experimental measurements does not allow for a continuous spatial distribution of current density;
therefore, a fitting of the experimental points (indicating the water percentage) was performed in order
to obtain a continuous curve. From this curve, it is possible to determine the water flow rate converted
at each point.

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

2.1.5 Determination of local cell voltage

The validation of the model described in section 2.1.3 serves as a foundation for determining one of the
primary objectives of this study: the distribution of cell voltage across its surface. As outlined in section
2.1.1, the cellis divided into 11 smaller segments. These segments can be considered as scaled-down
versions of the complete cell, possessing identical characteristics while differing only in size.
Consequently, under identical operating conditions, in this simplified approach these segments are
considered to retain the same chemical and performance properties as the full cell from which they
originate.

This assumption is deemed valid provided that the structural properties of the cell are uniform across
its entire surface. Given that the tested cell has not undergone prior experimentation, it is reasonable to
assume that its properties remain consistent across all segments. This ensures that the 11 segments
described in section 2.1.1 function as true repeating units of the original full cell.

The modelfrom section 2.1.3is thus modified and the following input parameters, which vary depending
on the case study, are provided to it, while the other structural parameters observed in the full cell
remain unchanged:

e area of the cell segment

e local current density

e gas flow rate entering the cell segment

e gas composition entering the cell segment

o limiting current density
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2.1.6 Determination of local cell temperature

The governing equations to describe the flow field are the Navier-Stokes equations [105], [176], [179]:

d >
a—’t’+\7(p-v)=o (36)
a_. - - -
p[a—:+(v-|7)-v]=—l7p+u-|72v+p-g (37)
aT N .
p-cp-[a+v-|7T]=k-|72T+q (38)

Eq.13, 14 and 15 are the mass, momentum and energy conservation equations respectively. Some
simplifying assumptions are made:

e steady-state condition;

e Cpand h constant within each of the segments into which the full cell is divided;

e heatabsorbed/generated constant within each of the segments into which the full cell is divided
o 1D temperature variation (along the x-axis)

o idealgases

o negligible radiative heat transfer

e constant cell surface temperature

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

-h-P-x . —h-P-x
Tg,j(x) — Ts 4 (Tgo,j _ Ts) . e(fn].-cp']) _ Qc;l'l,l{;'l . (1 _ e<mj.cp’j>) (39)
chll =A4H - mHZO conv — Veen " (40)

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

Eqg. 39 hence indicates the gas temperature, as a function of the distance from the inlet section, in each
of the 11 sub-cells.
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As reported by Min et al [180], the net amount of heat generation or consumption of a solid oxide cell
can be defined with the formulation in Eq. 40, where Q.. (W/cm?) is the heat generation/consumption,
Vinerm (V) is the thermoneutral voltage, Ve.: (V) is the cell voltage, AH (J/mol) is the enthalpy change during
electrochemical reaction at the operating temperature, and muzo conv (MOL/S) is the molar flow rate of
water conversion in the electrochemical reaction. Based on the cell operating voltage, Q... can be
positive or negative, indicating the operating characteristics of the SOEC:

>0 endothermic operation
Qcers 1= 0 thermoneutral operation (41)
<0 exothermic operation

An entire subsection must be dedicated to the determination of h. The reason why only convective heat
exchange has been considered is that, according to literature studies, in the case of planar solid oxide
cells, heat transfer between the gas and the cell is predominantly convective, whereas radiative heat
exchange becomes non-negligible only in tubular cells [181].

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

The convective heat transfer coefficient is calculated using Eq. 42 [182], [183]:

h= (42)

o k(W/m-K)isthe thermal conductivity of the gas mixture,
e [ (m)isthe specific length of the duct,
o Nuisthe Nusselt number.

The latter depends on the flow type and the geometry of the gas duct. For rectangular cross-sections,

as in the present case study, with a width-to-heightratio of around 3, the corresponding Nu value is 3.96
[182]. Based on these considerations, the value of h is determined: h =10.74 W/ m?K.
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Table VIII: values of parameters—thermal analysis

Parameter value unity
Nusselt number (Nu) 3.96 -

Thermal conductivity of gas mixture (k) 0.244 W/m K
Width of channels (w) 0.0047 m
Height of channels (H) 0.0016 m
Specific length of channels (L) 0.09 m
Width to height ratio (w/H) 2.95 -
Hydraulic diameter of channels (Dx) 0.0024 m

Gas velocity (v) 0.06 (case 1)-0.1 (case 2-3) m/s

Dynamic viscosity (u) 3.624 - 10° Pa - s

Gas density (p) 0.0426 kg/m?3
Number of channels (n) (| -
Reynolds number (Re) 0.17 (case 1) - 0.28 (case 2-3) -

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

The average gas velocity was estimated from the definition of volumetric flow rate, a known parameter:
Q=v-w-H-n (43)
Where Q (m®/s) is the volumetric flow rate.

Reynolds number is reported in Table VIl as well, and is determined as follows:

Re =£020 (44)

Since the Reynolds number is, for all case studies, well below the threshold for the flow to be considered
turbulent [184], it can be concluded that the flow is assumed to be laminar.

2.2 SOC short stack test station

Part of the experimental campaigns object of study of the present thesis was conducted using the short-
stack test bench at the ENEA Casaccia Research Centre, which was specifically designed to allow
detailed electrochemical, gas and thermal analysis of intermediate-temperature SOC short-stacks, in
the framework of the European project SO-FREE. The setup enables the evaluation of overall stack
performance under precisely controlled stationary operating conditions. As a laboratory replica of the
actual SOFC stack module (5 kW class, 180-cell, 121 cm?/cell) manufactured by Elcogen which will be
integrated in the prototype CHP system in the SO-FREE project, the stack employed for the experiments
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is a 15-fuel electrode-supported-cell model (manufacturer: Elcogen, model: E350) with an active area
of 121 cm? per cell. The stack features a closed air/fuel architecture, in which manifold structures
provide individual gas access to each cell. Insulation between adjacent cells is ensured by pre-mounted
glass-based sealings, and stack compression is applied through an external spring-based system, with
initial pre-compression performed via a dedicated transfer unit prior to installation in the furnace. A
picture of the stack integrated in the test station is reported in Figure 14a, while Figure 14b shows the
stack configuration and flow field scheme.

b)
® ® J&{ Fuel OUT (from tap ta bottom)
® E @ Fuel IN (from bottom to top)
©® B( x Air QUT (from top to bottom)
® E @ Air IN {from bottom to top)
@ ﬁ D Cell
I i T

Figure 14: a) Stack Elcogen E350 integrated in the short-stack test station at ENEA facilities; b) Elcogen
E350 stack configuration and flows directions, top view

Figure 15 reports the P&ID of the test station: the fuel gases are supplied from high-pressure cylinders
located outside the laboratory and depressurized in two stages using pressure-reducing valves, first to
approximately 10 bar and then to 2 bar. Each gas line is connected to a dedicated mass flow controller
(MFC) that delivers the gas to the stack at near-atmospheric pressures. The air supply is drawn from the
centralized facility network, with a relative humidity of approximately 13%, and is compressed, filtered,
and pressure-regulated through a primary and backup compressor system to ensure reliable operation.
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Figure 15. P&ID of the short-stack test station at ENEA facilities

Distilled water is stored in a 10 L pressurized tank connected to the nitrogen line at 2 bar, which ensures
proper flow to the Liquid Flow Controller (LFC), responsible for measuring water flow toward the CEM.
The CEM (Bronkhorst W300B) enables precise mixing of fuel gases and steam, with water vapor flow
rates ranging from 17 g/h to 1000 g/h. Within the CEM, water is pre-heated to approximately 120 °C to
guarantee complete vaporization before entering the externally heated lines that deliver the mixture to
the stack inlet. Trace heating along all gas lines prevents condensation, ensuring a stable gas
composition and preventing blockages or disturbances in fuel delivery.

The short-stack is housed in a temperature-programmed furnace (IEN FCF 64/90/spec) with an internal
volume of 400 x 395 x 400 mm and a maximum power of 5.2 kW, capable of reaching temperatures up
to 900 °C. The furnace ensures uniform thermal distribution, maintaining the stack at the desired
operating temperature throughout testing. The fuel and oxidant gases evolve through the stack in a co-
flow configuration.

Thermocouples and pressure sensors are located in all critical points of the fuel and air inlet and
outlet manifolds to monitor gas temperature and pressure in real time. Exhaust gas from the fuel-side
passes through a condenser tank to remove water formed by electrochemical oxidation before being
vented externally via a suction fan, while air-side exhaust is vented directly outside the laboratory.

Two gas-sampling points are installed at the stack inlet and outlet to allow verification of inlet gas
composition and monitoring of reaction products. The outlet samples are analyzed using a Perkin Elmer
Clarus 680 gas chromatograph equipped with a Thermal Conductivity Detector (TCD), Hayesep Q, and
Molecular Sieve 5A columns. Multiple samplings are performed for each measurement, and the
reported values correspond to the averages. The calculated statistical relative error for each

51



measurement was less than 5%, ensuring reliable monitoring of the chemical reactions within the
stack.

Electrochemical measurements are carried out with a Kikusui PLZ664WA electronic DC load, operated
in galvanostatic mode, connected in series with a Delta Elektronika SM-30-100D power supply. A shunt
resistor allows current measurement via Ohm’s law, and a switch enables polarity reversal to operate
the stack in either fuel cell (SOFC) or electrolysis (SOEC) mode. Voltages of each single cell within the
stack are monitored through Ni-Cr cables, while total stack voltage and auxiliary signals are acquired
using a National Instruments CompactDAQ system (cDAQ-9174), incorporating two NI 9213 modules
for thermocouple acquisition and one NI 9205 module for voltage measurements, providing 54
acquisition channels in total.

Electrochemicalimpedance spectroscopy (EIS) is performed using a BioLogic BP-300 analyzer, allowing
detailed characterization of the stack’s dynamic and resistive behavior.

The facility integrates precise thermal management, controlled reactant and steam delivery, and
extensive in-operando diagnostics, enabling reproducible and high-fidelity testing of intermediate-
temperature SOFC short-stacks. Its modular design, combined with real-time monitoring of
electrochemical, thermal, and gas-composition parameters, ensures safe and reliable operation while
providing detailed insight into stack performance under a wide range of operating conditions.

A SOFC short stack has been analysed experimentally under different fuel gas compositions. As part of
the collaboration for the project, The stack inlet gas composition is defined by an in-house simulation
tool developed by AVL for system-level simulation considering the three fresh feedstock scenarios
(100% NG, 67% H, blend in NG and 100% H.,) which resemble possible short-, medium- and long-term
gas grid transition scenarios.
The medium-term scenario designed in this experimental campaign foresees the ratio H,/NG = 2 since
the aim is to consider a fuel composition very rich in hydrogen, but at the same keeping it far from the
100% H, scenario itself. Moreover, had a lower hydrogen content been used, the post-reforming gas
composition would have been way too similar to the 100% NG scenario, making the two set of tests too
aligned to each other and giving the study less scientific contribution.
It is worth noting that, according to the system architecture and operation strategy, the gas stream flow
rate and composition entering the SOFC stack can be very different from the fresh fuel feedstock due to
the recirculation of off-gas and pre-reforming steps.
The simulation is based on preliminary performance data estimations provided by the SOFC stack
manufacturer in different FU and temperature in part-/full-load conditions. From an overall system
integration point of view, the system level parameters (e.g. RR, single-pass FU) are tailored to maximize
the output system level efficiency, while taking into account specific constraints related to both the
SOFC stack (i.e. carbon deposition boundaries, maximum stack current and single-pass FU, minimum
cell/stack voltages, etc.) and the overall system integration (no additional steam requirement for the
external reformer reactor, compatible temperature levels for the balance of plant components,
maximum global FU, etc.) [185].
The flow rates and gas composition of fresh fuel, recirculated off-gas and stack inlet fuel are calculated
by the model and strictly depend on the system architecture and operating strategy. In particular, the
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RR controls the amount of steam recirculated to the external pre-reformer — determining the degree of
external fuel pre-processing following the stoichiometry of the reforming and shift reactions other than
maintaining the S/C ratio at reasonable levels (indicated by the stack manufacturer) at the inlet of the
stack.

The short stack sample is tested prior to cold tests (electrical resistance and gas leakage tests) followed
by a standard start-up procedure [186] to reduce and initially load the stack. Once the benchmark
performance is compared with the values obtained by the manufacturer in the factory acceptance tests
(validating the test bench), the short stack is tested by performing polarization curves and short-term
stability tests (>2-10 hours in stable conditions with <0.5 Kvariation in temperature) under the different
operating conditions obtained by the simulation results. Thermal and pressure fuel/air inlet/outlet
measurements are monitored continuously throughout the tests. For each gas composition several
parametric tests are run at different single-pass FU (50 %/ 60 %/ 70 %) and temperatures
(640 °C/660 °C/710 °C), in order to map the short stack performance in a wide range of operating
windows. The characterization tests are carried out following standard procedures and protocols [186],
following general indications given by IEC 62282-7-2:2021 [187].

The design of the test campaign takes into account different constraints and trade-offs such as project
requirements (fresh fuel feedstock, compositions, stationary performance measurements for >2-10 h,
etc.), wide variation ranges for each testing parameter/condition (e.g. temperature, FU, current
loading), technical limitations of the stack (degree of internal reforming, S/C ratio, O/C ratio, etc.),
test/total campaign duration, technical limitations related to the testing facility infrastructures
(minimum/maximum mass flow controllers rangeability, minimum/maximum steam supply system
rangeability, available instrumentation, etc.), etc.

The short-stack performance has been evaluated in three different scenarios:
e 100% NG

e 67%H,+NG

e 100% H,

At laboratory-level, the stack is fed with the gas whose flow rate and composition are obtained by the
simulation in a certain operating condition, and that already takes into account the mixing of the fresh
fuel and the recirculated gas.

Let us remind ourselves the three main reactions (electro-oxidation of hydrogen, steam methane
reforming and water gas shift respectively) that occur in a SOFC:

Hy +30; & Hy0 (45)
CH, + H,0 & CO + 3H, (46)
CO + H,0 & CO, + H, (47)
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Table IX: System-level and stack-level inlet gas compositions and flow rates.

System:lfevel (i)nlet Tempoerature RR Load point Stack-level inlet composition (%ovor)
composition (%ovor) (&) (%) H: H,O0 co CO: CH4
100% H» 640-660-710 50.0 30A 59.2 40.8 0 0 0
67%H,+ NG 640-660-710 45.0 30A 29.2 42.4 1.0 8.3 19.0
100% NG 640-660-710 72.5 30A 17.7 42.1 2.0 28.9 9.0
System-level inlet flow rates (NI/min) Stack-level inlet flow rates (NI/min)
Fuel Utilization Hz CH4 Hz H20 CO CO: CHa4
(FU)
50 % 53 0 6.28 4.32 0 0 0
100% H» 60 % 442 0 5.23 3.60 0 0 0
70 % 3.79 0 4.48 3.09 0 0 0
50 % 1.77 0.88 1.72 2.50 0.06 0.48 1.12
67%H,+ NG 60 % 1.48 0.73 1.43 2.08 0.05 0.41 0.93
70 % 1.27 0.63 1.23 1.78 0.04 0.35 0.80
50 % 0 1.18 1.98 4.72 0.22 3.24 1.00
100% NG 60 % 0 0.98 1.65 3.93 0.19 2.70 0.84
70 % 0 0.85 1.42 3.37 0.16 231 0.72

Table IX reports the inlet compositions, both at system and stack level. Stack inlet compositions for
100% NG and 67%H,+ NG cases are generally representative of a reformate gas in which most of the
CH,4 has been converted producing H, and CO. The resulting CO has also almost fully converted to CO,
via shift reaction (remaining CO below 5% for both cases and CO, content above 28% for the 100% NG
case and above 8% for the 67% H,+ NG case). Although both reforming and shift reactions consume a
considerable amount of H,O, a significant amount of H,O is still present in the stack inlet composition
(around 35-45%). Instead, for the 100% H, case the stack inlet composition is only composed of H, and
H,O resulting from the recirculation of the anode off-gas for global FU increase purposes.

With the aim of increasing the overall system fuel utilization (and therefore system efficiency),
significant amount of steam is present in the stack inlet composition (around 40%) due to anode off-
gas recirculation. In all cases a very small amount of N, is obtained from the simulation (<0.5 %), which
is neglected in the testing phase.

A low H, content blend scenario (e.g. 20% H,+ NG) is excluded from the experimental campaign since,
given the high RR and evolution of the gas mixture to thermodynamic equilibrium in the external
reformer, the flow rate and composition at the stack inlet are very similar (with differences within 5 %)
respect to the 100% NG feedstock case, which did not justify an additional set of experiments.

It can be observed that at nominal conditions (30 A, 660°C) the 100% H, and 67% H, + NG scenarios
show lower RR since there is lower to no steam requirement for fuel pre-processing. On the other hand,
the 100% NG scenario requires the highest RR in order to provide enough steam at the external reformer
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to convert the higher input amount of CH, in the fresh fuel. Higher RR entails a higher global system FU

since more fuelis being re-used internally to the system.

