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Abstract: This manuscript discusses the advancements and historical development of solid oxide
electrolysis (SOE), co-electrolysis, and methanation technologies, addressing the performance fun-
damentals and system integration challenges in the context of the EU’s 2050 climate neutrality goals.
SOE technologies, characterized by their high efficiencies and ability to operate at elevated temper-
atures, offer significant advantages in hydrogen production and power generation. Co-electrolysis
of steam and carbon dioxide in SOEs provides a promising pathway for syngas production, lever-
aging carbon capture and utilization strategies to mitigate carbon emissions. Additionally, catalytic
methanation processes described within facilitate the synthesis of methane from carbon oxides and
hydrogen, which could be integral to renewable energy storage and grid-balancing solutions. His-
torical analysis provides insights into the evolution of these technologies from early experiments to
modern applications, including their role in space programmes and potential for industrial scale-
up. The current state of research and commercialization, highlighted through various system de-
signs and operational enhancements, suggests that SOEs are crucial for sustainable energy transfor-
mations, underscoring the necessity for continued innovation and deployment in relevant sectors.

Keywords: solid oxide electrolysis; co-electrolysis; methanation; hydrogen production; carbon
capture and utilization; syngas; renewable energy; high temperature electrolysis; catalytic reactors;
energy transition

1. Introduction

“The EU aims to be climate-neutral by 2050 —an economy with net-zero greenhouse
gas emissions. This objective is at the heart of the European Green Deal and in line with
the EU’s commitment to global climate action under the Paris Agreement.”

(https://climate.ec.europa.eu/eu-action/climate-strategies-targets/2050-long-term-
strategy_en (accessed on 27 September 2024), 2021).

Global energy consumption was increasing with the world’s development (Figure
1a). Consequently, the emissions were also growing because of the primary energy source:
fossil fuels (Figure 1b). Due to global worldwide challenges, like the world economic crisis
in 2008-2099 and the COVID-19 pandemic in 2020, energy consumption fell (Figure 1),
causing fewer emissions. But the global reduction to meet the goals of the Green Deal [1]
and REPowerEU [2] is achievable only by the development and change of energy produc-
tion technology.

To reach the goals, systems of carbon capture and storage (CCS), carbon capture and
utilization (CCU), and carbon recycling and reuse (CRR) [3] should be implemented on a
large scale, and the share of renewable energy systems (RESs) should continuously grow.

The energy generation from RESs has been rapidly increasing since 2006 (Figure 2).
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Figure 1. Global energy consumption (a) in general and (b) by source (source: BP Energy Outlook
2023-2024).
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Figure 2. Global renewable energy generation by source (source: BP Statistical Review of World
Energy 2021, 70th edition).

Such rapid development and implementation of renewables, mainly solar and wind,
has a major issue: the risk of imbalance between demand and production due to the inter-
mittent character of renewables, which causes the necessity to implement technologies to
use the excess electricity [4].

To tackle the issues of the Green Deal, REPowerEU plan, and RESs’ intermittent char-
acter, electrolysis technology could be crucial.

Electrolysis is an electrochemical method that splits water into hydrogen and oxygen
by using electrical energy, such as surplus power generated from renewable energy
sources (RESs). That process can take place in three main types of electrolysers: alkaline,
proton exchange membrane (PEM), or solid oxide electrolysers. The SOE technology is
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one of the most efficient, with low energy demand (36-42 kWh/kg H: [5,6]), high cur-
rent/power density, and high gas purity.

The climate and decarbonization issues have increased interest in developing carbon
capture, utilization, storage, and reuse technologies. Currently, the most developed and
mainly used carbon capture technology is amine scrubbing. And the prospective further
carbon utilization is the electrochemical conversion of CO: or CO: together with H20 [7-12].

The electrolysis of H2O and/or CO:z in SOE was firstly introduced by NASA in the late
1960s [13,14]. But attention only returned to that topic in the 1980s by [15-17], where the
performance of the solid oxide electrolyser producing the hydrogen was analysed. Fur-
ther, in the early 2000s, NASA investigated the methods of oxygen production via CO:
electrolysis [18,19], which brought the topic of H2O and/or COzto a high level of interest.
Ebbesen [7,9,20-22] has provided numerous studies on the effective simultaneous reduc-
tion of CO2 and H20 in 2009-2012. The latest investigations in that field are mainly con-
centrated on material improvement [11], optimization of the system layout [23], and per-
formance experiments [10,24].

