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Solid oxide cells: a pivotal technology
for hydrogen generation and use

The increasing penetration of variable renewable energies poses new challenges for grid management,
in particular on: the efficient storage of excess renewable power, the integration of different energy grids
and infrastructures (e.g. electrical, natural gas, transport fuel), and the decarbonization of transportation
fuels. Solid-oxide systems are the key enablers to increase the penetration of variable renewable energy,
and to allow for flexible coupling of different sectors as well as the decarbonization of transport fuels and
chemical industry. In the last 15 years, ENEA consolidate knowledge, skills and procedures on this pivotal
technology, exploring technical feasibility, sustainability, system integration and business opportunities.

The paper describes the Solid Oxide Cells in the actual and future energetic scenario, describing the main
advantages and drawbacks, and the principal research lines and R&D challenges in which ENEA is involved.

Il crescente utilizzo delle fonti rinnovabili intermittenti comporta nuove sfide per la gestione della rete, in particolare per
quanto riguarda lo stoccaggio dell’energia elettrica in eccesso, l'integrazione fra le diverse reti e infrastrutture (ad esem-
pio, elettrico, gas naturale, carburante per il trasporto) e la decarbonizzazione dei carburanti per il trasporto. Le celle
a ossidi solidi sono elementi-chiave per accrescere la penetrazione delle fonti rinnovabili intermittenti e per rendere
flessibile I'integrazione di diversi settori oltre che la decarbonizzazione dei combustibili per il trasporto e dell'industria
chimica. Negli ultimi 15 anni, ENEA ha consolidato conoscenze, competenze e processi relativi a questa tecnologia stra-
tegica, esplorando la fattibilita tecnica, la sostenibilita, I'integrazione del sistema e le relative opportunita di business.
Nell’articolo sono descritte le potenzialita delle Celle a Ossidi Solidi nello scenario energetico attuale e in quello futuro,
i principali vantaggi e le criticita oltre che le principali linee di ricerca e sfide di R&S in cui ENEA é coinvolta.
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s the evolution of the energy
system moves from the use
of fossil fuels to low-carbon
energy sources, the integra-
tion of growing shares of intermittent
renewable sources into a legacy power
infrastructure constitutes a signifi-
cant challenge. The higher the share
of renewables, the more flexible and
interconnected the energy distribu-
tion grid needs to be. In this scenario,
electrolysis technologies play a cru-

cial role, being the core of power-to-X
(PtX) solutions, where X can be a
secondary vector such as hydrogen,
syngas, or synthetic fuels, or other
chemical commodities. This allows
the abundance of renewable power
to be transformed into other usable
streams, effectively decarbonising the
corresponding industrial processes,
diversifying the end use of renewa-
ble energy carriers and increasing the
overall flexibility — and value added -

of the energy system.

Among the different electrolysis tech-
nologies, the Solid Oxide Cell (SOC)
is attractive both because of unrivalled
global conversion efficiencies - over
90% (electrical + thermal) - and be-
cause it can operate in reversible mode,
switching between hydrogen produc-
tion mode or power storage (SOE, solid
oxide electrolysis) and power genera-
tion (Solid Oxide Fuel Cell, SOFC) as
required. These properties make them a
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Fig.1 Simple schematic of an r-SOC system for RES balancing. (K. Motylinski et al. Energy Conversion & Management 228 (2021))

pivotal technology for hydrogen pro-
duction, distribution and consump-
tion, simultaneously balancing the
electricity grid (Figure 1). Solid oxide
technology has undergone tremen-
dous development and improve-
ments over the last decades. Their
intense development has led to the
growth of various industrial realities
throughout Europe, ranging from in-
dividual cells' development and pro-
duction to the construction and com-
mercialization of small-sized modules
(a few kW) up to module of hundreds
of kW. Despite these advances, re-
search and development challenges
remain, tied to necessary cost re-
duction and lifespan enhancement,
for wide deployment to be achieved.

Research and development
activities in ENEA

The main activity carried outin ENEA
related to SOC technology has always
been the testing and characterization
of solid oxide cells on a laboratory
scale, conducted in the framework of
European research projects (H2020,
FCH-JU, etc ...). The ABI Laboratory is
equipped of different test benches for
SOC:s testing, shown in Figure 2. Each
of them can be adapted and custom-
ized to each project's requirements.

Testing and characterization of solid
oxide cells samples, supplied by the
leading manufacturers in Europe, is
carried on at the level of button cells
(1-10 cm?), single cells (up to 100 cm?)

(b) &

Fig.2 ABI laboratory test benches for SOC button cells in (a) and for single cells and

short stackin (b)
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and laboratory scale power modules
(short stacks, 5-6 single cells connect-
ed in series).

On these samples, the main studies
are focused on: (i) the evaluation and
quantification of the electrochemical
performance by simulating the differ-
ent operating conditions with respect
to the scope of a specific project,[1 (ii)
the study of the material degradation
phenomena, induced by particular op-
erating conditions or by the presence
of contaminants in the fuel gas, and,
last but not least,[3-4] (iii) the defini-
tion of experimental procedures for
the qualification of the performance of
commercial cells and modules. Typical
outcomes of experimental SOC testing
and characterization activity is sum-
marized in Figure 3.

All these activities allowed to consoli-
date knowledge, skills and procedures
in line with those currently present in
the other European research centres,
with which the laboratory has collab-
orated, but also to develop more ad-
vanced investigation methodologies
such as the analysis of the Distribution
of Relaxation Times (DRT) or the de-
velopment of localized gas sampling for
in-operando chemical and electrochemi-
cal reactions monitoring.