Some more definitions are necessary, given in the table and equations below:

Table X: Basic definitions

Symbol

Description

Unit of measurement

Cp
CHP
FRR

FU
FU gyp
GC
IT-SOFC
LHV
NG
o/C
oCcv

Fa
Fiy srack
Py syzrem
Q
RR
S/C
SMR
SOFC
SRU
TCD

WGS

Specific heat at constant pressure
Combined heat and power
Fuel Reaction Rate
Fuel utilization (theoretical)
Fuel utilization (experimental)
Gas Chromatography
Intermediate-Temperature SOFC
Lower heating value
Natural Gas
Oxygen to Carbon ratio
Open Circuit Voltage
Electrical power produced
Chemical power — stack inlet
Chemical power — system inlet
Flow rate
Recirculation rate
Steam to Carbon ratio
Steam Methane Reforming
Solid Oxide Fuel Cell
Single Repeating Unit
Thermal Conductivity Detector
Water Gas Shift
Steam methane reforming rate

Water gas shift rate

kJ/Nm?

Nl/min

kWh/Nm?

¥ F =

Nl/min
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M Efficiency -

_ QCH4 IN — QCH4 ouT |

Aoxp = . 100
QCH4 IN (48)
ﬁexp - QCO TO.T - QCO ouT -100
QCO TOT (49)

. . %CH4IN - %CH4OUT
QcHa reactea = QrorIn 142 %CH4oyr

(50)
Qco generated — QCH4— reacted — SMRexp ' QCH4- IN (51)
Qcoror = Qcon + Qco generated
(52)
Qco ouT = QTOT outr * %CO0oyr
(53)
QTOT our = QTOT w+2: QCH4 reacted
(54)
Quz Frr
FUt k th tical — = T T 100
T Quanstack + Qcoinstack + 4 Qcuain stack (55)
QHz FRR
FU tack i tal = = n Iy " 100
SHaCk SXPETIER A Quz v stack + WGSexp " Qconstack + 4 SMReyy * Qcha i stack (56)
QHZ FRR
FU t th tical = = T Iy " 100
system theoretica Quz v system + Qcon system + 4 Qchan system (57)
Quz rre
FU t i tal = — T T . 100
System expermmenta Quz v system + WGSexp *Qcon system + 4- SMRexp “Qcnain system (58)

aand B (Eq. 48 and 49) are the experimental Steam Methane Reforming (SMR) rate and Water Gas Shift
(WGS) rate, therefore they indicate the percentage of CH, and CO that takes part in the respective
reaction. The outlet flow rates are not directly obtainable, so it is necessary to trace their value through
the GC outlet composition data. When calculating B, Qco ror is the value that accounts for both the CO
fed to the stack and the CO originated by the conversion of methane.

Considering that the SMR reaction (Eq. 46) is the only one that causes an increase of volume (for each
mole of CH,, 2 moles of reactants are consumed and 4 moles of products are generated), the total
outlet flow rate can be calculated as reported in Eq. 54.

As described in the equations above, four definitions of fuel utilization (FU) are given: the experimental
FU takes into account the amount of hydrogen present in the stack (considering the actual conversion
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of CO and CH, into H, — through water gas shift and methane reforming respectively), whereas the
theoretical FU considers the complete occurrence of the same reactions (thus aand 8 are setto 1).
Regarding the FU, in this work it has been defined based on hydrogen, as the ratio amount of hydrogen
electrochemically consumed by the reaction (dependent on the current) with respect to total amount
of hydrogen fed to the stack. This last term is obtained considering the complete conversion of CO and
CH,into H,.

Thus, based on the fuel gas input/output, current, voltage and power outputs of the SOFC stack,
different formulations of the conversion efficiency can be considered at stack and system level [188§],
[189]. For this specific campaign, only the electrical efficiency is considered since the thermal
efficiency is not assessed in the experimental tests.

The definitions of the efficiency given in this work are 18 in total, and are now divided into 3 sections; in

each section 6 formulations are reported, 3 of them at stack-level and 3 at system-level. All of them
differ exclusively in how the inlet chemical power is defined:

Pel Pel

n = == - - 59

STACKWIOFY = Py stack Qua stack * LHVia + Qco stack - LHVco + Qcnastack * LHVcirs (59)
Pel Pel

Nstac = =7z > > 60
TACKWIFUh P srack * FUg, (Quz stack - LHViz + Qco stack " LHVeo + Qcua stack * LHVena) " FUstack th (60)
n _ Pel _ Pel (61 )

STACK W/FUexp = == - -
WIFYer T Py stack * FUstack exp (Quzstack * LHViz + Qco stack " LHVeo + Qcua stack * LHVena) * FUseack exp
Pel Pel

Nsys = == - - 62

YSTEM T Py system Qu system " LHVuz + Qco system " LHVco + Qchasystem * LHVcHa (62)
Pel Pel

NSYSTEM w/FUy, = =7 5 5 63

W/ Piy sysrem * FUSySEem th (QHZ system " LHVy; + Qco system * LHV¢o + Qcpa system " LHVCH4) ' FUsystem th ( )
Py Pey
TISYSTEM W/FUexp = 2 . (64)

Py system FUsystem exp (QHZ system " LHVy, + QCO system " LHV¢o + QCH4 system " LHVCH4) ' FUsystem exp

The first set of equations (Eq. 59 — 64) are characterized by a definition of inlet chemical power of each
species separately, which means that the fuel gases flow rates (CO, H, and CH,) are multiplied by their
respective lower heating values.

In particular, in the stack-level formulations, the stack-level gas composition is considered; in the
system-level formulations, the system-level gas composition is considered instead.

57



Both at stack- and system-level, the first formulation (Eq. 59 and Eq. 62) is calculated based on the total
inlet/outlet fuel gas flow rate — thus is strongly limited by the single pass FU since the unreacted fuel at
the outlet results in unused chemical energy.

Since in reality the off-gas is recirculated within the system back to the stack, the efficiency can be re-
assessed with the second formulation (Eq. 60 and Eq. 63) based on the actual reacting fuel, net of the
single-pass FU conditions of the specific test. Here the theoretical FU is used, which considers the
complete occurrence of SMR and WGS reactions. In this way the SOFC stack efficiency is evaluated
based on the reacting fuel, providing information on the actual process efficiency.

A third formulation of the stack efficiency can be considered (Eq. 61 and Eq. 64), in which the
experimental FU is employed: the gas chromatography analysis at the stack outlet allows to know the
exact amount of unreacted CO and CH,, thus evaluate the amount of H, actually available within the
stack for its electrochemical conversion. The incomplete conversion of CO and CH, implies a lower
hydrogen content in the reacting gas mixture compared to the complete conversion-scenario, thus
FUe« appears to be always higher than FUy,.

n _ Pel _ Pel (65)
STACK w/o FU H2 equivalent — —TA . .

Pin stack [QHZ stack T Qco stack 4 Qcra stack] *LHVy,

n _ Pel _ Pel (66)
STACK w/FU¢p H2 equivalent — _ —TA . .
Pinstack * FUn [QHZ stack T Qcostack T4 Qcra stack] *LHVy * FUstack tn
n _ Pel _ Pel (67)
STACK W/FUgxp H2 equivalent — _ T4 3 '
exp Py srack * FUstack exp [QHZ stack T Qco stack T4 Qcha stack] *LHVy3 * FUsgtack exp
n _ Pel _ Pel (68)
SYSTEM H2 equivalent — T TIA ; ;

Pin system [QHZ system + Qco system + 4 Qcua system] *LHVy,

n _ Pel _ Pel (69)
SYSTEM w/FU¢p H2 equivalent — . —IA - 5
Piy system FUSySte‘m th [QHZ system T Qco system T 4+ Qcpa system] *LHVy;, - FUsystem th
_ Pel _ Pel

TISYSTEM w/FUexp H2 equivalent = = (70)

Piy system FUSyStE’m exp [QHZ system + Qco system + 4 Qcya system] *LHVy, - FUsystem exp

In the second set of equations (Eq. 65 — 70) the inlet chemical power is calculated in relation on a
hydrogen equivalent basis. The hydrogen-equivalent flow rate is considered, instead of the flow rate of

each gas: from the SMR and WGS reactions (Eq. 46 — 47) it is possible to notice that, in volume, the H,
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formed in the WGS reaction is the same as the CO reacting. In the SMR reaction the H, flow rate
generated is 4 times higher than the flow rate of the reacting gas. Complete conversion of CO and CH,
is assumed.

Pel — Pel
Pin stack [QHZ stack T WGSexp *Qcostack +4° SMRexp *Qcra stack] *LHVy,

Nsrack w/o FU chem conv —

Pel Pel

PIN STACK * FUfh [QHZ stack T WGSexp . QCO stack + 4- SMRexp . QCH4 stack] - LHVHZ . FUstack th

NSTACK w/FU¢p, chem conv =

Pel Pel

Piy stack " FUstack exp [QHZ stack T WGSexp ) QCO stack T4° SMRexp ) QCH4- stack] *LHVy; * FUspaek exp

Nstack W/FUexp chem conv =

Pel Pel

NSYSTEM chem conv = —TA - T
Pry system [QHZ system + WGSexp “Qco system +4- SMRexp *Qcra system] *LHVy,

Pel Pel

Py system * FUsystem th [QHZ system T WGSexp ' QCO system T 4 SMRexp ' QCH4- system] *LHVy, - FUsystem th

NsySTEM w/FUygp chem conv —

Pel Pel

Py system FUSyStem exp [QHZ system + WGSexp ' QCO system +4- SMRexp ' QCH4 system] "LHVy, - FUsystem exp

TISYSTEM w/FUeyxp chem conv =

The definitions given in the third set of equations (Eq. 71 — 76) are more accurate than those in the
second set, since the rate of conversion of CO and CH, is included in the calculation of the inlet
chemical power. That is because such reactions do not necessarily reach thermodynamic equilibrium.

23 SOC single cell test station #2 - reversible operation

Another part of the experimental campaign included in this work was conducted using a dedicated test
station designed for the characterization of a single solid oxide cell (SOC) with an active area of 16 cm?.
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2.3.1 Test bench design and characteristics

An exploded view of the setup is presented in Figure 16. The cellis positioned centrally within a ceramic
housing (90 x 90 x 65 mm) specifically engineered to withstand temperatures up to 900 °C, imposed by
a temperature-controlled furnace, and to accommodate a maximum gas flow rate of 2 L/min. A picture
of the complete test bench and the housing assembly is shown in Figure 17.

-

-

T

Ceramics screw
Ceramics washer

\ . — Ceramics spring
4 o

B — Alumina holder

TELE / Gas seal for gas diffusion plate
_— Gas diffusion plate
1 _ —
i - - f’”‘:__j:__————— Gas seal for frame of cell
1 —— ]
Rig for attaching holder v ——
i i T : Anode current collector
\ ] | ~— cell
| i Cathode current collector

- Gas seal for frame of cell
< T Gas diffusion plate

. Al — Gas seal for gas diffusion plate
T Alumina holder

i

Figure 16. Exploded view of the 16 cm? test setup

Gas is supplied to and discharged from the cell through 1/4” - diameter stainless-steel tubes, while the
gas distribution plates — also fabricated from high-temperature ceramic — ensure uniform radial
distribution of the flow across the cell surface, as illustrated in Figure 17c.
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Figure 17. a) single cell station for reversible operation; b) cell housing; c) detail on gas flow distribution

pattern

The current collectors are made of nickel on the fuel-electrode side and silver on the air-electrode side,
each with dimensions of 50 x 50 mm. Gas sealing is achieved using ceramic gaskets, while mechanical
stability and electrical insulation are ensured by a high-temperature, torque-controlled fastening
system composed of ceramic screws and spring-based compression elements. This design minimizes
thermal stress during operation while maintaining structural integrity and consistent contact pressure.

The setup is further equipped with a BioLogic BP-300 electrochemical analyzer for electrochemical
impedance spectroscopy (EIS) and a bi-directional electronic load (ITECH IT-M3903C-150-50PV), which
enables operation of the cell either in fuel cell (SOFC) or electrolysis (SOEC) mode. The device allows
the imposition or supply of electrical power up to 150 V and £50 A, ensuring full control of the applied
current or voltage during operation.

Overall, the complete system enables real-time assessment of electrochemical performance, gas flow
behavior, and degradation mechanisms under well-controlled thermal and electrical conditions,
ensuring reproducible and reliable testing of SOC single-cell behavior.

2.3.2 Concept and description of domestic load - rSOC - PV coupling

The present experimental setup has been used for a technology coupling analysis, as the system
proposed now consists of the coupling of 5 main elements: household energy load, PV plant, rSOC
system, hydrogen storage tank, hydrogen compressor. From now on, conventionally, positive power
values will correspond to SOEC operation, and negative values to SOFC operation.

Figure 18 presents a qualitative schematic of the proposed rSOC-based renewable microgrid. The
system operates according to the following strategy: the photovoltaic (PV) plant supplies power to the
household load and, whenever excess electricity is available, it is used to drive the rSOC stack in
electrolysis mode, thereby producing and storing green hydrogen. This operating condition occurs
exclusively during daytime, as solar irradiance is required to sustain the process. Conversely, when PV
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generation is insufficient to satisfy the household demand - during nighttime or periods of low solar
radiation — the previously stored hydrogen is utilized to fuel the rSOC stack operating in fuel cell mode,
thus providing the required supplementary power.

y (b) il//’ L4

Figure 18. rSOC - energy system schematic diagram; (a) day-time operation; (b) night-time operation

This configuration has been chosen for two main reasons: first off, it represents a viable solution to fully
decarbonize even dwellings that cannot be connected to the grid. Moreover, the household electricity
demand has been taken as an example in this study, given the possibility to simulate its trend and
retrieve data more smoothly, even though it could be potentially replaced by an industrial end user while
maintaining the exact same methodology and sizing approach. At industrial level, this is of great interest
as it allows to satisfy the energy needs of a large consumer through a 100% renewable — based microgrid
without heavily burdening on the national grid. In this sense, to obtain generalizable results, the focus
of this work has been kept on a single-family house.

Although the reference case study is based on a household located in Rome, the proposed methodology
is thus fully generalizable to other locations and user types. By replacing the local renewable generation
and demand profiles, the same modeling and experimental approach can be applied elsewhere. The
obtained results on the rSOC responsiveness, stability, and degradation therefore will hold for
comparable renewable-based energy systems in different geographical contexts.

2.3.3 Household load

The household’s demand was modelled using the software LoadProfileGenerator [190], [191] to
simulate the daily use and power consumption of standard domestic loads with an hourly resolution.
The database contains information on household appliances commonly used in every dwelling (e.g.
lights in every room, fridge and several kitchenware, TVs, computers, washing machine, etc.). It is
possible to choose the energy intensity of the appliances among three sets: energy saving, energy
intensive and randomly chosen devices. The former have been assumed in this work.

Information from statistical data are employed by the simulation programme to generate load curves
representative of a generic household. In the following case study, a 4-people house (family with two
children) is considered.

Space heating and cooling are assumed to be provided by an electric heat pump and are therefore
considered as part of the electrical load. The thermal demand is estimated based on the geographic
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location of the dwelling (Rome, Italy) and the corresponding air temperature profile. The temperature
data are simulated using the PVGIS software, following the criterion of the Typical Meteorological Year
(TMY). The TMY approach relies on historical meteorological datasets spanning the past 20 years, with
hourly resolution, to generate a representative annual temperature profile composed of 8760 hourly
values. For each month, the year whose temperature trend most closely matches the long-term monthly
average is selected, resulting in a synthetic year composed of the most representative months from the
two-decade dataset. Figure 19 shows the simulated load power curve throughout the entire year.
According to the model, the peak consumption of a 4-people house located in Rome is 5.55 kW and
occurs on March 23™ at 5 p.m. and the power of 3 kW is exceeded only in 177 occasions, corresponding
to the 2% of the year. Most of the time, the daily peak is reached between 2 p.m. and 6 p.m.

Power consumption [kW] 5.55
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Figure 19: Household’s simulated power consumption as a function of hour and day of the year

2.3.4 PV system

The system object of study promotes the introduction of distributed renewable power plants by
softening their impact on the grid. Among the RES, for the present case study, in spite of the high
intermittency of the solar irradiance, a photovoltaic plant was adopted for two reasons: (i) the focus of
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the present work is to investigate on the ability of the rSOC technology to cope with highly intermittent
input and output power variations; (ii) wind was put aside for the scope of this work. Some estimations
made by IRENA report that the global weighted average levelized cost of electricity (LCOE) of onshore
wind fell to 0.033 €/kWh in 2023, with respect to 0.044 €/kWh for PV [192]. The latest retrievable data on
LCOE in ltaly is as of 2020 and it is given by IEA, reporting 52.87 €/MWh for onshore wind and 58.09
€/MWh for PV, making it the cheaper technology on paper [193]. However, a dedicated wind farm does
not appear to be suitable for residential applications, hence it was opted to consider a PV plant, stilla
valid option even in the case of industrial end user.

Combined with the rSOC-based system, the PV plant will serve primarily the residential load, and then,
in case, the SOEC operation for hydrogen production.

The productivity of the PV plant depends on the specifications of the panels, their mounting position
and the installing location. As mentioned earlier, Rome was chosen as a reference location, and the
production from such PV plant has been simulated with the software PVGIS [194]. A reference 1 kWp-
sized plant is considered, as at this stage the ideal size of the plant is unknown and will be performed
afterwards.

The assumptions were made automatically by the tool, in order to optimize the performance:

e PVtechnology: crystalline silicon;
e Panels slope = 35°%

e Absent shadowing elements;

e |nstalled peak PV power =1 kW.