2. SOE Fundamentals of Performance

The electrolyser considered in this study is the solid oxide electrolyser (SOE). Due to
the usage of ceramic electrolyte, this type of electrolyser runs at high temperatures be-
tween 650 °C and 900 °C. The layers of a solid oxide cell are the cathode, the anode, and
the electrolyte. YSZ (ZrO:2 doped with 8 mol% Y20:s) for the electrolyte, nickel for the fuel
electrode, and LSM (lanthanum strontium manganate) for the oxygen electrode are the
most prevalent materials for SOE. Recent research results show that the materials face
degradation challenges that impact their operational lifespan. Studies have reported deg-
radation rates of approximately 0.75% to 1.4% voltage loss per 1000 h for cells operating
between 750 °C and 850 °C. To mitigate these issues, advancements include the develop-
ment of co-doped zirconia electrolytes, which enhance ionic conductivity and reduce deg-
radation. Additionally, incorporating gadolinium-doped ceria (GDC) interlayers between
the electrolyte and electrodes has been shown to improve chemical compatibility and sup-
press interfacial reactions, thereby extending cell longevity. Improved kinetics, thermo-
dynamics favouring the utilization of internal heat at higher temperatures, and steam con-
version all contribute to enhanced performance and allow for the attainment of high effi-
ciencies in the 80-90% range [25-29].

The water steam is utilized and converted into hydrogen and oxygen in the SOE pro-
cess. Steam enters the porous fuel electrode (cathode) and proceeds to the cathode—elec-
trolyte interface, where it is reduced to H2 and oxygen ions. Hydrogen gas diffuses back
via the cathode, whereas oxygen ions O- are conducted through the electrolyte. Oxygen
ions are oxidized to generate pure oxygen gas at the contact between the electrolyte and
anode. Figure 3 presents the described process. The reactions that occur on the cathode
side and the anode side are given in Equations (1) and (2), respectively.

H,0 +2e” - H, + 0= 1)

1
0= - 502 + 2e” (2)

When comparing solid oxide electrolysis, co-electrolysis, and proton exchange mem-
brane electrolysis technologies, it is essential to evaluate their differences in efficiency,
cost, and scalability. SOE systems are highly efficient due to their operation at tempera-
tures between 650 and 900 °C, which enhances their thermodynamic performance. This
high operational temperature allows for the utilization of waste heat streams, boosting
overall system efficiency to between 80 and 90%. Conversely, PEM electrolysers operate
at lower temperatures (up to 80 °C) and typically achieve efficiencies of around 60-70%,
although they benefit from rapid response times and can effectively balance the intermit-
tent nature of renewable energy sources like wind and solar.
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Figure 3. Electrolysis process.

In terms of cost, SOE technologies generally require higher capital investment be-
cause they need materials that can withstand high temperatures, impacting both the initial
setup and ongoing maintenance costs. PEM systems, while also reliant on costly catalysts
such as platinum and iridium, avoid the need for the specialized materials required for
high-temperature operations, making them less expensive in this regard, although the cost
of catalysts remains a significant factor.

Scalability is another critical factor. SOE technologies face challenges in scaling due
to the demands of high-temperature operation and the need for durable materials that
maintain performance at larger scales. They are better suited for integration with indus-
trial processes that can use the heat and hydrogen produced. PEM electrolysers, however,
are more adaptable to various scales and can quickly adjust to power availability, making
them ideal for fluctuating power supplies from renewable sources.

Choosing between SOE and PEM technologies often depends on specific needs such
as the availability of heat sources, the capacity for capital investment, and the desired in-
tegration with other energy systems. While SOE and co-electrolysis provide superior effi-
ciency with proper heat integration, PEM electrolysers offer more flexibility and scalabil-
ity under varying operational conditions.