Cross-cutting activities

Other activities conducted by the lab-
oratory and related to SOC technology
are the Life Cycle Assessment (LCA)
studies and the standardization of ex-
perimental procedures in liaison with
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Fig.3 Example of SOFC electrochemical characterisation performed in ABI. D.M. Silva-Mosqueda et al. Applied Energy 235 (2019) 625-640

standardisation bodies (IEC). Moreo-
ver, the ABI laboratory carries out other
cross-cutting activities such as the defi-
nition of new regulatory standards and
the provides support to national and
European institutions for the develop-
ment of road maps, strategic industrial
plans and KPIs for project financing
platforms in the field of solid oxide cells
and their applications.
Considering the technological matu-
rity level reached by SOCs, and given
the particularly favourable moment for
their next market penetration, both in
the production of power but, above all,
in the generation of hydrogen, the afore-
mentioned laboratory skills could be
put at the service of two future strategic
activities:

o the development of large-scale SOC
systems through the creation of a
Testing Hub laboratory capable of
testing, validating and certifying the
performance of prototypes or com-
mercial SOCs devices of industrially
significant size (kW-scale). Such acti-
vity would make available to compa-
nies interested in the production of
SOC modules the infrastructures
and skills necessary for the valida-
tion of their systems, simulating a re-
levant application environment, with
the ultimate goal of placing ENEA as
a certification center of electrolysis
and fuel cell systems;

« thedevelopment of "next generation
cells" with a great application po-
tential, such as Proton-Conducting

Solid Oxide Fuel Cells (H-SOFC).
These cells can work at lower tem-
peratures respect to SOCs, limiting,
in this way, the impact of thermally
activated degradation processes, and,
at the same time, allowing the use of
less expensive materials for their in-
tegration in the power module. The
most important factor for which they
are considered strategic for future
applications is that they can act as se-
parators, concentrators and electro-
chemical compressors of Ha, with a
selectivity not comparable to other
known systems, making them very
attractive for H, mobility applica-
tions and for the direct injection
of Hz produced by electrolysis into
the existing natural gas network.

ENEAs projects, perspectives and
comprehensive network of research

The SOC s a high-temperature technol-
ogy, operating at 600-800°C, and which
is the reason for the high conversion
efficiencies in both operating modes.
It is especially promising in industrial
contexts, where steam is available as
a process stream and can be directed
towards the generation of hydrogen at
unmatched efficiencies in an SOC. For
example, the steel industry is particular-
ly interested in utilising hydrogen for the
production process to replace coal and
carbon-containing reagents for iron ore
reduction, high-temperature treatment
and other process steps. Other chem-
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ical industry processes apply as well.
Working flexibly, the SOC can give
rise to innovative business propo-
sitions where price arbitrage of re-
newable power connected to the
grid can provide adequate revenue
streams, or where energy communi-
ties want to progressively emancipate
themselves from grid connection.
ENEA is active on all these fronts,
exploring technical feasibility, sus-
tainability, system integration and
business opportunities. ENEA has
built up a comprehensive network
of research and industrial part-
ners in this process, articulated in
a number of European projects:
o AD ASTRA (FCH JU, 825027) and
SOCTESQA (FCH JU, 621245)
projects, focused on the develop-
ment of validated test protocols for
SOFC and SOEC stacks, building
on multiannual experience of key
research institutions in Europe in the
field, among which ENEA, respon-
sible for the projects' liaison with
Standards-developing organizations
such as IEC, CENELEC and ISO;
o NELLHI (FCH JU, 621227), IN-
NOSOFC (FCH JU, 658813) and
qSOFC (FCH JU, 735160): this con-
catenation of projects, in collabora-
tion with Elcogen, progressed from
the development of a high-perfor-
mance 1-kWe SOFC module to the
creation of a market-ready 60-kWe
SOFC system and improved designs
of components for mass production;

75



o WASTE2WAT'TS (FCH JU, 826234)
and BLAZE (H2020, 815284) are
based on the utilization of alternati-
ve fuels (biogas and bio-syngas) in a
SOFC system for small-to-medium
scale CHP applications in farms and
organic waste processing facilities;

o BALANCE (H2020, 731224): aimed
atthedevelopmentofan Europeanre-
generative solid oxide cell (Re-SOC)
stack benchmark, for the reversible
generation and storage of renewable
power in a unique SOC stack. Based
on an EU-wide survey, this project
also defined a European common
agenda to develop and implement
this strategic technology solution.

The most recent EU projects, coordinat-
ed by ENEA, started in 2021: SO-FREE
(FCH-JU, 101006667) focused on the
development of a versatile (fuel-flexi-
ble), SOFC-based system for combined
heat and power (CHP) generation, and
PROMETEO (FCH-JU,101007194)
based on the integration of SOEC tech-
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Conclusions

The European long-term strategy (EU
Commission 773-2018) provides the
achievement of Carbon Neutrality by
2050, through an increase in renewable
electricity generation, a drop in oil and
coal consumption and the increment

of biomethane and hydrogen usage. In
this frame SOCs technologies will play a
central role, acting as a vital link between
the electric, gas, and thermal grids and
providing fuel for the transportation
sector. Moreover, it is especially prom-
ising in industrial contexts, where steam
is available as a process stream and can
be directed towards the generation of
hydrogen at unmatched efficiencies in
an SOC. The experience and European
collaboration network on SOCs tech-
nologies accumulated over the years by
ABI laboratory in ENEA, allow to po-
sition itself among the future specialists
in the energy transition processes, con-
tinuing research and development ac-
tivities to achieve further performance
enhancements and cost reductions on
cell, stack, and system level.
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