Figure 20 illustrates the PV plant production curve over the course of the year. It can be seen that the
maximum power simulated by the software is 870 W, produced on March 5" at at 12 p.m. The peak
production is always observed between 11 a.m. and 1 p.m.
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Figure 20: 1 kWp PV plant simulated production as a function of hour and day of the year

2.3.5 Approach for PV and H, storage tank sizing

The simplified rSOC Balance of Plant (BOP) considered in this work consists only in a compressor for
the storage of hydrogen. For the sizing of the rSOC stack, PV plant and H; tank, the literature analysis on
the former suggested, as precautionary values, a water conversion efficiency rate (nsogc) of 70% [107],
[195] and a hydrogen conversion efficiency rate (nsorc) of 50% [196].

The compressor can be considered as a load in case of hydrogen production and an absent elementin
SOFC mode, with a stored hydrogen pressure of 700 bar [197]. DOE addressed the theoretical range of
energy requirements to compress hydrogen up to 700 bar: 1.7 to 6.4 kWh/kg H,, hence a precautionary
value of 5 kWh/kg H, has been considered in this work [198].

Loadror = Loadpoyse + Load compr (77)
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Pygr = Ppy — Loadror (78)

LOADor [kW] is the total load given by the sum of the dwelling’s load (LOADwouse [kW]) and the power
absorbed by the compressor (LOADcomer [KW]), as shown in 777, and the net power supplied to the rSOC
stack (Pner [kW]) is calculated as the difference between the PV production (Pev [kW]) and total load (Eq.
78). Positive and negative values of Pyger are indicative of SOEC working mode (excess of PV power) and
SOFC mode respectively.

Hydrogen production and consumption are calculated by means of water and hydrogen efficiency
conversions in Eq. 79 and Eq. 80:

__ PNET " NsoEc
}szroduct - LHVy, (79)

PNET
H = —- 80
2consumpt NsoEc - LHVp, (80)

Where hydrogen production and consumption are expressed in kg/h and LHV. [kWh/kg] is the lower
heating value of molecular hydrogen (33.3 kWh/kg).

The PV plant size at this stage is the only missing input information to simulate the system; itis selected
iteratively until the amount of hydrogen stored at the end of the year equals the amount of hydrogen
stored at the beginning of the year, in order to setup an independent and energy self-sufficient system.

The process led to an optimal PV size of 7.7 kWp, whose simulated trend of stored hydrogen is shown in
Figure 21. In such case, a 37.8 kg-hydrogen storage tank is needed. Figure 21 illustrates the seasonal
variation in hydrogen storage requirements, with a marked surplus during summer months and a deficit
in winter, emphasizing the need to store excess hydrogen produced in summer to compensate for winter
shortages. This contrast highlights the importance of appropriately sizing the hydrogen storage system
to ensure year-round energy balance and uninterrupted operation. In particular, the excess hydrogen
generated in summer must be adequately stored to compensate for the winter shortfall, guiding the
sizing of the storage system not only in terms of capacity but also in terms of operational flexibility and
discharge duration.
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Net power with PV = 7.7 kW
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Figure 22: trend of net power throughout the year; P(PV) = 7.7 kW.

The results of the simulation of the net power trend are reported in Figure 22: a maximum excess power
of 5.66 kW is observed, occurred on 8" March at 11 a.m. The maximum power to be supplied to the
household by means of the rSOC stack working in SOFC mode is -4.54 kW, occurred on 6™ May at 8
p.m. The high loads in both SOFC and SOEC are particularly relevant from a degradation perspective,
as they impose significant electrochemical stress on the cell stack. The elevated current densities and
thermal gradients associated with peak operation can accelerate material fatigue and contribute to
long-term performance decay.

Let us define the self-consumption ratio through Eq. 81:

SCR = —Yload_ (81)
Total PV

Where PVie.o (kKWh) represents the energy produced by the photovoltaic system that is directly
consumed by the household electrical load, and Total »y (kWh) is the total energy generated by the PV
system. SCR (-) is therefore the self-consumption ratio, indicating the percentage of total generated
energy that is effectively used to supply the load.
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The data presented in Figure 22 highlight a key feature of the system under study: over the course of the
year, the SCR amounts to 29.4%, indicating that approximately one third of the solar energy produced
can be directly utilized on-site. The month with the most pronounced mismatch is August, where the
SCR drops to 21.7%, while the highest self-consumption is observed in November, reaching 32.1%.

This mismatch between generation and consumption underscores the need for an energy storage and
conversion system capable of shifting excess renewable electricity to periods of higher demand. In this
context, reversible solid oxide cells represent an interesting solution to increase local self-consumption
and reduce grid dependency through flexible operation in both fuel cell and electrolysis modes.

2.3.6 Preliminary economic estimation of the rSOC-based storage system

Although the present work primarily focuses on the experimental validation of rSOC system
performance under realistic residential operating conditions, a qualitative economic assessment has
been included to provide context for future techno-economic evaluations.

According to the Strategic Research and Innovation Agenda (SRIA) of the Clean Hydrogen Joint
Undertaking [199], the benchmark capital cost (CAPEX) for reversible solid oxide cell (rSOC) systems is
approximately 1250 €/kW. The cost of electricity was not included in the present analysis since it is
assumed to be generated on-site by the PV plant. Consequently, the operational expenditure (OPEX)
reported by SRIA, equal to 130 €/(kg H./day)/year, was adopted.

In the system under study, the average hydrogen production rate is 0.825 kg H./day. Considering an rSOC
unit rated at 8.5 kW (oversized by a factor of 1.5 with respect to the maximum observed load of 5.66 kW)
and approximating to 1 kg H,/day, the estimated capital investment for the rSOC stack is about 10625
€, with an annual OPEX of approximately 130 €/year.

A similar estimation procedure was applied to the remaining components of the seasonal hydrogen
energy storage system. Data for small-scale hydrogen compressors are scarce. Based on a maximum
hydrogen production rate of 0.4 kg H./h and a specific energy consumption for compression of 5 kWh/kg
H, (see Section 2.3.5), the corresponding compression power is 2 kW. Applying a safety factor of 1.5
yields a nominal power of 3 kW (about 4 hp). According to the cost correlations reported in [200] for
compressors below 13 hp (about 9.7 kW), with an average cost of 4900 $/hp, the resulting compressor
cost is approximately 19060 $ (% 16800 € as of October 2025).

The hydrogen tank cost was estimated using data from [201] and [202], reporting 300 $/kg H, and 633
$/kg H, respectively for Type-IV tanks at 700 bar. Amean value of 500 $/kg H, (about 430 €/kg H, in 2025)
was therefore adopted. For a storage capacity of 37.8 kg H,, rounded to 40 kg, the resulting tank cost is
approximately 17200 €.

Overall, the qualitative cost analysis highlights that, for small-scale residential or microgrid
applications, the compressor and hydrogen storage vessel represent the dominant contributions to
expenditures, while the rSOC system plays a secondary yet non-negligible role. Although the absolute
costs remain high at the present scale, future cost reductions driven by technological maturity and
economies of scale are expected to significantly enhance the economic viability of integrated rSOC-
based systems for seasonal storage. Based on SRIA [199] for example, the forecast at 2030 of cost
reduction for key components is a decrease of more than 50%, making the system proposed suitable
for future domestic applications.

69



2.3.7 Experimental approach and method

The objective of this study is to investigate the operation and potential performance degradation of the
cell due to its reversible mode of operation. More specifically, the aim is to evaluate these parameters
within the context of applying this technology to a real case study. While stack-level operation
introduces additional complexities such as temperature gradients, gas flow maldistribution and
pressure losses, the fundamental electrochemical phenomena can still be meaningfully investigated at
single cell level. Therefore, single cell testing provides valuable insights into the intrinsic behavior and
responsiveness of the technology under dynamic operating conditions. For these reasons, a single
repeating unit cell of 16 cm? was utilized, subjected proportionally to the same load variations that a
full-scale stack would experience.

This approach allows for controlled testing of degradation trends and electrochemical responses
without the added complexity introduced by stack architecture and balance of plant components.
Although single cells and stacks show different absolute performance [87], [88], literature shows that
key degradation mechanisms — such as Nickel migration, Chromium poisoning, and interfacial
instability — are consistently observed across different scales [89]. Alenazey et al [90] highlighted high
operating temperature as a primary driver of performance decay, a factor equally present in both single-
cell and stack environments. Thus, the single-cell configuration adopted in this study is intended to
highlight general trends and dynamic responses relevant to real world rSOC systems.

To ensure consistency between the simulated and experimental conditions, the net power profiles
derived from the household - PV — compressor model were proportionally scaled to match the active
area of the single cell (16 cm?), preserving the same electrical stress per unit area. This approach
enables the cell to experience the same relative load variations it would encounter in a full-scale
system.

The study therefore proceeded with the definition of an experimental campaign in which the daily
profiles of net power (household’s load + PV plant + H, compression) reported in Figure 22 are scaled
down at single cell level, in order to replicate the same working conditions and impose the single cell
the same level of stress it would have in a larger sized system. Given the troubles and complexity in
replicating 365 days of testing in laboratory’s facilities, a few adjustments needed to be made: both for
PV and domestic load profiles, one typical day for each month has been selected, and the juxtaposition
of these curves, as well as the corresponding contribution given by the compressor unit (scaled down
at single cell level), gave the most representative net power profile of the said month. Consequently,
each month was represented by a single typical power profile. The same procedure was applied from
January through December, resulting in twelve representative power curves in total. Each profile
includes both positive (SOEC mode) and negative (SOFC mode) power values. To better analyze and
quantify the contribution of each operating mode to overall cell degradation, the two modes were
separated: individual power profiles were defined for SOEC and SOFC operation, as described in Eq. 82
and Eq. 83. This approach effectively doubled the number of test days but did not compromise the
validity of the results, since the same overall load levels were applied to the cell.

PNET,monthi lf PNET,monthi >0

P. i ={ . 82
SOECmontht 0 if Pngrmontni <0 (82)
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0 if PNET,monthi >0

Psorc i ={
,monthi .
PNET month i if Pvermonthi <0

Where Psoec and Psorc [KW] indicate respectively the power share in electrolysis mode and fuel cell mode
for the i-th month.

2.4 SOC stack test station

The present test station enabled the operation and characterization of a > 10 kW-scale reversible solid
oxide cell system, another part of the study included in this thesis.

2.4.1 Stack test station design and characteristics

The system is about 1 m® in overall volume, and the placement of the main Balance of Plant (BoP)
components is illustrated in Figure 23. These include: (A) the evaporator for steam generation; (B)
electrical band heaters for the stack module; (C) heat exchangers for the fuel side; (D) heat exchangers
for the air side; (E) catalytic afterburner; (F) outlet gas coolers.

Figure 23. Main components of the 10 kW rSOC system [203]

In order to minimize thermal losses and optimize the placement of the BoP components, instead of
isolating each BoP component individually, the entire hot box was filled with a high-performance
ceramic granular thermalinsulation material [203]. This design approach enables efficientinternal heat
utilization while simultaneously limiting heat losses from the stack module and other BoP components
to the external environment.
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A simplified representation of the system P&ID (Process and Instrumentation Diagram) is shown in
Figure 24. The evaporator supplies steam to the stack, and the resulting steam-gas mixture is preheated
by means of a fuel heat exchanger (FHEX), where thermal exchange occurs with the fuel exiting the
stack. The fuel superheater (FSH) then raises the gas temperature to its nominal operating value of
approximately 700 °C.

The gas leaving the stack — now enriched in hydrogen when operating in SOEC mode - after passing
through the FHEX, is directed to another heat exchanger, the Fuel Cooler Heat Exchanger (FCHEX). In
this unit, heatis transferred to a coolant loop consisting of a water-glycol mixture, before the gas stream
is finally sent to the compressor for storage.

An identical flow path is implemented on the air side, though through separate piping. Each
corresponding component is denoted with the prefix Air-, resulting in AHEX, ASH, and ACHEX,
respectively. The coolant is circulated by a dedicated pump, which drives the liquid through the FCHEX
and ACHEX and subsequently to a radiator, where it exchanges heat with the surrounding environment
and is cooled before recirculation.

It is immediately evident that the effectiveness of the cooling system partially depends on the ambient
air temperature: the lower the external temperature, the colder the coolant entering the ACHEX and
FCHEX, and the greater its capacity to remove heat from the fuel and air streams exiting the system.
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Figure 24. Basic P&ID of the 10 kW rSOC system

The stack module is a commercial fuel-electrode supported type, comprising 120 cells stacked in series
each with an active area of 120 cm?.

The power electronics are installed below the hot box to facilitate compact integration and ease of
maintenance. The gas supply control wall is located on the right-hand side of the system, while the
programmable logic controller (PLC) and electrical cabinets for power supply and relays are positioned
respectively behind and to the left of the hot box. In the event of a power failure, an uninterruptible power
supply (UPS) ensures continued operation of the control logic and the most critical gas valves, thereby
maintaining operational safety [203].

Additionally, the rSOC system features more than 250 individual measurement and control variables,
including mass flow controllers, gas valves, bidirectional electronic load, humidity sensors, pressure
sensors, thermocouples and individual cell voltage monitoring points.
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System operation and monitoring are managed through a custom-developed automation system based
on a PLC architecture, which ensures high precision, safety, and flexibility. The extensive data
acquisition network allows for detailed thermodynamic and electrochemical analysis of the system,
including real-time computation of enthalpy flows and efficiency for individual BoP components.
Digitalization of all control and measurement signals is implemented via the Modbus RTU/TCP protocol,
providing reliability, accuracy, and noise resistance compared to conventional analog signal processing
[203]. Overall, the fully integrated and instrumented rSOC test platform enables reproducible and high-
fidelity experimental investigations of reversible solid oxide systems under realistic thermal, electrical,
and fluid-dynamic conditions, thereby offering valuable insight into system-level efficiency, degradation
mechanisms, and dynamic response behavior.

2.4.2 SOC 10 kW-stack testing approach

The system described above was tested under various operating modes, employing different inlet gas
compositions and current densities. For the purposes of this doctoral work, the discussion is focused
exclusively on the SOEC operating mode, conducted at a current density of 0.5 A/cm? and a steam
conversion rate of 66.7%.

The detailed experimental characterization of the stack is intentionally omitted here, for the reasons
outlined in Chapter 1.4. Moreover, such details are not central to the discussion of the results that this
section aims to highlight.

The portion of the experimental campaign considered in this study extended over a total duration of 336
hours, during which all relevant parameters - including temperatures and pressures at multiple
locations, as well as the electrical consumption of individual components — were continuously
monitored and recorded in real time.

The performance analysis of the system is carried out by examining the enthalpy flows of the gases at
various points of the plant and by calculating efficiencies, defined in several different ways. The
enthalpy flow is defined according to the formulas reported in Eq. 84 and 85:

Hi,j = mi,j ' Cpi,j ' ATi,j (84)
Hj,tot = ZiHi,j (85)

Where i denotes the gas species present in the mixture, j refers to a specific location within the plant,
I-'Il-,j (kW) is the enthalpy flow of gas i, m; ; (kg / s) is the mass flow rate of gas i at pointj, cp; j (k) / kg K) is
the specific heat capacity of gas i and AT; (K) is the difference between the mixture temperature at point
j and the reference temperature, set in this case study at 293 K. The specific heat capacity of each gas
was determined, using appropriate correlations, as a function of its temperature. The total enthalpy flow

at each pointjwas calculated as the sum of the contributions of each gas in the mixture.
The plant sections under investigation are the following:

e Fuel side: evaporator OUT, FHEX cold IN, FSH IN, FSH OUT, stack IN, stack OUT, FHEX hot IN,
FHEX hot OUT, FCHEX OUT;
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* Air side: AHEX cold IN, ASH IN, ASH OUT, stack IN, stack OUT, AHEX hot IN, AHEX hot OUT,
ACHEX OUT.

This type of analysis is essential to understand how thermal energy is transferred, transformed, or lost
within the plant, in order to identify the main losses and to diagnose potential faults.
The following formulations are used to calculate the system efficiencies:

my» prod ” LHV Y

Nstack = P (86)
stack
n _ LD prod’ LHVp, + Hfuel,OUT + Hair,OUT (87)
system —
Y Pstack + Pevap +Prsy +PasH + Paux
n _ M prod "LHVyy + Prga + Hfuel,OUT + Hair,OUT (88)
RAD —
system, Pstack + Pevap +Prsu +PasH + Paux
_ Mz prod " LHVH2 + Praq + Hryerout + HairouT 89
Nsystem,RAD+EVAP = (89)

Pstack +Prsy +PasH + Paux

Where Ngqck (-) is the stack efficiency, 1y stem (<) is the system efficiency, nsystem rap (-) is the system
efficiency taking into account the heat recovery at the radiator and 0system rap+Evap (-) is the system
efficiency taking into account the heat recovery at the radiator and the hypothesis of free steam
available.

In the present study, the radiator functions as the componentresponsible for cooling the coolant stream
exiting the ACHEX and FCHEX. Consequently, the heat transferred from the coolant to the surrounding
environment is considered a thermal loss. However, in a real-scale system, if the SOC plant were to be
integrated into a district heating network, this portion of thermal energy could be effectively recovered
and utilized. In that case, it would represent an additional energy gain for the overall system. Therefore,
Eq. 88 expresses the system efficiency under the assumption that such recoverable heat is fully
exploited.

Eq. 89 instead describes the efficiency in a scenario where also free steam is available, as may occur in
certain industrial facilities. Under these conditions, the heat required for steam generation does not
constitute an energy expenditure, thereby leading to an improvement in the overall system efficiency.

The terms appearing in the equations are as follows: My, ,roq (kg/h) is the hydrogen production rate,
Pgtack (KW) is the electrical power consumed by the stack, P4, (kW) is the electrical power consumed
by the evaporator, LHVy, (kWh/kg) is the lower heating value of hydrogen, Prsy and P4y (KW) are the
electrical consumption of the FSH, ASH, P,,,, is the electrical consumption of other auxiliary systems
(e.g., mass flow controllers, control electronics, computers, etc.), P4 (kW) is the power recovered
through the radiator.