3. Co-SOE Fundamentals of Performance

The carbon-neutral, zero-emission, synthetic fuel can be produced via high-temper-
ature co-electrolysis of H:O and COsz. Currently, there are two technologies able to per-
form co-electrolysis as a one-step process: solid oxide co-electrolysis and molten carbonate
electrolysis [30]. Captured CO2 could be delivered with the steam to the solid oxide elec-
trolyser and reduced to the H2 + CO gas mixture (syngas) utilizing electric power, e.g.,
from renewable energy sources. The schematic diagram of the process of co-electrolysis
operation is shown in Figure 4. The overall reaction occurring inside the co-electrolyser is
given in Equation (3).

H,0 + CO, - H, + CO + 0, 3)
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Figure 4. Co-electrolysis process.

As presented in Figure 4, the carbon dioxide and steam are supplied to the cathode
side of the co-electrolyser. At the cathode—electrolyte interface, the H2O and CO: are re-
duced to H2 and CO, which diffuse back through the fuel electrode, and oxygen ions pass
through the electrolyte and oxidize to oxygen or enrich the air supplied to the anode side
of the electrolyser.

The electrochemical reactions of HO and CO:reduction on the cathode side are de-
scribed in Equation (2) and (3). The oxidation reaction of the oxygen ions is given in Equa-
tions (4)—(6).

H,0 + 2e™ > H, + 0= (4)

CO, +2e~ - CO + 0O~ )
.1 _

0~ - 502 + 2e (6)

Depending on the operational temperature and catalyst used, syngas can be pro-
duced by electrochemical reduction of H2O and CO: at a heterogeneous catalyst (e.g.,
nickel) or by means of electrochemical reduction of H20 to H: followed by a homogene-
ous/heterogeneous [31-36] reverse water gas shift (RWGS) reaction [10,11], which occurs
with a fast kinetic rate at the cathode side at high temperatures (above 720 °C [37]). The
RWGS reaction is given by the following equation:

H, + CO, & CO + H,0 7)

4. Methanation Reactor Fundamentals of Performance

Catalytic methanation, also known as the Sabatier reaction, involves the conversion
of carbon oxides and hydrogen into methane. This reaction was first proposed and de-
tailed by Paul Sabatier [38]. Various reactor designs are based on this principle, including
the packed-bed Sabatier reactor, which is a type of heat exchanger, suggested by Sun D.
and Simakov D. [39]. Other designs include the two-phase honeycomb reactor and the
three-phase slurry bubble column reactor, both introduced by Held M. et al. [40].

Figure 5 illustrates a packed-bed Sabatier reactor of the heat exchanger type with
cooling tubes containing flowing molten salt. According to Sun D. and Simakov D. [39],
the proposed model presents a high CO2 conversion rate, good thermal management, and
flexibility in catalyst installation and usage.
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Figure 5. Packed-bed Sabatier reactor.

The honeycomb reactor is a two-phase structured fixed-bed reactor. It is a multitube
reactor with parallel tubes for the metallic catalyst carriers. The conversion of COz and Hz
to CH4 occurs in the porous catalyst layer, and most of the reaction heat is released at the
channel inlets [40].

A slurry bubble column reactor is a vertical cylinder in which three phases are in
close contact: gaseous inlet (CO2 and H>) at the bottom of the column, the liquid product,
and the solid catalyst. Using a specialized gas distributor at the bottom of the column, the
gas phase is distributed into the liquid phase [41]. Heat management in that reactor type
is presented by heat transfer fluid, which has a high heat capacity, allowing for effective
heat transfer from the catalyst particles to the cooling medium in the cooling jacket [40].

A schematic drawing of the honeycomb reactor is shown in Figure 6a, and the slurry
bubble reactor is presented in Figure 6b.
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Figure 6. Methanation reactors: (a) honeycomb type, (b) slurry bubble column type [40].
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The honeycomb methanation reactor provides high specific CHs production and ex-
cellent load flexibility. Comparing the two types of methanation reactors, the slurry bub-
ble column reactor has a lower specific methane generation but a significantly better dy-
namic operation.

For the methanation process, catalysts based on Ni or Ru are required. Catalyst type,
activity, and selectivity characteristics have the most influence on the process. Sabatier
and Sendenders [38] discovered that nickel could catalyse the reaction between carbon
oxides and hydrogen, which produces methane and water. For CO2 methanation, nickel
supported on various metal oxides is the most frequent form of catalyst. The primary ben-
efits are high activity, excellent CHas selectivity, and low cost [42].