2.5 Electrochemical performance characterization and gas analysis

In this section, the main characterization techniques employed for solid oxide cells (SOCs) are
presented and described, namely polarization (I-V) curves and electrochemical impedance
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spectroscopy (EIS). In addition, the section provides a description of gas chromatography, which is
utilized to determine the gas composition during in-operando operation of the cell.

2.5.1 Polarization curve

The polarization curve (or i-V curve) is the most widely used diagnostic technique for evaluating the
overall performance of a solid oxide cell [31]. A representative polarization curve for solid oxide cells
(SOCs), in both fuel cell and electrolysis operation modes, is illustrated in Figure 3.

This curve is obtained by measuring the cell voltage as a function of the applied current density — either
extracted from the cell in SOFC mode or supplied to the cell in SOEC mode. It provides a direct
visualization of how the different electrochemical, transport, and kinetic phenomena combine to
determine the overall performance of the device. As such, polarization analysis represents one of the
most fundamental and informative characterization techniques for SOCs, allowing the evaluation of cell
behavior under varying operating conditions and over a wide range of current densities.

The Open Circuit Voltage (OCV), corresponding to the voltage measured at zero current density (i =0
A/cm?), reflects the thermodynamic potential difference between the electrodes. When compared with
the theoretical voltage calculated through the Nernst equation (Eq. 12), it offers critical information
about potential gas leakage or cross-diffusion phenomena that may reduce the effective separation
between the reactant gases. A lower experimental OCV than the theoretical value is typically indicative
of such parasitic effects or of partial mixing between the anodic and cathodic gas streams.

At low current densities, the initial voltage deviation is mainly attributed to activation polarization
losses, which originate from the energy barrier that must be overcome for the electrochemical reactions
to proceed at the electrode interfaces. These losses depend on factors such as the electrode
microstructure, catalytic activity and temperature, and therefore provide insight into the reaction
kinetics of the cell.

In the intermediate current density region, the voltage typically exhibits a linear trend with respect to
current density. This portion of the curve corresponds to ohmic polarization, which arises from resistive
losses within the electrolyte, electrodes, and interconnects. Among these contributions, the electrolyte
resistance is usually dominant. The slope of this linear region enables the determination of the Area
Specific Resistance (ASR), expressed in Q-cm? The ASR is often used to compare the electrical
performance of cells fabricated with different materials or architectures. The linearity of this segment
also indicates that the internal resistance remains nearly constant within this operating regime, in
agreement with Ohm’s law.

At high current densities, the voltage experiences a pronounced deviation due to concentration
polarization, also referred to as mass-transport or diffusion losses. This regime arises when the rate of
reactant supply (fuel or steam) becomes insufficient to sustain the required current, leading to reactant
starvation. Such behavior may result from gas diffusion constraints within the porous electrode
structure or from inadequate flow distribution. This condition is related to a shortage of fuel (in SOFC)
or steam (in SOEC) at the reactive interface. This region defines the maximum usable current density of
the cell, beyond which severe performance degradation and irreversible material damage can occur.
Itis important to note that not all polarization curves necessarily exhibit the same characteristic shape
as that shown in Figure 3. In general, the activation loss region and the ohmic region are almost always
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clearly visible, as they represent intrinsic electrochemical and resistive behaviors of the cell.
Conversely, the concentration polarization region is often intentionally avoided during testing, since
operating the cell under strong mass-transport limitations can accelerate degradation phenomena. In
practice, this is achieved either by supplying an adequate amount of fuel or steam to the inlet — thus
preventing reactant starvation even at relatively high current densities — or simply by limiting the
operational current range so that the threshold of the concentration losses is never reached.

2.5.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is another widely adopted diagnostic techniques for
investigating the electrochemical behavior in solid oxide cells [204], [205], [206] . It enables non-
destructive analysis of the processes occurring within the cell, allowing for the separation of resistive
and capacitive contributions that govern the overall performance of the system. The fundamental
principle of EIS consists in applying a small alternating voltage or current perturbation across a range of
frequencies to a cell maintained under steady-state operating conditions in terms of temperature and
gas composition. The resulting current or voltage response is then analyzed in the frequency domain to
extract the complex impedance Z(w) [Q cm?], defined as in Eq. 90:

Z(w) = % =7"(0) +jZ" (w) (90)

where Z’(w) [Q cm?] denotes the real part of the impedance, associated with resistive losses, while
Z”(w) [Q cm?] represents the imaginary part, related to capacitive accumulation phenomena [207]. The
measurement results are typically displayed in a Nyquist plot, in which -Z”’(w) is plotted as a function of
Z’. A representative Nyquist diagram obtained from impedance analysis on SOCs is shown in Figure 25.
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Figure 25. Typical EIS spectra in SOC cells; in this particular case, two SOFC conditions are studied.

This representation enables visual distinction of the various processes occurring within the cell. In a
typical EIS spectrum of a solid oxide cell (SOC), one or more semicircles are observed, each
corresponding to a phenomenon characterized by its own time constant. The high-frequency intercept
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on the real axis corresponds to the total ohmic resistance R.xm [Q cm?], which is primarily determined
by the resistance of the electrolyte and the electrical contacts. The semicircles appearing at
intermediate and low frequencies reflect contributions associated with charge transfer processes, ionic
and electronic diffusion within the electrodes, and surface reactions involving adsorption/desorption of
reactants [31]. The polarization resistance (R,o: [Q cm?]) can be defined as the difference between the
low-frequency and high-frequency intercepts, and is indicative of the combined losses due to activation
and concentration overpotentials:

Rpol = Riot — Rorm (91)

The total cell resistance R:«: , measured at low frequencies, reflects the sum of all losses affecting the
cell, including activation, ohmic, and concentration-related contributions. Electrochemicalimpedance
spectroscopy is employed both in the fundamental study of the materials constituting the cell
(electrolyte, anode, and cathode) and in the in-operando monitoring of cells and stacks, providing
valuable insights into degradation mechanisms. However, EIS does not reveal which electrode
predominantly contributes to the polarization resistance. For a more detailed analysis of the individual
phenomena occurring at each electrode, it is necessary to employ the Distribution of Relaxation Times
(DRT) method.

2.5.3 Gas chromatography

Gas Chromatography (GC) is an analytical technique aimed at determining the composition of gaseous
mixtures. The method is based on the different distribution of substances between a stationary phase
(solid or liquid supported on a solid) and a mobile phase (carrier gas), according to the specific affinity
of each compound for the stationary phase.

A schematic overview of a typical gas chromatograph is shown in Figure 26, which illustrates the
essential components of the system and the analytical process.
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Figure 26. Scheme of the essential components of a Gas Chromatograph.
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Carrier gas supply system

The carrier gas —typically an inert gas such as nitrogen, helium, or argon, and in some cases hydrogen —
is used to transport the sample gaseous components through the chromatographic column. The choice
of carrier gas depends on the detector type and the desired analytical sensitivity.

Injector or injection chamber

The injector’s main function is to ensure the instantaneous vaporization of the sample. This step is
particularly critical when using capillary columns, for which only a very small amount of sample (in the
order of microliters) can be introduced. To achieve optimal sample transfer, various injection
techniques have been developed, which allow only a controlled fraction of the injected sample
(typically about 1/100) to enter the column. The injection chamber is equipped with a variable-
resistance heating system that allows precise temperature control, ensuring complete and
reproducible vaporization of the mixture.

Column

The chromatographic column can be either packed or capillary. The packed columns (2 -4 mm internal
diameter, 1 -4 m length) are used in classical gas chromatography. They consist of steel or glass tubes
filled with an inert solid support coated with a thin layer of stationary liquid phase. The sample is carried
through the column by the flowing carrier gas. Separation efficiency is limited by the relatively slow
elution of molecules along the packed bed. Capillary columns (0.1 - 0.8 mm internal diameter, 10-100
m length), now widely used, represent a major advancement due to their faster elution and higher
resolution — typically achieving more than four times the number of resolved peaks in half the time
compared to packed columns. Their smaller diameter and thinner stationary phase require much
smaller sample volumes.

Columns are located in a temperature-controlled furnace, usually with forced hot-air circulation to
ensure thermal stability. The furnace temperature can be held constant throughout the analysis
(isothermal operation) or varied according to a temperature-programmed profile to improve the
separation of compounds with different volatilities.

Detector

Detectors can be classified as universal or selective. Universal detectors are capable of detecting any
compound present in the sample, whereas selective detectors respond only to specific classes of
compounds. For the analyses conducted in this work, a Thermal Conductivity Detector (TCD) was
employed. The TCD consists of four metallic filaments connected in a Wheatstone bridge configuration.
Helium is the most commonly used carrier gas due to its high thermal conductivity, which is greater than
that of most analytes. The Wheatstone bridge is balanced when the product of resistances across
opposite arms is equal. Under these conditions, when only the pure carrier gas passes through the
detector, no voltage difference is measured, and the bridge is said to be “balanced.”

When an analyte elutes from the column and enters the detector, the thermal conductivity of the carrier
gas mixture decreases. Consequently, less heat is removed from the filaments, causing an increase in
their temperature and electrical resistance. This change unbalances the bridge, generating a
measurable electrical signal proportional to the analyte concentration.
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The TCD is a universal and non-destructive detector, suitable for virtually any compound. Its sensitivity
typically reaches < 0.01 %, making it an effective and reliable tool for continuous monitoring of gas
composition in solid oxide cell experiments.

3. RESULTS AND DISCUSSION

This chapter presents and critically discusses the results obtained from the experimental and modeling
activities described in Chapter 2, following the methodologies and operating conditions therein
detailed. The experimental outcomes are organized and interpreted with the explicit aim of addressing
the research questions and scientific issues introduced in the previous chapters, through a multi-level
analysis encompassing different system scales and complementary investigation approaches.
Particular emphasis is placed on the interpretation of the results with focus on the underlying physical
and electrochemical phenomena, as well as on their implications for the design, operation and scale-
up of solid oxide technology. Through this structured and multi-scale analysis, the chapter seeks to
provide coherent and comprehensive answers to the identified research questions, highlighting both
the advances achieved and the remaining limitations that motivate further investigation.

3.1 Research Question 1: How can localized experimental characterization of SOCs be
improved beyond conventional techniques to optimize electrochemical performance?

The first step towards the development of solid oxide cell (SOC) technology in electrolysis mode lies in
a detailed understanding of the phenomena occurring at the local scale, in order to identify strategies
for improving and optimizing its operation. To enable an analysis capable of achieving this objective, it
is necessary to employ an experimental system that allows for an in-depth investigation of the water
vapor conversion mechanisms in a spatially resolved manner across the entire cell active area. The
multisampling system described in Section 2.1 was specifically designed to enable this type of
investigation.

3.1.1 Experimental gas composition distribution

Following the approach described in Section 2.1, in Figure 27 the experimental H, and H,O
concentration plots across the fuel-electrode surface are reported, along with their respective H,O
concentration contour plots, for the three conditions tested. Given the measurement uncertainty of the
GC, error bars of + 3 vol% are shown, as indicated in Section 2.1.

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

In condition 2 (H,0/H, = 50/50, FF = 500 mL/min), the H,O profile is more gradual, ranging from 50% to
about 25%, as this condition mitigates the formation of steep gradients.

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

These results confirm that steam conversion is not uniform across the cell surface, and that the inlet
region consistently exhibits the highest electrochemical activity. The extent and distribution of the
gradients are strongly influenced by the inlet flow rate and composition: since the same amount of
water needs be converted (electrical load remains unaltered), the outlet H,O concentration varies
depending on the inlet water content. In terms of gas composition, lower flow rates and lower steam
content lead to sharper gradients, while higher flow rates and excess steam promote more uniform
operation.
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Figure 27: H, and H,O concentration plots; as in Table V: a) condition no.1; ¢) condition no.2; e) condition
no.3;
H,O contour plots: b) condition no.1; d) condition no.2; f) condition no.2

In order to show the correlation between experimental and theoretical results, a Faradaic balance on
the hydrogen produced has been performed (Eq. 92):

I
2F

H, produced,Faradaic = *22.414-60-1000 (92)
Where H; produced,Faradaic (MU/mMin) is the theoretical production of H, through the electrochemical
conversion of water, | (A) is the current, 22.414 (NI/mol) are the normal liters of any gas contained in a
mole, 60 (s/min) and 1000 (ml/min) are conversion factors. Added to the inlet H, content, the overall H,
content atthe outlet can be determined. At experimental level, the percentage of H, at the outlet allows
the calculation of the effective outlet H. content (H; ,roduced,exp)s @nd thus the discrepancy between

the two values, as in Eq. 93:

H3 produced Faradaic = H2 produced,ex
e=—F L £.100

Hj; produced,Faradaic

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

3.1.2 Local cell voltage and current distribution

The results from the experimental GC analyses shown in section 3.1.1 are now utilized to determine the
distribution of current density and voltage, as described in section 2.1.
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Table XI: modelling results for local voltage and current density; as in Table V, condition no.1

Sampling point | Voltage (V) | Current density (A/cm?) Local steam conversion (%)
1 1.202+0.01 0.411+0.012 22.1
2 1.213+0.01 0.441+0.013 23.7
3 1.206 +0.01 0.423+0.013 22.8
4 1.123+0.01 0.137 £0.004 9.6
5 1.147 £ 0.01 0.172 £ 0.005 13.2
6 1.193+0.01 0.254 +0.008 225
7 1.156 = 0.01 0.116 £0.003 13.3
8 1.201+0.01 0.187 £0.006 24.8
9 1.227 +0.01 0.184 £ 0.006 32.4
10 1.241+0.01 0.208 £ 0.006 36.6
11 1.238+0.01 0.202 +0.006 35.5

Table XlI: modelling results for local voltage, current density and steam conversion; as in Table V, condition no.2

Sampling point | Voltage (V) | Current density (A/cm?) | Local steam conversion (%)
1 1.153+0.01 0.451+£0.014 14.5
2 1.151£0.01 0.437+£0.013 141
3 1.159+0.01 0.461+0.014 14.9
4 1.106 £ 0.01 0.259 £ 0.008 9.8
5 1.085+0.01 0.171+£0.005 71
6 1.103£0.01 0.206 = 0.006 9.3
7 1.089+0.01 0.144 £ 0.004 7.2
8 1.089+0.01 0.129 £ 0.004 6.9
9 1.099 +0.01 0.143+0.004 8.2
10 1.100 £ 0.01 0.146 £ 0.004 8.4
11 1.096 = 0.01 0.133+0.004 7.7

Table XllI: modelling results for local voltage, current density and steam conversion; as in Table V, condition no.3

Sampling point | Voltage (V) | Current density (A/cm?) | Local steam conversion (%)
1 1.093 £ 0.01 0.422+£0.013 9.7
2 1.098 £ 0.01 0.438+0.013 10.1
3 1.095 £ 0.01 0.429+0.013 9.9
4 1.026 £ 0.01 0.170 £ 0.005 4.4
5 1.009 £ 0.01 0.102 £ 0.003 2.7
6 1.039+0.01 0.186 = 0.006 5.1
7 1.050 = 0.01 0.201 £ 0.006 5.8
8 1.053+0.01 0.191 £ 0.008 5.9
9 1.071 £0.01 0.214 £ 0.006 7.0
10 1.071£0.01 0.215+0.006 7.0
11 1.065 = 0.01 0.198 £ 0.006 6.5
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Figure 28: contour plot of modelling results for local current density; as in Table V, a) condition no.1; b)
condition no.2; ¢) condition no.3;

In agreement with the gas analysis discussed in Section 3.1.1, the models for calculating the local
current density (Figure 28) and voltage also clearly show higher cell activity in the region near the gas
inlet section. The calculations highlight a cell voltage above 1.150 V for the areas corresponding to
sampling points 1, 2, and 3 for all conditions studied except for condition no.3 (Table Xl, Table XIl and
Table XIII).

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

The current density is consistent with the voltage profile, highlighting different behaviors between
different regions of the cell: values between 0.4 and 0.45 Alcm? at points 1, 2, and 3 (about twice as
much as the overall cell current density of 0.235 A/cm?), and below 0.260 A/cm? at the remaining points.
Since the current density is an indicator of the electrochemical activity of the cell, it can be stated that
the area represented by points 1, 2, and 3 — exhibiting values up to 2 times higher than those of the
subsequent regions —is the most active and, consequently, also the most prone to degradation. As also
shown in the literature concerning the testing of solid oxide cells [88], [92], [93], [95], [96], [97], [98]
nominal current density values exceeding 0.5 A/cm? are rarely reached, if not for accelerated stress

83



tests, and this operating point is therefore considered a threshold that should not be exceeded in order
to avoid highly accelerated cell degradation phenomena.

Similar dynamics to those observed with varying inlet flow rate are found when changing the
composition of the inlet gas. At equal sampling points, the comparison with tests conducted at lower
inlet water content reveals lower average voltage values, resulting from the higher water concentration
at each location. This effect is particularly pronounced in the region near the outlet: the voltages at
sampling points 9, 10, and 11 are slightly lower than those at the inlet. In contrast, in the test with
H,/H,O = 50/50 and FF = 300 mL/min, these outlet voltages are slightly higher — despite the lower
electrochemical activity — due to the reduced amount of gas (e.g. water) available for conversion.

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

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

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

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

Since in this study the 0.5 A/cm? threshold has not been reached, as suggested by the modeling
analysis, it is reasonable not to expect a dramatic degradation of cell performance over the medium to
long term. Among the consequences of operating at high current density, numerous studies report the
occurrence of Ni migration or Ni re-oxidation — particularly when a high concentration of water vapor is
combined with high current density or voltage, leading to fuel-electrode-induced cell degradation in the
long term; by contrast, the impact on the air-electrode side is negligible [72], [73], [208], [209].
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The nickel re-oxidation reaction is the following [210]:
Ni+ H,0 < NiO + H, (94)

The high water concentration gradient between the inlet area (points 1, 2, and 3) and the immediately
subsequent region (point 4), as shown in Figure 27, leads to a strong imbalance in NiO concentration,
with NiO being more concentrated near points 1, 2, and 3 in order to re-establish equilibrium in the
reaction (Eq. 94). This oxide, migrating towards regions of lower concentration (point 4), will further shift
the reaction toward the products, accelerating the consumption of Ni and H,O in the inlet section,
ultimately causing a decrease of active sites for the inlet gas.

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

Other degradation mechanisms of the cell have been observed and reported in numerous studies.
Amongthese, Ni coarsening is one of the most extensively investigated [72], [74]. This process involves
an increase in the size and a decrease in the number of nickel particles, resulting in a loss of
interparticle contact and, consequently, an increase in polarization resistance. Hubert et al [211]
reported a significant occurrence of Ni coarsening in post-mortem analyses following a series of long-
term experiments (ranging from 1000 h to 9000 h), leading to a substantial loss of active sites. The
phenomenon was particularly pronounced at higher operating temperatures.

Nimigration has also emerged as a frequent degradation pathway, with several studies [72], [212], [213]
confirming its occurrence and detrimental impact on cell performance, especially when associated
with a coarser Ni microstructure [214].

The current density gradient across different areas of the cell is a phenomenon also reported in the
literature: Yildiz et al [107] developed a model that shows a decrease from the gas inlet region (about
0.55 A/cm?) to the outlet region (about 0.38 A/cm?); similarly, Xu et al [108] performed a numerical
investigation highlighting the same trend (approximately 0.49 A/cm? at the inlet and 0.14 A/cm? at the
outlet), considering an average applied current density of 0.4 A/cm?. In both examples, however, unlike
in the present study, the decrease in current density along the flow direction is nearly linear.

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

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

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

3.1.3 Local temperature distribution - FF variation

The temperature distribution is determined as described in Section 2.1.6.

The experimental temperature measurements inherently account for certain errors due to various
factors, including: (i) a sub-optimal insulation of the environment surrounding the cell and a non-
uniform temperature distribution caused by thermal resistances within the furnace not being precisely
calibrated to the same power level; (ii) non-uniform positioning of thermocouples. To mitigate such
systematic errors, a reference measurement was conducted, in which the cell was replaced, in the
same test bench, with an insulating material (Thermiculite) of identical dimensions, without applying
any gas flow or electrical load. Under these conditions, the recorded temperature reflects only the
errors attributable to the furnace and thermocouples. The difference (AT) between the temperature
measured during the actual experiments (which includes all effects) and that recorded in the reference
test thus represents the temperature variation due to fluid dynamic and chemical/electrochemical
phenomena. The sum of the nominal operating temperature (750°C) and AT yields a corrected
temperature value, effectively compensating for systematic errors introduced by the experimental
setup. The temperature values reported in this work are those obtained following the correction.

Based onthe defined approach, the calculated values are representative of all local phenomenarelated
to cell operation (e.g., fluid dynamic, chemical and electrochemical processes), but not of boundary-
related effects (e.g., cell positioning inside the furnace, non-uniform operation of the furnace’s heating
elements, etc.).
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T @19 A corrected ,T750 °C, H20H2 5050, FF300

(FF =500 mL/min)

Sampling Temperature - Temperature - Temperature -
point model / experimental [°C] model / experimental [°C] model / experimental [°C]
@ H:0/H2=50/50, FF=300 | @ H.O/H>=50/50, FF=500 | @ H.O/H.=70/30, FF =500
mL/min mL/min mL/min

1 744.8+2/747.6 1 743.1+£2/746.6 =1 743.2+2/746.4 1

2 745.1+£2/749.5+1 743.2+2/748.5+1 743.1+£2/748.3%1

3 744.9+2/745.9+1 743.3+2/745.3+1 743.2+2/744.9 1

4 746.5+£2/751.1£1 744.1£2/749.9+1 746.8+2/749.7 £1

5 746.3+2/750.4+1 745.8+2/749.4 1 747.1£2/749.0 %1

6 746.3+2/751.8+1 745.7£2/750.5%1 747.8+2/750.4 %1

7 747.5+£2/752.4+1 746.7+2/750.9+1 747.1+£2/750.8+1

8 747.5+2/750.6 £1 747.4+£2/749.6 £1 747.4+£2/749.3%1

9 748.3+2/749.8+1 747.3+2/748.5%1 747.3+2/748.4 1

10 748.5+2/733.61 747.3+£2/732.8%1 747.3+£2/732.3%1

11 748.5+2/748.4+1 747.5+£2/747.7 £1 747.6+£2/747.2+1
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Table XIV: modelling results for local temperature; as in Table V, condition no.1 (FF = 300 mL/min) and condition no.2
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Figure 29: temperature distribution contour plots; a) condition no.1, experimental; b) condition no.1,
experimental excluding T10; c) condition no.1, model; d) condition no.2, experimental; e) condition no.2,
experimental excluding T10; f) condition no.2, model; g) condition no.3, experimental; h) condition no.3,

experimental excluding T10; i) condition no.3, model.

The results of the analysis are reported in Table XIV and Figure 29, highlighting a few key aspects: (i)
the temperature in the inlet zone is the lowest across the entire cell: in agreement with the simulations
of local voltage and current density (Table Xl, Table Xll and Table XIIl), the high electrochemical activity
— combined with operation in endothermic mode (V < Viuem) — leads to significant heat absorption; (ii)
the central and outlet zones exhibit lower electrochemical activity, resulting in reduced heat absorption
compared to the inlet sections. Consequently, the gas reaches a temperature lower than that of the
surrounding system (750°C), although it tends to approach it; (iii) experimentally, maximum
temperatures slightly higher than that of the furnace are observed. This is not indicative of exothermic
operation but rather of imperfect furnace control, which is not precisely centered at 750 °C; (iv) the gas
temperature decreases with increasing flow rate, as a higher incoming gas flow — assuming constant
cross-sectional area and gas density — results in a higher transit velocity and, therefore, shorter
residence time within the furnace; (v) sampling point 10 consistently records lower temperature values
compared to the surrounding zones, with differences of up to 15 °C. Given the corrections applied to
the experimental data, in principle, no systematic error should be present at that point, although it
appears to deviate from the overall trend observed in both the cell and the model. Future developments
of this study will aim to investigate this aspect more thoroughly, in order to better understand the
underlying cause of the anomaly (e.g., chemical/electrochemical reactions, fluid dynamics specific to
the experimental setup, thermocouple measurement error, or other factors); (vi) if temperature point
T10 is excluded from the experimental mapping, as highlighted in Figure 29, a very similar trend is
observed between the model results and the experimental data - specifically, a cooler inlet zone and
warmer central and outlet regions. Deviations between the model and the experimental results are
limited — less than 1% - thus confirming the consistency between the two.

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

High thermal gradients on the cell surface are well known to be detrimental, as they are a primary cause
of irreversible structural damage, such as rupture and cracking [182], [215], due to uneven thermal
expansion across the cell surface. Thermal gradients within the cell have also been documented in the
literature: Lim et al [216] report a smoothly increasing simulated temperature profile, with a difference
between inlet and outlet of approximately 20 °C for a cell operating in exothermic electrolysis mode at
i =0.6944 A/cm? and V = 1.418 V. Xu et al [108] simulate an SOEC at i = 0.4 A/cm” and V = 1.2867 V,
showing a nearly linear profile and a AT of about 9 °C between inlet and outlet. However, comparison is
limited due to the assumption of uniform voltage and current density across the entire cell surface
made by the aforementioned studies — an assumption not adopted in the present work.

To place the obtained temperature results into context, a review of the literature on thermal gradients
in SOCs was conducted. Several studies suggest a structural safety limit of 5 K/cm for the cell [217],
[218], while Petipas et al. report a value of 10 K/cm [83]. Chen et al. [219] further delineate thresholds
by defining a safe range (< 5 K/cm), a hazardous range (5-8 K/cm), and a high-risk range (> 8 K/cm) for
evaluating SOEC safety. In comparison, the gradients measured in this study (< 4.5 °C across the entire
cell surface, corresponding to an average of 0.5 K/cm) fall well below these thresholds and can
therefore be considered non-critical from this standpoint.

Moreover, a comparison between the present SOEC investigation and previous studies conducted with
a similar setup in SOFC mode ([117], [118], [119]) reveals notable distinctions between the two
operating modes. In SOFC mode, the electrochemical activity was more uniformly distributed along the
fuel electrode surface, whereas in SOEC a pronounced activity was observed near the gas inlet, with
local current densities reaching up to twice the average value. Such behavior is unique to electrolysis
operation, as it induces stronger heterogeneities in gas composition and current density than those
typically observed under fuel cell operation. Furthermore, the present study indicates that Ni re-
oxidation and migration phenomena, likely exacerbated by steep H,O/H, gradients, represent a
degradation pathway specific to electrolysis. Overall, these findings demonstrate that extending the
multisampling diagnostic approach to electrolysis mode not only confirms its versatility but also
reveals degradation mechanisms not evident in fuel cell operation.

3.2 Research Question 2: How does fuel composition affect the performance and
efficiency of SOC stacks in stationary CHP configurations, and which metrics are most
appropriate for comparative evaluation? Is SOC technology suitable for current and
future gas grid scenarios?

From an application-oriented perspective, one of the major potentials of solid oxide cell (SOC)
technology lies in its use for stationary combined heat and power (CHP) generation. Assessing the
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suitability and effectiveness of this technology for such applications requires a thorough evaluation of
system performance under operating conditions that are as close as possible to real-world scenarios.
To this end, the short stack described previously, together with the underlying experimental campaign
design, was specifically conceived to evaluate the performance of SOC technology under
representative CHP operating conditions. The experimental activities were therefore aimed at assessing
the performance of the stack, as well as its operational behaviour under different fuel compositions and
load conditions, in order to provide a realistic evaluation of its potential for stationary cogeneration
applications.

The results in terms of polarization curves and stable power points for each gas composition scenario
are collected to compare the stack performance under the different fuel feedstock scenarios. For the
polarization curves (Figure 30), only the results of the tests in nominal conditions (30 A full-load, FU
70%, 660°C) are reported, for sake of brevity.
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Figure 30: EL350 polarization and power curves in nominal conditions (30 A full load, 660°C, FU 70%) with
different fuel compositions (a);

By analyzing the polarization curves, it can be observed that the 67% H,+ NG composition obtains the
highest OCV, respect to the 100% H, and 100% NG compositions due to higher H,O content other than
presence of other matrix gases (CO, CO,, CH,) in the fuel gas which reduces the Nernst voltage. Under
load the slope of the polarization curve is strongly dependent on the gas composition. The 100% H,
composition obtains the best performance with highest voltage and power (around 13 V and 390 W
respectively) at the nominal current (30 A). Instead, a worse performance is obtained under load with
the two reformate compositions (around 12.4 V vs. 11.7 V and 375 W vs. 350 W, respectively) with a
similar slope throughout the polarization curve, maintaining the offset determined by the different OCV
values (around 14.7 V vs 15.3 V respectively).

The performance maps of the short stack at different single-pass FU and temperature conditions are
reported in Figure 31. The maps are based on the stable operating points for which a constant power
output has been recorded during the short-term stability tests for >2 h to ensure that a stationary
thermal, chemical and electro-chemical regime is reached.
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Figure 31: EL350 performance maps with different fuel compositions: (left) var FU (30 A full load, 660°C);
(right) var T (30 A full load, FU 70%)

The numerical results of the performance maps (Table XV) confirm that the highest output power is
obtained at lower FU (since at equal current less hydrogen is consumed, and the stack and cell voltages
are higher) and at higher temperature (which benefits the thermally activated phenomena).

Table XV: Performance map in nominal conditions with different fuel compositions.

Stable operation points

[1} 0 (1)
P stack (W) @ 30 A 100%H2 67%H2+NG 100%NG
FU 50% 394.50 387.60 373.20
FU 60% 391.20 386.10 372.90
FU 70% 386.40 381.60 369.90
[640°C - 710°C] [385.20-386.43] [379.20-382.50] [367.80-370.20]

The efficiency trend is repartitioned differently between the gases compositions according to the
formulation considered for its calculation. The following tables (Tables IV - IX) report the efficiency
results, divided into inlet fuel composition scenario and type of efficiency formulation (stack- or
system- level).
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Table XVI: Stack-level efficiency map in nominal conditions in the 100% H> compositions.

Stable operation points

FU 70%

“na (%) @ 30 A FUS0% FU60% [640 °C — 710 °C}
Nsrackw/o Fu 35.0% 41.7% 48.0% [47.9 - 48.0%]
MSTACK w/FUg, 70.1% 69.4% 68.6% [68.4 - 68.6%]
MSTACK w/FU ey 70.1% 69.4% 68.6% [68.4 - 68.6%]

NSTACK w/o FU H2 equivalent

NSTACK w/FUy, H2 equivalent

TISTACK W/FUey, H2 equivalent
NSTACK w/o FU chem conv
MSTACK w/FUyp, chem conv

Nstack W/FUgxp chem conv

Table XVII: System-level efficiency map in nominal conditions in the 100% H> compositions.

Sta?ﬁelo?“e/:; ggopjfnts FUS0% FU60% [640122 z070{(;) °C]
TsySTEM 41.4% 49.3% 56.8% [56.6 — 56.8%]
TSYSTEM w/FU, 70.0% 69.5% 68.6% [68.4 — 68.6%]
TSYSTEM W/FUqyy 70.0% 69.5% 68.6% [68.4 — 68.6%]

NSYSTEM H2 equivalent
NSYSTEM w/FU,j, H2 equivalent
TISYSTEM w/FUeyp H2 equivalent

MSYSTEM chem conv
NSYSTEM w/FUyj, chem conv

TISYSTEM W /FUexp chem conv
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Table XVIII: Stack-level efficiency map in nominal conditions in the 67% H, + NG compositions.

Stable operation points
-Ne (%) @30 A

FU 50%

FU 60%

FU 70%
[640 °C — 710 °C]

NSTACK w/o FU

NSTACK w/FU,p,

TISTACK W/FUeyxy
NSTACK w/o FU H2 equivalent
NSTACK w/FUy, H2 equivalent
TISTACK W/FUey, H2 equivalent

NSTACK w/o FU chem conv
MSTACK w/FUyp, chem conv

Nstack W/FUgxp chem conv

36.7%
73.3%
61.3%
34.6%
69.1%
57.8%
41.2%
82.4%

68.8%

43.9%
73.1%
63.0%
41.3%
68.9%
59.3%
47.8%
79.6%

68.6%

50.4% [50.1% - 50.5%]
72.0% [71.6% - 72.2%]
67.1% [66.1% - 67.9%]
47.5% [47.2% - 47.6%]
67.9% [67.5% - 68.0%]
63.2% [62.3% - 64.0%]
50.9% [51.0% - 50.5%]
72.8% [72.9% - 72.2%]

67.8% [67.3% - 67.9%]

Table XIX: System-level efficiency map in nominal conditions in the 67% H> + NG compositions.

Sta?:lee.o?‘;:; t(gnslop:fnts FU 0% FU 60% [640EICJ ZO701A)0 °C]
Nsvstem 43.2% 51.5% 59.5% [59.1% - 59.6%]
——— 72.7% 72.5% 71.6% [71.2% - 71.8%]
T 62.0% 63.5% 67.2% [66.3% - 68.1%]
NsvSTEM H2 cquivatent 40.8% 48.7% 56.3% [55.9% - 56.4%]
SV STEM w/FUm H2 equivatent 68.8% 68.6% 67.8% [67.3% - 67.9%]
SV STEM w/FUpep H2 equivalent 58.6% 60.1% 63.6% [62.8% - 64.4%)
NSy sTEm chem conp 47.9% 55.6% 60.0% [60.0% - 59.5%]
TSV STEM w/ FUgn chem cony 80.8% 78.2% 72.2% [72.2% - 71.6%)
TSV STEM w/FUony chem cono 68.8% 68.6% 67.8% [67.3% - 67.9%)
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Table XX: Stack-level efficiency map in nominal conditions in the 100% NG compositions.

Stafl::elol()f/or;l %’35’ o FUS0% FU60% [640€lcJ e °C|
NSTACK w/o FU 35.1% 42.0% 48.6% [48.3% - 48.7%)]
NISTACK w/FU¢p 70.1% 70.1% 69.5% [69.1% - 69.5%]
TISTACK W/FU o 63.4% 64.4% 63.8% [62.7% - 63.8%]

TISTACK w/0 FU H2 equivalent 33.3% 39.9% 46.2% [45.9% - 46.2%)]

TISTACK w/FUy, H2 equivalent 66.6% 66.6% 66.0% [65.6% - 66.0%]

TISTACK W/FU,yp H2 equivalent 60.2% 61.1% 60.6% [59.6% - 60.6%]

TISTACK w/0 FU chem conv 36.6% 43.2% 50.0% [50.3% - 50.2%]
TISTACK w/FUy, chem conv 73.3% 72.1% 71.5% [71.9% - 71.7%]
TISTACK W/FUeyp chem conv 66.3% 66.2% 65.7% [65.3% - 65.7%]

Table XXI: System-level efficiency map in nominal conditions in the 100% NG compositions.