There are two prevalent processes for CO2 methanation:

1. Without CO intermediate reaction.
2. With CO intermediate reaction.

The first approach for the direct conversion of carbon dioxide to methane was pro-
posed by Medsforth S. [43] and is characterized by the conversion chain shown below:

€0, — H,C(OH), - CH,0 - CH;0H - CH, — CH,

and further, that mechanism was developed by Pichler H. [44]. The proposed reactions of
CO:z methanation are presented in Equations (8)—(11).

CO, + 2H - C(OH), 8)
C(OH), + H - CH,0 + H,0 9)
CH,O0 + 2H - CH;0H (10)
CH;0H + 2H - CH, + H,0 (11)

The second type of conversion consists of the first CO2 conversion to CO by the re-
versed water gas shift reaction (Equation (12)), followed by the conversion of CO to me-
thane (Equations (13)—(16)). The reaction set, defined by Choe S.J. et al. [45], is presented
below:

CO, + H, - CO + H,0 (12)
CO + H, -» C+ H,0 (13)
C+H-CH (14)

CH + H - CH, (15)
CH, + 2H - CH, (16)

The equilibrium conditions for the methanation process are highly dependent on the
reaction’s temperature and pressure. Due to the exothermic character of the reaction, as
seen in Figure 7 [46,47], the methane generation rate generally decreases with increasing
temperature and increases with increasing pressure. To maintain a high degree of conver-
sion under ambient pressure, the temperature must be below 400 °C, but when pressure
is increased, the practical temperature range expands (Figure 7). Numerous studies have
analysed the optimal operating parameters for the methanation process. For example, one
study [48] identifies the ideal conditions as a pressure range of 1 to 30 bar and a tempera-
ture between 200 °C and 300 °C. Another investigation [46] suggests that for systems com-
bining solid oxide electrolysis (SOE) and a methanation reactor, the optimal parameters
for effective CO:2 utilization are around 40-60 bar and temperatures between 170 °C and
210 °C. Additionally, from a techno-economic perspective, the optimal pressure is found
to be 20-30 bar with similar temperature conditions [49].
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Methanation reactors play a pivotal role in the production of synthetic methane, with
different designs tailored to specific applications. The manuscript introduced three prom-
inent reactor types. For industrial-scale methane production, packed-bed reactors are pre-
ferred due to their efficiency and thermal stability. In contrast, honeycomb reactors are
better suited for grid-balancing applications, given their high productivity and adaptabil-
ity to load variations. Slurry bubble column reactors, while less efficient in methane out-
put, offer operational flexibility that aligns well with renewable energy systems.

The comparison (Table 1) underscores the need for careful reactor selection based on
the intended application, highlighting the trade-offs between efficiency, operational chal-
lenges, and flexibility. Further research to optimize these designs for specific scenarios can
enhance their utility across diverse energy systems.

Table 1. Comparison of three methanation reactor technologies.

Packed Bed Honeycomb Slurry Bubble Column
This reactor excels in dynamic opera-
tion due to the intimate contact be-
This structured, fixed-bed design offers tween gaseous reactants, liquid me-
high CH4 productivity and excellent dium, and solid catalyst. Its high heat
load flexibility, making it a strong can-  capacity, facilitated by the cooling
didate for grid-balancing applications jacket and heat transfer fluid, provides
where rapid response to fluctuating superior thermal management. How-
energy inputs is required. However, ever, it has lower specific methane gen-
maintaining uniform flow distribution eration compared to the other designs,
and catalyst activity across the reactor limiting its efficiency for large-scale
channels can be challenging, particu- production. Its ability to adapt to inter-
larly under varying operational loads. mittent power supply makes it particu-

This design, exemplified by the heat
exchanger model, features high CO,
conversion rates and effective thermal
management. The inclusion of molten
salt cooling tubes ensures steady heat
dissipation, which is critical for the ex-
othermic Sabatier reaction. Packed-bed
reactors are well suited for industrial-
scale methane production due to their
high throughput and thermal stability,
but they may face challenges with heat
transfer limitations at larger scales and

. .. larly advantageous for renewable en-
under dynamic load conditions. y &

ergy integration scenarios.