Stakls;)l()f/or;l 22;"35’ e FU 0% FU 60% [640ElcJ ZO701A)0 °C]
Nsvstem 48.0% 57.6% 65.8% [65.5% - 65.9%]
——— 72.1% 72.1% 71.5% [71.1% - 71.5%)]
T 63.1% 64.3% 63.7% [62.0% - 63.2%]
NsvSTEM H2 cquivatent 44.1% 53.0% 60.5% [60.1% - 60.5%)]
SV STEM w/FUm H2 equivatent 66.3% 66.2% 65.7% [65.3% - 65.7%)
SV STEM w/FUpep H2 equivalent 58.0% 59.1% 58.5% [57.0% - 58.1%]
NSy sTEm chem conp 50.4% 59.3% 67.9% [68.9% - 68.5%]
TSV STEM w/ FUgn chem cony 75.7% 74.1% 73.8% [74.8% - 74.4%)
TSV STEM w/FUony chem cono 66.3% 66.2% 65.7% [65.3% - 65.7%)

Forthe 100% H, composition, some formulations of the efficiency (Eq. 65— 76) are not defined because
the contribution given by the carbon-containing gases is non-existent, hence they lead to identical
results.

The formulations of the efficiency based on the total inlet-outlet flow rates, which are indicators of the
goodness of the total inlet fuel conversion (based on Eq. 59, 62, 65, 68, 71, 74), tend to show lower
values especially at stack level (between 35-50%, as shown in the aforementioned tables below) than
those obtained only considering the reacting fuel (60 — 75%). 100% NG is the composition with best
performance, followed by the 67% H, + NG and the 100% H,. Such values are limited by the single-pass
FU since the chemical energy of the unreacted fuel at the outlet is lost. The stack efficiency calculated
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with this formulation increases with increasing single-pass FU since the amount of unconverted fuel is
reduced.

The polarization curves (Figure 30) for the three composition scenarios are all quite linear, denoting a
stable operation in the ohmic regime, with the exception of the 100% NG composition around the
nominal load current which shows a slightly non-linear voltage drop, possibly related to off-gas
management problems of the test bench setup (high content of steam at the exit of the fuel side may
cause flooding and incomplete gas evacuation, also denoted by anomalous values of the output
pressure). The drop of performance for the reformate compositions with respect to the 100% H.,
composition can be ascribed to the fact that the reformate compositions entail more complex reaction
chains, with possible kinetic effects of the chemical reactions (not all the CH, and CO is completely
converted to H,). In addition, the SMR reaction is strongly endothermal, causing a reduction of the in-
stack temperature (negatively affecting the internal resistance and thermally activated phenomena,
which is closely connected to the polarization slope which is the main affected parameter).

In alighment with the results obtained from the polarization tests, the performance maps confirm that
the 100% H, composition shows the highest power output (385.2-394.5 W) respect to the reformate
compositions (379.2-387.6 W and 367.8-373.2 W for 67% H.+ NG and 100% NG, respectively). The
variation of output power with temperature is quite limited since the lower temperature is quite close
to the nominal temperature (640°C vs. 660°C) and thermal inertia might limit the performance deviation
while at high temperature (710°C) possibly the in-stack optimal temperature window is exceeded,
inhibiting the beneficial effect of the increase in temperature. The power variation with FU is stronger
(between = 1-2%) respect to the variation with temperature (between = 0.5-1%).

Some considerations regarding the efficiencies are now made.

An increase of FU is performed by reducing the fuel chemical inlet power; as reported in the Tables IV —
IX, this is followed by an increase in the efficiencies that do not take into account the FU itself, both at
stack- and system- level. This is because low FU conditions are penalized by the higher lost chemical
energy of the unreacted fuel.

In the definition of the efficiencies that consider the FU, be it theoretical or experimental, the variation
of theresults is not extremely evident (below 5%), regardless of the FU value: this is because a decrease
in inlet chemical power (hence increase of the FU) is to a greater extent than the reduction of electrical
power that occurs, and it is such that, overall, nwr remains quite stable as FU varies. To be more
precise, it can be stated that as FU increases, nwru decreases slightly, since the lower quantity of fuel
fed to the stack hinders the chemical and electrochemical reactions.

The results also indicate that the efficiencies that include FUy, are always more optimistic than those
with FU.: the latter is always higher than the former, because it takes into account the fact that the
inlet fuel is not entirely converted into H,, hence a lower amount of H; to react electrochemically is
available. With less H; available but equal H, reacting, FU increases. Therefore as a certain FUy, is fixed,
the corresponding FU.y, is always higher, thus nwiruexp is the equivalent of nwrun calculated with a higher
FU. Inthis case, the best performance is given by the 100% H, scenario, with the 67% H, + NG and 100%
NG with similar values: no significant differences between compositions can be observed, and they do
not exceed the 5-6 % range.
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With all the three formulations (standard, H, equivalent and chemical conversion) similar results are
achieved: given a certain composition, the gap between resulted always within the 5-6% range, with the
most optimistic definition being the “chemical conversion” (Eq. 71 - 76).

It can also be observed that the highest stack-level efficiency is obtained for the 67%H, + NG
composition, followed by the 100% NG composition and only lastly by the 100% H, composition: that
is because the input chemical power contained by the fuel gas in the reformate compositions is lower
(ca. 755-760 W) than the one contained in the 100% H, composition (ca. 800 W) due to higher H,O and
CO; content which dilute the mixture and decrease the calorific value of the fuel. This means that, at
the stack level, although the highest power output is obtained with 100% H, conditions, the overall
energy balance is more advantageous for the reformate compositions since similar electrical output
power is obtained with a lower energy quality of the inlet fuel, denoting a better valorization of the
processed fuel.

The impact of temperature on the efficiency (in all three formulations) is limited (between +1%) due to
the limited impact on stack performance for the abovementioned reasons.

At system-level the trend of efficiency among the gas composition scenarios is mainly affected by the
recirculation of the off-gas to the external pre-reformer, which in turn affects the internal energy
balance of the system and determines the requirement of fresh fuel. In fact, considering the higher LHV
of CH, respect to H, on a volume basis (11 kWh/Nm?vs. 3 kWh/Nm?, respectively [220]) and the higher
RR and global system, the 100% NG case requires much less fresh fuel respect to the 100% H, case
(51.64 NU/h vs. 230.44 NU/h).

3.3 Research Question 3: What is the potential of rSOC systems for integration with
renewable energy sources and for energy storage applications in residential and
industrial scenarios?

Another application domain of particular relevance is the integration of different clean and efficient
energy production technologies in order to enhance the strengths of each while mitigating their
respective limitations. In this context, the coupling of reversible solid oxide cell (rSOC) technology with
photovoltaic generation exhibits substantial potential. This aspect is specifically investigated in the
present doctoral work through the development of a dedicated experimental test bench and the
implementation of a modeling framework, both associated with an ad-hoc experimental study
described in detail in Section 2.3.

An electrolyte-supported 5 x 5 cm (active area 16 cm?) single cell is investigated, and cell performance,
prior to the actual test campaign, have been evaluated through polarization curves, both in fuel cell and
electrolysis mode. The system includes a temperature-programmed furnace that houses the cell,
allowing it to reach and maintain the desired operating temperature consistently throughout the test
runs. Pictures of the cell, cell housing and of test station in ENEA facilities can be found in Figure 32.
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Figure 32: Cell (a), cell housing (b) and single cell test station (c) utilized for the test runs.

After system assembly, the startup procedure and the cell reduction are performed. Subsequently, cell
performance is assessed: in SOFC mode, the fuel flow and composition set are H,/N» 90/10 %vol, with
a total flow of 300 Nml/min and an air flow of 800 Nml/min at the air electrode-side; in SOEC mode, the
composition is H,O/H, 70/30 %vol, again with a total flow of 300 NmU/min at fuel electrode-side, and
800 NmU/min at air electrode-side. A composition with a higher water content was not obtainable due
to test rig limitations. The same compositions and flow rates have been used in the following test
campaign itself. The nominal working temperature of the cell was set to 800 °C. Feed-gas compositions,
flow rates and other operating parameters are given in Table XXIl, and curves in both modes are reported
in Figure 33.

Table XXII: experimental working conditions for the 16 cm? electrode-supported single cell

Working mode  Fuel flow rate H, H,0 N> Air flow rate
SOFC 300 Nml/min 270 Nml/min - 30 Nml/min 800 Nml/min
SOEC 300 Nml/min 210 Nml/min 90 Nml/min - 800 Nml/min
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Figure 33: Single cell characterization — IV curves in SOFC (a) and SOEC (b) mode.

The experiments were carried out imposing a 1 A/min current sweep until the voltage of 0.7 V was
reached in SOFC mode (1.3 Vin SOEC mode). In fuel cell mode, the maximum power delivered by the
cellwas -7.73 W at 0.69 A/cm?. The fuel utilization at maximum power was 28.4%. In electrolysis mode,
the maximum cell power absorption was 11.64 W at 0.56 A/cm?, with the 30% steam conversion.

According to the specifications provided by the test station manufacturer, the voltage reading is subject
to an uncertainty of =+ 1%. Assuming an average operating voltage of 1 V, this corresponds to a
measurement error of £ 10 mV. The error bars shown in Figure 33 provide a graphical representation of
the propagated uncertainty across the IV curves.

For this experimental campaign, excessively high levels of fuel utilization/steam conversion were
intentionally avoided to prioritize achieving higher current densities. To this end, a relatively high inlet
gas flow rate was employed relative to the cell size, which allowed a substantial increase in current
density (significantly variable during the test runs) in order to focus on maximizing electrical stress on
the cell rather than fluid dynamic stress. As shown by the highly stable |-V curves across the entire range
of current densities examined in Figure 33, consistent behavior and stable performance across all runs
is ensured, and no signs of concentration losses were observed in either SOFC nor SOEC mode, despite
the high currents reached. The operating window for both SOFC and SOEC modes was deliberately
chosen to avoid concentration polarization, maintaining current densities within regimes dominated by
activation and ohmic losses. This approach isolates the degradation mechanisms to electrochemical
phenomena, excluding mass transport limitations as a contributing factor.

3.3.1 Typical days definition

To extrapolate typical days from the yearly energy consumption dataset, statistical learning in the form
of clustering has been used, that is a type of unsupervised learning [221], [222]. Typical days are then
used to run the experimental campaign. In detail, the K-means clustering algorithm has been
implemented [223], [224], [225], [226], [227]. The goal of this technique is to find clusters, or subgroups,
in a dataset. Each cluster is made of components similar to each other according to a mathematical
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definition. The algorithm divides the dataset in a predetermined number of clusters and then iteratively
rearrange their composition to minimize the cluster variation, as shown in Eq. 95:

minimize{}_, W (Cy)} (95)

where W(C},) is the Euclidean distance between the vectors included in the cluster k, while K is the
number of clusters. We apply the algorithm to each month separately looking for two clusters. The two
resulting typical days are represented by the two centroids of the clusters. In this way, we can represent
each month with two typical days counting for working days and week-end days.

Once the most representative days for each month have been determined (that is, the most demanding
onthe cellin terms of power out of the two selected by the algorithm for each month), the 12 net profiles
atreal scale level are obtained, as defined by Eq. 78. The 12 typical days are shown in Table II.

Although not explicitly specified by the test bench manufacturer, a conservative current measurement
uncertainty of £+ 10 mA has been assumed across all operating points. Combined with the previously
stated voltage uncertainty, the resulting propagated error on the power values reported in Table XXIIl is
estimated to be approximately = 2 %. This level of uncertainty is sufficiently low to support the reliability
of the calculations presented.

Table XXIII: Net power profiles of the 12 most representative days of the year, at real-scale level

Net power (W)

Hour of Jan Feb Mar April May Jun Jul Aug Sep Oct Nov Dec

day (h)

00-1 -103.9 -142.0 -1211  -100.5 -155.1 -1019 -176.4 -79.1 -152.6 -74.4 -77.9 -76.6
1-2 -214.5 -122.4 -93.9 -180.8 -88.3 -77.6 -143.3 -84.7 -98.1 -120.6 -113.2 -76.1
2-3 -75.8 -132.4  -140.6  -120.9 -77.5 -77.2 -78.8 -162.4  -153.3  -137.5 -172.1 -77.8
3-4 -78.4 -77.9 -81.3 -81.1 -117.3  -114.2 -79.1 -98.7 -93.6 -154.8  -124.8  -131.6
4-5 -100.1 -119.3  -1454 -94.3 -172.5  -265.4 -56.8 -152.5 -85.2 -109.6 -79.5 -319.1
5-6 -205.2 -2089  -309.6  -288.3  -146.7 112.6 16.0 11.9 -132.1 1773 -216.5 -203.6
6-7 -642.2 -772.4  -1082.5 365.2 677.3 1043.0 591.8 402.7 66.5 -690.9  -438.4 -1400.1
7-8 791.7 543.3 835.9 1383.6 1962.7 1691.3 10789 17659 1396.8 1006.1 772.3 112.5
8-9 2380.3 2452.2 3027.3 3074.6 2890.3 2946.7 3243.0 14716 13959 1008.4 2251.5 1893.6
9-10 2746.7 3080.9 3844.4 3296.3 2999.6 2897.6 4280.1 3088.3 3910.3 2846.5 3835.0 2866.1

10-11 3213.6 4456.2 3723.2 4984.5 4154.1 3680.1 4559.5 3996.9 33114 29425 3840.8 4001.7

11-12 5051.6 4436.4 5235.6 4601.6 4979.3 3832.8 4427.0 4267.1 4466.9 35773 33740 4216.9

12-13 4792.7 4009.8 4627.5 4199.5 4692.5 3649.6 4830.6 44384 3530.6 3548.0 34154 42329

13-14 2608.6 3351.1 44185 3854.6 3562.7 3800.8 3836.3 3785.6 2813.8 2746.8 2289.3 3553.3
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14-15 1474.7 2941.0 30325 26789 25044 1931.1 3283.2 2916.5 774.9 2045.8 23129 1483.2
15-16 -157.3 1587.3 2396.3 1016.5 1557.3 2172.6 1616.3 1844.8 -73.9 740.8 183.4  -1128.3
16-17 -306.7 -123.7 341.9 754.6 835.8 666.8 745.6 791.4 178.5 -732.6 -621.1 -421.3
17-18  -1330.1 -378.3 -790.4  -227.5 -48.4 1111 -150.6 -1056.4 -431.4 -916.6 -333.0 -343.3
18-19 -458.6 -513.4 -158.5 -397.1 -206.2 226.8 -440.4  -959.9 -1058.7 -646.3 -1501.7 -150.8
19-20 -125.1 -752.7 -319.4  -308.5 -696.9 -176.6 -716.6 -706.2 -696.2 -888.6 -857.4  -292.1
20-21 -314.9 -198.1 -473.8 -645.1 -190.3 -248.8 -723.6  -1720.6 -236.9 -1110.8 -569.8 -1009.2
21-22 -213.4 -246.9 -170.1 -164.3 -144.6 -161.7 -2313.9 -3345 -242.4  -199.5 -475.6 -889.1
22-23 -99.3 -163.7 -118.5 -187.2 -154.1 -196.4 -2644.2 -191.0 -224.2 -353.6 -199.7 -428.8
23-24 -77.6 -77.5 -77.5 -224.8 -132.6 -111.3  -1948.2 -100.1 -123.9 -126.9 -174.6 -132.4

Despite the simplification of the case study and its target to bring out the most challenging working
condition for the rSOC single cell, some of the main characteristics of the real net power profile (Figure
22) have remained quite unaltered: the maximum power absorbed in SOEC mode is 5.23 kW, recorded
in March’s most representative day at 11 a.m., not far from the actual maximum power in SOEC, which
the simulation estimates to be 5.66 kW (see Section 2.3).

In fuel cell mode, the approximation with 12 representative days identifies a maximum power
production of -2.64 kW, whereas the simulation over the entire year was -4.54 kW. The difference
between these values is to be attributed to the low frequency of occurrence of particularly high levels
of power production (e.g. < -3 kW).

The final step prior to the definition of the experimental campaign consists of the downscaling of the
values obtained at real scale level. Two scaling factors are defined, as in Eq. 96 and Eq. 97.

, . max power stack in SOEC 5240 W
scaling factor in SOEC (SFE) = power . | = = 450 (96)
max power single cell in SOEC 11.64 W
, , max power stack SOFC 2640 W
scaling factor in SOFC (SFFC) = porver | = = 341 (97)
max power single cell SOFC 7.73 W

SFE is considered, as it is the largest of the two and therefore it is an indicator of the limiting condition.
Dividing the real scale level values by the scaling factor in electrolysis mode enables the cell to work in
its operating power window: the maximum real scale SOEC and SOFC power correspond to 11.64 W
and -5.88 W at single cell level respectively, within the 11.64 W +-7.73 W range identified in Section 3.3.
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After these considerations, the 12 net power profiles are splitinto SOEC and SOFC mode, and ultimately
correspond to the power profiles imposed to the laboratory rSOC. It must be noted that the trends
remain the same, the power magnitude has been downscaled at single cell level.

3.3.2 CUSUM approach and cell characterization

The Cumulative Sum (CUSUM) method is a sequential analysis technique used for change detection
monitoring. It takes as input a reference value of a specific variable and its observed values over time.
The algorithm accumulates the deviations between the current value and the reference value over time,
thus providing the magnitude of the variations of the examined variable. Each point on the CUSUM chart
represents the cumulative sum of deviations observed up to that moment. This method allows for a
deeper analysis of the system’s energy behavior [228], [229].

In the specific case under consideration, the reference variable used to monitor the system’s
performance was the cell efficiency, defined according to the cell’s operating mode (SOFC or SOEC) as
indicated in Eq. 98 and Eq. 99.

Ncell,soFc = m (98)
Ncell,soEC = w (99)
P=V-] (100)
Qu, = # (101)

Where Neeu, sorc € Neeu, soec [-] are the cell efficiencies in SOFC and SOEC modes, respectively, P[W]is the
power produced (SOFC) or absorbed (SOEC), Qn. [mol/s] is the flow rate of hydrogen electrochemically
converted (SOFC) or produced (SOEC), F is the Faraday’s constant [96487 C/mol], V[V] and I [A] are cell
voltage and current. As observed, the considered reference parameter was the single-pass cell
efficiency, which accounts only for the amount of fuel/water electrochemically converted and not the
total supplied to the cell, following the definition given by [196].

Using this definition, the cell efficiency was mapped across the entire range of current densities
explored during the performance characterization analysis shown in Figure 34, both in SOFC and SOEC
mode.
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Based on the specifications provided by the manufacturer, the flow meters are subject to a
measurement uncertainty of £0.5%. Under these conditions, the resulting propagated error on the
calculated efficiency is estimated at approximately = 2.3 %.
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Figure 34: plots of the cell efficiencies defined in Eq. 98 and Eq. 99, in SOFC and SOEC mode.

Figure 34 shows the reference efficiency values, calculated at the beginning of the campaign using the
definitions provided in Eq. 98 and 99. These efficiency values are hereinafter referred to as the expected
cell efficiency, or ney(i) [-]. The efficiency will be evaluated at each time step of the experimental
campaign (1 min), and any deviation of the instantaneous efficiency from the reference value for a given
current density will be considered by the CUSUM method.

The efficiency ratio (ER) is now defined:

ER = Newrr (@) 102
Nexp (D) ( )

Where neur(i) [-] is the current cell efficiency.

Given that the study’s resolution is 1 minute, the efficiency ratio difference (ERD) is calculated at each
time interval (t). The ERD represents the difference between the efficiency ratio (ER) and the reference
efficiency ratio (RER), which is set to 1, assuming the ideal scenario where the cell maintains the same
efficiency as at the beginning of the campaign for a given current density.

Negative ERD values indicate a decline in cell performance during that interval, with larger negative
values corresponding to more significant performance drops. Conversely, positive values suggest
improved performance.
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ERD(t) = ER(t) — RER(D) (103)

Finally, the CUSUM efficiency ratio difference (CUSUM) is defined as the sum of all ERD values
accumulated throughout the campaign:

CUSUM = ¥, ERD(¢) (104)

It is important to emphasize that CUSUM is a dimensionless parameter whose absolute value alone is
meaningful only when compared with the same parameter calculated under identical conditions in a
different experimental campaign. Therefore, its absolute value is useful for comparing SOFC and SOEC
campaigns, while its trend and the slope of its curve plotted over time during each campaign represent
the cell’s performance decline and, consequently, the degradation it is experiencing.

Moreover, since CUSUM is a dimensionless parameter whose absolute value is meaningful only when
compared across different operating modes, its direct interpretation in terms of cell performance
degradation remains limited. Given that the measurement uncertainties on voltage, current, and flow
rate are identical for both SOFC and SOEC modes, the propagated error on CUSUM is effectively the
same in each case. As the focus of the analysis lies in the comparative evaluation of CUSUM between
these two modes, assessing the uncertainty propagation on CUSUM itself is not considered particularly
relevant.

Following the initial characterization tests, the cell was operated following the procedure described in
Section 2.3 and illustrated in Table XXII. The first set of tests was conducted in SOFC mode, followed by
the SOEC phase of the campaign.

Due to an instrumental limitation, the electronic load was unable to absorb (in SOFC mode) or supply
(in SOEC mode) and maintain an electrical load below 0.28 W, corresponding to a minimum current of
0.25 A (0.015 A/cm?) in SOFC operation and 0.65 A (0.04 A/cm?) in SOEC operation. In practice, this
means that no power was absorbed or supplied whenever the minimum power limit was not met. Power
analysis showed that all power levels below 3.62 % of the maximum power in SOFC mode and 2.41 %
in SOEC mode were therefore excluded. As a result, the unaccounted energy during the entire
experimental campaign represented approximately 10 % of the total energy produced by the cell in
SOFC mode and 0.31 % of the total energy consumed in SOEC mode. Even if the electronic load had
been capable of imposing any current value, operating below 0.015 A/cm? (SOFC) or 0.04 A/cm? (SOEC)
would have subjected the cell to an electrochemical load so low as to be practically negligible. Such
low current densities are not expected to cause any measurable electrochemical stress or degradation.
For comparison, Shen et al [230] observed virtually no degradation in SOEC operation at 0.3 A/cm? after
2000 h, confirming that degradation effects are still insignificant at much higher current densities than
those excluded here.

Although in SOFC mode the unaccounted energy represents about the 10 % of the total, this value is
determined mainly by the long duration of low-load periods rather than by the negligible magnitude of
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the excluded currents (below 2 % of the maximum). Consequently, these omitted operating points have
a marginal impact on cell degradation, as electrochemical activity in that range is minimal.

While this condition may slightly reduce the representativeness of the imposed load cycles, it has no
effect on the cell degradation behavior, given the irrelevance of the excluded current range. Since the
main objective of this experimental campaign was to investigate the cell’s response and degradation
under realistic, highly dynamic, and electrically stressful conditions, the exclusion of such low-load
periods had virtually no influence on the final outcome.

Minimal voltage fluctuations were observed in SOFC mode, with a maximum deviation (under load)
between the highest and lowest voltage of 14 mV (1.44%) between 17:00 and 18:00 in January. The
highest standard deviation of the voltage was 4 mV. In SOEC mode, the fluctuations were more
pronounced: Table XXIV reports the number of times the voltage oscillation (i.e., the difference between
the current voltage and the maximum voltage) exceeded 5% and 10%, respectively, within a given time
range, for each representative day. Over the course of the entire campaign, the 5% and 10% thresholds
were exceeded on 404 and 145 occasions respectively, corresponding to 2.36% and 0.84% of the total
SOEC operating time. This phenomenon certainly contributed to an accelerated degradation of the cell;
however, given the low frequency of occurrence, it does not compromise the validity of the test.

Table XXIV: count of voltage exceedances above 5% and 10% thresholds during the SOEC campaign

Typical day Number of 5% exceedances Number of 10% exceedances
(% of time) (% of time)
Jan 10 (0.7%) 3(0.21%)
Feb 39 (2.71%) 9 (0.62%)
Mar 30 (2.08%) 8 (0.55%)
Apr 49 (3.4%) 23 (1.6%)
May 40 (2.78%) 13 (0.9%)
Jun 43 (2.99%) 21 (1.46%)
Jul 48 (3.33%) 16 (1.11%)
Aug 43 (2.99%) 14 (0.97%)
Sep 25 (1.74%) 9 (0.62%)
Oct 17 (1.18%) 8 (0.55%)
Nov 34 (2.36%) 13 (0.9%)
Dec 26 (1.8%) 8 (0.55%)
TOT 404 (2.34%) 145 (0.84%)
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Figure 35: CUSUM trend across the entire test campaign, in SOFC and SOEC mode.

Figure 35 presents the CUSUM function trends (defined in Eq. 104) for both testing modes, which are
used to analyze the drop in cell performance. As explained previously, the absolute CUSUM values for
the two modes are compared only because they are calculated using the same method and time step.
Itis immediately evident that the test runs in SOEC mode have a more significantimpact on degradation
than those in SOFC mode, with a final CUSUM value of 36 for SOFC and 74 for SOEC. Electrolysis is thus
responsible for 67% of the overall efficiency reduction, indicating double the degradation compared to
fuel cell operation.

In SOFC mode, the degradation appears almost perfectly linear from minute 0 to minute 17280, with a
slightly more pronounced deterioration towards the last quarter of the experimental campaign. This
trend aligns with expectations: during the initial phase (when the cell is not degraded), a steady
performance decay is observed. After several hours of load cycling, the accumulated degradation leads
to a drop in cell voltage under the same current density, resulting in an increased current density
absorbed by the electronic load to maintain the same power output. This loop accelerates the
degradation rate, as observed in the final days of testing. For instance, the analysis for December shows
that at 6:00, with a power output of 3.11 W, the initial IV curve (Figure 33) suggests an expected voltage
of 957 mV and a current of 3.25 A. However, the cell operated at 945 mV and 3.29 A instead.

The analysis performed using the CUSUM approach also allowed the quantification of the degradation
observed in the cell under both operating modes. A calculation in terms of voltage drop percentage, as
commonly reported in the literature, could not be carried out due to the absence of constant load
operation throughout the testing campaign. In this context, even a comparison between the IV curves
obtained at the beginning and at the end of each test run would not have yielded meaningful results.
Such a comparison would only reflect the performance deviation of the cell at the final state of each
testing block (e.g., it would misleadingly suggest negligible degradation in SOEC, since — as shown in
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Figure 35 -the cell’s performance at the end of the SOEC campaign is very close to its initial values, thus
neglecting any intermediate variations).

Therefore, the determination of the percentage performance decay was performed by evaluating the
average deviation in cell efficiency from the reference value over the entire test duration. In SOFC mode,
a performance degradation rate of 0.73 %/1000 h was observed, while in SOEC mode this value
increased to 1.5 %/1000 h. This further confirms that the degradation observed in SOEC is
approximately double that of SOFC. These values are quite consistent with the experimental literature
on rSOC cells under variable load conditions, such as the work by Sampathkumar et al [165] in which a
voltage degradation rate of 1.64 %/1000h in SOEC mode and 0.65 %/1000h in SOFC mode is observed,
under fuel and steam utilization of 52%. Similarly, Riegraf et al. [166] instead report voltage degradation
rates of +0.58 %/1000h in electrolysis mode and -1.23 %/1000h in fuel cell mode. The higher
degradation rate during SOFC operation was attributed to a more pronounced relative increase in ohmic
resistance, which was hypothesized to result from the complex interaction between temperature and
electrical bias affecting the oxygen electrode contact.

Table XXIII shows that the temporal distribution of SOFC and SOEC operation is relatively balanced
throughout the year, with about 12 hours of operation per mode daily. The electrical load curve in SOEC
mode is more sensitive to monthly variations, with March-April reaching up to 1.5 times higher power
levels than October-November. Additionally, in SOEC mode, power values are generally 2 to 3 times
higher than those in SOFC, resulting in current densities and voltages closer to their respective limits.
Current densities in SOEC mode exceed 0.50 A/cm?, whereas in SOFC, except for the July outlier (-0.45
A/cmz), they never exceed -0.26 A/cm?®. This phenomenon can also be observed in Figure 22, where the
higher amplitude of power peaks in SOEC mode compared to SOFC is clearly visible, contributing more
significantly to overall degradation.

This maximum current density ratio of i_max_SOEC /i_max_SOFC = 2 aligns well with the contributions
to performance degradation from each mode, suggesting that, under equivalent loads, more similar
overall CUSUM values — and thus similar degradation levels — can be expected, making the different
load peaks one of the reasons why a higher degradation in SOEC was observed. The results obtained in
this study therefore fall in between previous studies that identify SOFC mode as the most detrimental
[63], [87], [163] and those that report greater degradation in SOEC [138], [164], [165], cited in previous
sections, ultimately pointing out that, in absolute terms, the operation that proved to be the most
demanding for the cell was electrolysis.

A theoretical review of the literature indicates that the higher degradation rate observed in SOEC
operation arises from several mechanisms intrinsic to electrolysis conditions. In SOFC mode, the most
common degradation processes include nickel coarsening and carbon deposition at the fuel electrode,
chromium poisoning at the air electrode, and thermomechanical stresses [231], [232], [233], [234].

In the present system, many of these are negligible: carbon deposition is absent due to the lack of
carbonaceous fuels, chromium poisoning is avoided in the absence of metallic interconnects, thermal
stresses are minimized by the controlled operating temperature, and nickel coarsening is limited by the
relatively low current densities. Conversely, during SOEC operation, the dominant degradation
mechanisms reported in the literature are nickel coarsening and migration at high current densities and
steam contents, delamination of the LSM oxygen electrode - significantly accelerated compared to
SOFC mode - electrolyte (YSZ) degradation under the strongly corrosive environment of electrolysis,
and thermal cycling effects [71], [73], [89], [217], [235], [236], [237].
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Overall, degradation phenomena are markedly more pronounced under electrolysis conditions,
explaining the experimentally observed degradation rate being approximately twice that of fuel cell
operation.

Other factors contributing to the higher degradation rate in SOEC mode have been identified:
(i) As previously mentioned, the previous SOFC campaign partially deteriorated the cell, which resulted
into higher operating voltages than anticipated under any condition; (ii) The non-ideal water feed supply
caused voltage spikes (voltage scattering), temporarily pushing voltage to higher levels, further
exacerbating the degradation.

To further strengthen the validity of the CUSUM-based approach, the IV curves acquired at the end of
each experimental campaign have now been included and are presented in Figure 36. It can be observed
that, in SOFC mode, the IV curve obtained at the end of the campaign shows lower voltage values than
the one recorded at the beginning of the test, corresponding to an average voltage decrease of
approximately 1.14 % per 1000 h. Since efficiency and voltage are linked by a proportional relationship
(see Eq. 98 and Eq. 100), the efficiency and voltage degradation trends appear to be well aligned.

A similar comparison was carried out for the SOEC mode. To avoid a direct comparison between the
pre-test IV curve and the post-SOEC curve —which would include the degradation already accumulated
during the preceding SOFC operation —an additional IV curve was acquired in SOEC mode immediately
after the SOFC campaign. This intermediate measurement allowed to estimate the degradation
contribution from the SOFC operation and to correct the final SOEC IV curve accordingly. The resulting
SOEC curve therefore accounts solely for the degradation contribution (approximately 1.52 % per 1000
h, in terms of voltage) associated with the SOEC campaign, confirming the strong correlation between
the CUSUM-based analysis and the conventional IV curve-based approach.
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Figure 36: Single cell characterization — comparison of IV curves pre- and post-experimental campaign, in SOFC (a) and
SOEC (b) mode.
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Unlike the main references in the literature, the electrical load imposed on the cell was, on average,
lower, yet a higher average degradation was observed. This result highlights the tangible — though not
dramatic — impact of variable load operation on the performance decay of the cell.

Lastly, the graph in Figure 35 highlights an initially higher degradation rate during the early operational
hours, which stabilizes over time. In this specific case, there is a clear distinction between the January-
May period (the first 120 hours of testing, during which the CUSUM value reaches 65) and the June-
December period. The first 120 hours of testing account for over 86% of the cell degradation in SOEC
mode, suggesting that the degradation rate was largely unaffected by the applied current densities or
the cycling schedule. Instead, a significant decrease in the degradation rate occurred only after a
sufficient amount of time had passed (break-in period), during which microstructural and
electrochemical adjustments lead to accelerated degradation rates. After this transient phase, the
degradation stabilizes, confirming the long-term impact of sustained SOEC cycling on cell performance.
Some studies in the literature report a significant slowdown in performance decay after the first 500-
1000 hours in SOEC mode [150], [238], most probably due to several factors: (i) changes in the active
material (e.g., complete reduction) following electrochemicalreactions in the early stages, (ii) electrode
activation through the re-distribution of Nickel and Oxygen vacancies, and the progressive equilibration
of the electrode-electrolyte interfaces under electrolysis polarization, (iii) potential exposure to
impurities and contaminants that are gradually burnt off and removed from the cell housing over time,
or (iv) stabilization of the initial degradation attributed to the deactivation of LSM (air electrode) [239].
Break-in period thus represents another cause of the markedly more pronounced degradation in SOEC.

Overall, the dynamic load tests confirmed that degradation was more pronounced in SOEC than in
SOFC mode, in agreement with long-term stationary studies reported in the literature. However, under
variable load conditions, the observed degradation rates were generally higher than those typically
measured at constant current, even when compared to tests performed at higher average current
densities. This indicates that, while solid oxide technology ensures a fast electrochemical response and
stability to highly dynamic operating conditions, it also experiences an enhanced degradation rate when
subjected to such fluctuating loads.

3.4 Research Question 4: What design strategies can be implemented to maximize the
efficiency of rSOC stacks, and how do systems scaled for real-world applications
respond in terms of performance and operational reliability?

The final key element of the present doctoral work addresses the investigation of solid oxide technology
at an increased system scale. In particular, this part of the thesis focuses on the analysis of SOC-based
systems operating at quasi-real, pre-commercial power levels, in order to assess how design choices,
thermal management strategies, and system integration affect overall performance and operational
reliability. This element of the doctoral thesisis intended to serve as a bridging link between the analyses
focused on the electrochemical phenomena discussed in the previous sections and the designh of a
potential real-world, large-scale system intended to perform a specific operational function.

Figure 37 presents the evolution of the enthalpy flow of both the fuel and air streams across the main
components of the system. A pronounced peak can be observed at the locations corresponding to the
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highest operating temperatures, reflecting the strong dependence of the enthalpy content on thermal
energy input. For the air stream, the maximum enthalpy flow reaches approximately 5.2 kW, while for
the fuel it is about 1.6 kW. This difference arises primarily from the different inlet volumetric flow rates,
namely 329 NUmin for the air and approximately 94 NUmin for the fuel. The observed distribution
highlights the importance of gas flow balancing in maintaining appropriate heat exchange and stable
thermal gradients within the system.
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Figure 37: Enthalpy flows for air and fuel in the 10 kW rSOC system

Table XXV: efficiencies of the 10 kW solid oxide stack system

n | Value
Nstack 95.45%
Nsystem 57.99%
nsystem,RAD 72.82%
Nsystem,RAD+EVAP 91.60%

Table XXV summarizes the results obtained from the efficiency calculations defined from Eq. 86 to Eq.
89. From the conducted tests and subsequent data analysis, it was found that the stack efficiency is
remarkably high — exceeding 95%, according to the definition in Eq. 86. Such a value is, however,
consistent with expectations for solid oxide cells operating in SOEC mode, which in the literature have
been reported to achieve efficiencies in the range of 90-100% [240], [241], [242], and in some cases
even above 100% [243], when accounting for the thermodynamic contribution of endothermic steam
electrolysis reactions.
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The overall system efficiency, on the other hand, is strongly dependent on the definition adopted. If the
useful effectis considered solely as the chemical power stored in the produced hydrogen, together with
the enthalpy flow of the outlet gas streams, an efficiency of approximately 58% is obtained. However,
when the recoverable thermal energy from the FCHEX and ACHEX (the same heat currently lost to the
environment through the radiator) is hypothetically exploited for district heating purposes, the system
performance improves significantly, reaching about 73%.

In this analysis, the thermal energy assumed to be recovered at the radiator corresponds to 75% of the
heat extracted from the process gases by the coolant, thus representing a conservative assumption of
75% heat recovery efficiency for a potential heat integration network. Considering a total input power —
accounting for the stack, evaporator, fuel and air superheaters (FSH, ASH) and auxiliary systems - of
approximately 15 kW, the effective useful energy output is estimated to be around 11 kW, while the
residual losses amount to roughly 4 kW. Under the assumption of 75% thermal recovery efficiency, the
net unrecoverable loss distributed across the system components reduces to about 3 kW.

It is reasonable to attribute the majority of these losses to the limited effectiveness of the evaporator in
converting electrical power into thermal energy for steam generation, as well as to thermal dissipation
through the hot box to the surrounding environment. Losses associated with the ACHEX and FCHEX are
comparatively marginal, while those originating from intermediate components — such as FHEX, AHEX,
ASH, and FSH - are encompassed within the overall heat losses of the insulated chamber.

Finally, according to the definition of efficiency provided by Eq. 89 — which assumes the availability of
free steam at the system inlet — the overall efficiency rises to approximately 92%, corresponding to a
further 19% improvement relative to the definition in Eq. 88. This result clearly underscores the
dominant influence of the evaporator on the overall system performance and highlights the substantial
efficiency gains that can be achieved in configurations where the steam supply is externally provided or
thermally integrated with other industrial processes.

3.5 Cross-Scale Integration of Results and Knowledge Transfer Across SOC Platforms

The research activities presented in this thesis were deliberately structured across multiple
experimental and modelling scales - ranging from localized single-cell diagnostics to stack-level
operation and system-scale performance analysis — to generate complementary layers of knowledge
and enable cross-scale interpretation. Although the individual studies were documented in separate
publications, they do not represent isolated investigations. Instead, they constitute interconnected
steps within a unified research pathway aimed at advancing the understanding, operation, and
optimization of SOC and rSOC technologies under realistic conditions.

The first study focuses on localized diagnostics at the single-cell level, employing spatially resolved
measurements of reactant conversion and product distribution. Beginning at this scale is essential for
moving beyond globally averaged indicators and examining how electrochemical conversion is
distributed across the active area. This approach reveals local gradients, non-uniform reactant
utilization, and critical zones that cannot be detected through integral electrical measurements alone.
The outcomes of this activity establish a mechanistic foundation for understanding conversion
phenomena and emphasize the importance of spatial uniformity, fuel distribution, and local operating
margins.

111



This first study connects directly with the third, which extends the investigation by addressing the
reversibility of SOCs and their coupling with external energy sources. At the same time, it provides a
tangible demonstration of how the local phenomena observed at single-cell level manifest at the scale
of a real system designed for a specific application. The study shows how local non-uniformities and
cell-level degradation mechanisms propagate through the stack and ultimately influence the
performance and efficiency of integrated systems.

The second study lays the groundwork for the transition to the next scale (short-stack), focusing on the
suitability of SOC technology for a specific application — combined heat and power (CHP). The
definitions, efficiency metrics, and methodological framework developed here are subsequently
employed in both the third and fourth studies. Moreover, the third study includes experimental
SOFC-mode operation, providing cell-level phenomena that are then examined at a different system
scale, enabling an analysis of how these effects propagate as system size increases. The second and
third studies therefore form a reciprocal link: one establishes the conceptual and methodological basis,
while the other validates and extends it experimentally.

The fourth study represents an additional step toward larger system scales (10 kW), with the aim of
assessing the applicability of SOC technology in real operational contexts. It provides a concrete
perspective on what it means, in practice, to design and operate an energy-storage system of the type
hypothesized in the third study for example. Through enthalpy and efficiency analyses, it offers a global
view of how the phenomena observed at smaller scales translate into system-level behavior, thereby
closing the loop between localized diagnostics, stack operation, and full-scale application.

Taken together, these studies form a research trajectory aimed at propagating the insights gained at the
cell level to stack and system levels, ultimately enabling a comprehensive understanding of SOC and
rSOC technologies across their full operational spectrum.

4. CONCLUSION AND ANSWERS TO RESEARCH QUESTIONS

Solid Oxide Cell (SOC) technology stands today as one of the most promising candidates for high-
efficiency energy conversion and long-duration energy storage, especially within the framework of
renewable energy integration and decarbonization strategies. The studies presented in this thesis have
addressed both the cell-level and the system-level perspectives, providing a multi-scale experimental
and analytical framework aimed at deepening the knowledge on the physico-chemical phenomena and
evaluating the real-world applicability of SOCs under dynamic and realistic operating conditions.

At single-cell level, the development of an innovative multisampling test bench enabled the in-
operando characterization of local gas composition and temperature across the fuel electrode surface.
This setup, featuring eleven sampling points and integrated gas chromatography, allowed the detection
of spatial gradients in electrochemical activity and thermal distribution — phenomena that are typically
overlooked in conventional inlet-outlet analyses. The results revealed a peak current density of 0.45
A/cm?near the inlet and a thermal gradient of approximately 4.5 °C across the cell surface, underscoring
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the importance of localized diagnostics in understanding degradation mechanisms and optimizing cell
design. Furthermore, the integration of experimental data with a simplified electrochemical-thermal
model provided predictive insights into the distribution of voltage, current density, and temperature
across the cell. This modeling approach, validated against empirical measurements, offers a valuable
tool for future design and optimization of SOC systems, particularly in applications involving fluctuating
loads and variable fuel compositions.

The implementation of advanced localized diagnostic techniques represents a significant step forward
in the understanding and optimization of SOC electrochemical behavior. Traditional characterization
methods, typically based on global inlet-outlet measurements or average impedance spectra, are
inevitably limited in their ability to resolve spatially distributed phenomena occurring within the cell
during operation.

The introduction of multisampling setups, capable of simultaneously acquiring gas composition and
temperature data at multiple points across the fuel electrode surface, enables the identification of
localized gradients in reactant distribution, steam conversion, and thermal conditions. These gradients
are directly correlated with variations in electrochemical activity and degradation rates, offering a more
accurate and detailed picture of the internal dynamics of the cell.

Such spatially resolved data are crucial for the validation of predictive models and for the development
of optimized operating strategies, particularly in systems subjected to dynamic loads or coupled with
variable renewable energy sources. Moreover, the ability to detect localized anomalies — such as hot
spots, fuel starvation zones, or contaminant-induced deactivation — provides a powerful tool for the
design of more robust materials and architectures.

In this context, the integration of localized experimental diagnostics with simplified electrochemical-
thermal models allows for the reconstruction of current density, voltage, and temperature distributions
across the cell. This approach not only enhances the comprehension of degradation mechanisms but
also supports the formulation of targeted mitigation strategies aimed at extending the operational
lifetime and improving the overall efficiency of SOC-based systems.

The results of the present thesis confirm the scientific value of localized multisampling diagnostics
while also showing opportunities for refinement through higher-resolution mapping, complementary
sensing approaches and deeper integration with multi-physics models. These developments may
enable diagnostic systems capable of reconstructing, with high precision, SOC internal behavior under
real operating conditions.

The performance evaluation of a short-stack SOFC operating with different fuel blends — natural gas,
hydrogen, and their mixtures — demonstrated the fuel flexibility and adaptability of SOC technology in
the context of evolving gas grid scenarios. The experimental results, supported by system-level
simulations, confirmed that while pure hydrogen yields the highest voltage and power output, blended
and natural gas scenarios may offer superior efficiency due to the lower energy content of the input fuel.
These findings are particularly relevant for the deployment of SOC-based Combined Heat and Power
(CHP) systems in residential and industrial sectors.
The composition of the fuel supplied to Solid Oxide Cell (SOC) stacks plays a pivotal role in determining
both electrochemical performance and energy conversion efficiency, particularly in stationary
Combined Heat and Power (CHP) configurations. The chemical characteristics of the fuel — such as
lower heating value (LHV), reforming behavior, and contaminant profile — directly influence the voltage
output, power density, and thermal balance of the system.
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To enable robust comparative evaluation across different operating scenarios, the following metrics are
proposed:

Stack-level electrical efficiency (nNswck): defined as the ratio between electrical power output and
chemical power input at the stack inlet, this metric isolates the electrochemical conversion
performance of the SOC module.

System-level efficiency (nsystem): incorporates auxiliary components, off-gas recirculation, and thermal
recovery, providing a holistic view of the integrated CHP system.

In the context of evolving gas grid scenarios, SOC technology demonstrates strong potential for
compatibility and adaptability. The high operating temperature and catalytic properties of the fuel
electrode enable the processing of a wide range of fuels, including natural gas, hydrogen, biogas, and
their mixtures. This fuel flexibility is particularly relevant in light of the progressive transition of gas
networks towards hydrogen-enriched blends and, ultimately, pure hydrogen distribution.

Recent studies have confirmed the ability of SOC stacks to operate stably under H,/NG mixtures, with
tailored operating strategies — such as external reforming and optimized thermal integration — allowing
for efficient performance across a spectrum of feedstocks. Moreover, the modularity and scalability of
SOC systems support their integration into decentralized energy infrastructures, making them suitable
for both current natural gas-based grids and future hydrogen-oriented networks.

In conclusion, SOC technology not only offers high efficiency and fuel flexibility in stationary CHP
applications, but also aligns with the strategic direction of gas grid decarbonization, positioning itself as
aviable and future-ready solution for distributed power generation.

From a system-level standpoint, the coupling of a reversible SOC (rSOC) with a domestic load and a
photovoltaic (PV) plant has been experimentally demonstrated, from the rSOC point of view, as a viable
solution for seasonal energy storage. The reversible operation of the cell — electrolysis mode during
surplus PV generation and fuel cell mode during demand peaks — has proven to be effective in avoiding
grid dependency and enhancing local energy self-consumption. The experimental campaign, lasted
over 576 hours, highlighted the cell’s ability to respond to rapid load variations and maintain stable
operation once a new set pointis imposed. Notably, the degradation trend observed during electrolysis
mode, although initially pronounced, showed a progressive attenuation, suggesting a possible
stabilization of the cell’s internal chemistry of its materials over time.
Experimental validation of rSOC integration with photovoltaic (PV) generation and residential loads has
demonstrated the feasibility of autonomous microgrids capable of achieving year-round energy self-
sufficiency. The dynamic response of the cell to rapid load variations, coupled with its operational
stability under fluctuating conditions, confirms its suitability for real-world deployment. In particular,
the ability to shift between SOEC and SOFC modes in response to renewable availability and load
demand allows rSOC systems to mitigate the temporal mismatch between generation and
consumption.
In industrial contexts, rSOC systems can be scaled and coupled with larger renewable installations,
offering grid balancing services, peak shaving, and enhanced energy independence. Their modular
architecture and fuel flexibility further extend their applicability across diverse sectors, including
manufacturing, chemical processing, and distributed generation.
To fully exploit the potential of rSOC systems, the following aspects must be addressed: (i) accurate
modeling of renewable generation and load profiles, to ensure optimal sizing and operational
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scheduling; (ii) proper sizing of hydrogen storage and compression subsystems, to accommodate
seasonal fluctuations and ensure continuity of supply; (iii) implementation of real-time control
strategies, capable of managing mode transitions, minimizing degradation, and maximizing system
efficiency.

A key aspect to consider for real-world deploymentis the intrinsic impact of SOEC-SOFC cycling on cell
durability. Repeated mode transitions can accelerate degradation through oxygen-electrode
delamination, redox-driven Ni restructuring, and thermal-mechanical stresses, indicating that long-
term stability must be addressed in parallel with performance optimization for rSOC-based energy
storage systems.

By integrating these elements, rSOC technology can evolve into a cornerstone of future energy
infrastructures, enabling efficient, flexible, and low-carbon energy storage solutions tailored to both
residential and industrial needs.

Finally, from a system-level point of view, the experimental validation of the 10 kW rSOC system
operated in SOEC mode confirmed its ability to reach high efficiency and operational stability,
highlighting the crucial role of integrated thermal management in determining and improving global
performance. These findings show the technological readiness level and effectiveness of solid oxide
systems for potential coupling with renewables, supporting their transition from laboratory-scale
prototypes to industrial energy conversion and storage applications.

This specific part of the work presented in this thesis contributes to bridging the gap between laboratory-
scale investigations and real-world applications of SOC technology. By combining advanced
experimental setups and system-level integration strategies, it lays the groundwork for the development
of robust, efficient, and scalable SOC systems capable of supporting the transition towards a low-
carbon energy paradigm.

For the maximization of the efficiency of reversible Solid Oxide Cell (rSOC) systems, an ad-hoc design
approach is required. At system-level, efficiency can be significantly improved through heat
management and integration, which include: (i) the implementation of multi-stage heat exchangers, (ii)
high-performance insulation, (iii) internal heat recovery loops to enable the reuse of exhaust thermal
energy for preheating inlet gases, thereby reducing auxiliary power consumption, (iv) superheaters for
thermal integration. The evaporator, identified as a source of energy losses, plays a decisive role in
determining global performance, and its integration with external steam sources — possible at industrial
level — can lead to overall system efficiencies exceeding 90%.

In the 10 kW rSOC system object of study, these design strategies translate into single-pass stack-level
efficiencies above 95% and system-level efficiencies ranging from 58% to 92%, depending on the
degree of thermal recovery and steam integration.

These results confirm that the intrinsic electrochemical advantages and efficiency of SOC technology
can be preserved at larger scales, provided that the Balance of Plant (BoP) is engineered to minimize
external losses and thermal dissipation.
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Author’s Specific Contributions to the Research Activities

This doctoral research is based on a combination of experimental, modeling, and system-level
investigations on solid oxide cell (SOC) and reversible solid oxide cell (rSOC) technologies, carried out
across multiple test stations. This section explicitly summarizes the specific contributions of the PhD
candidate to the development of the methods, experimental platforms, test campaigns, data analysis,
and modeling activities.

The candidate played a primary and active role in the design, implementation, execution, and
interpretation of the majority of the experimental and numerical work presented in this thesis. In
particular, the contributions can be summarized as follows.

With respect to the multi-sampling single-cell experimental platform, the candidate contributed to the
conceptual definition of the measurement approach, participated in the design and assembly of the
test bench modifications, and directly conducted the experimental campaigns. The candidate was
responsible for test execution, operating condition definition, calibration procedures, data acquisition,
and post-processing of the spatially resolved gas composition measurements, as well as for the
interpretation of the electrochemical and transport phenomena observed. Scientific guidance,
collaboration with the testing (especially the GC analysis) and supervision were provided by Dr. Davide
Pumiglia and Dr. Francesca Santoni, supervisors of the research activity.

Regarding the short-stack SOFC CHP platform and gas-blend experimental campaigns, the candidate
contributed to the design of the experimental methodology and assembly of the test bench. The
candidate directly conducted the majority of the experiments, performed the performance analysis
under different fuel compositions, and developed the data processing and efficiency evaluation
procedures at both stack and system level. Scientific guidance, collaboration with the testing
(especially the GC analysis) and supervision were provided by Dr. Francesca Santoni, supervisor of the
research activity.

For the rSOC dynamic operation and PV-coupled scenario study, the candidate designed the
experimental test strategy aimed at reproducing realistic variable load profiles derived from residential
renewable energy systems. The candidate implemented the load profiles, executed the experimental
campaigns under switching and variable operation, and carried out the degradation and transient
performance analysis. The candidate also developed the associated modeling and simulation
framework used to generate and validate the operating scenarios, except for the determination of the
typical days, done with the strong collaboration of the coworker Dr. Gabriele Loreti. Scientific guidance
and supervision were provided by Dr. Massimiliano Della Pietra.

Concerning the system-scale (>10 kW) rSOC installation analyzed within an international research
collaboration, the candidate contributed to the performance assessment methodology, system
efficiency evaluation, and thermodynamic and enthalpy flow analysis. The candidate performed the
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main data analysis and interpretation activities based on the experimental datasets provided within the

project framework, and contributed to the definition of performance indicators and evaluation criteria.

Experimental operation of the system was conducted by the host research institution, while the

candidate focused on analysis, interpretation and methodological development under the supervision

of Dr. Ville Saarinen, supervisor of the activity.
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