5. The Beginning of High-Temperature Electrolysis

The initial demonstration of water electrolysis was conducted in 1789 by Adriaan
Paets van Troostwijk and Jan Rudolph Deiman, who used an electrostatic generator to
create an electrostatic discharge between two gold electrodes submerged in water [50-52].
Subsequent improvements by Johann Wilhelm Ritter made use of Volta’s battery technol-
ogy to facilitate the separation of product gases [53]. Dmitry Lachinov, in 1888, introduced
an industrial method for the synthesis of hydrogen and oxygen through electrolysis,
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advocating for the use of alkaline solutions as electrolytes because they are less corrosive
to iron electrodes than acidic solutions [54]. By 1902, more than 400 industrial water elec-
trolysers were in use [55]. These early devices predominantly utilized aqueous alkaline
solutions as their electrolytes. The technique of water electrolysis using a proton exchange
membrane was first described in the 1960s by General Electric, originally developed to
generate electricity for NASA’s Gemini Space Program, and was subsequently adapted to
electrolysis for oxygen production.

The main historical points of electrolysis technology development are summarized
in Table 2.

Table 2. History of water electrolysis.

Date Event/Innovation Ref.
Adriaan Paets van Troostwijk and Johan Rudolph Deiman utilized an electrostatic genera-
1789 . . [50-52,56]
tor to create a discharge between two gold electrodes submerged in water.
Independently, William Nicholson, Anthony Carlisle, and Johann Wilhelm Ritter success-
1800 o . [56-58]
fully demonstrated the fundamental principle of water electrolysis.
1834 Michael Faraday refined and established the foundational laws governing the electrolysis [56,59]
process. ’
August Wilhelm von Hofmann designed a voltameter capable of electrolysing water and
1866 o [56,60-63]
quantifying the resultant products.
1888 Dmitry Lachinov pioneered the industrial method for producing hydrogen and oxygen [54,56]
through electrolysis. ’
Dr. O. Schmidt introduced the first industrial bipolar electrolyser, utilizing the filter press
1899 . : [56]
design and produced by Oerlikon.
1924 Jacob Emil Noeggerath designed the inaugural electrolyser capable of operating under [56,64]
high pressures (up to 100 bars) and secured a patent for this invention. ’
Ewald Arno Zdansky was the innovator behind the first pressurized industrial electro-
1948 , [64-66]
lyser, developed for the Swiss group Lonza.
1951 The German company Lurgi commercialized the initial high-pressure electrolyser (30 [66,67]
bars), having acquired the patent from Lonza. ’
1966 The first solid polymer electrolyte system (SPE) was developed by General Electric. [55,56]

In 1900, Walther Hermann Nernst made a fundamental contribution to the develop-
ment of the high-temperature—chemical thermodynamical relationship, which allowed for
the calculation of a reduction potential of a reaction and the electrolyte YSZ, based on
zirconium dioxide (ZrOz2) stabilized by yttrium oxide (Y20s) [68]. The groundwork for
high-temperature electrolysers and batteries was laid. However, it was only in the 1960s
that NASA began developing high-temperature electrolysers as part of its space pro-
grammes [56].

One of the earliest publications concerning the description of high-temperature elec-
trolysis for hydrogen production as a “future energy carrier” was written by W. Doenitz
et al. [15] in 1980. The requirements for electrolyser electrodes, electrolyte, and intercon-
necting material were described. The experiment of water steam electrolysis was also per-
formed at operational conditions T =900 °C and p =20 bar. The obtained operational curve
is presented in Figure 8.

Also, the authors proposed to couple the electrolysis with the high-temperature re-
actor steam-generating process and, based on the HOT ELLY project [69], estimated the
efficiency increase from 36—42% up to 44-51.5%.
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Starting from the 1960s, NASA was developing the Advanced Life Support System,
mainly for oxygen production from metabolically formed carbon dioxide and water
[14,70-73]. The system consisted of twenty oxygen production stacks, six palladium tubes
for hydrogen removal, a base plate, and housing (Figure 9). The approach to oxygen re-
generation was developed by Westinghouse, and the idea was described by Elikan L. [13].
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Figure 9. NASA system for oxygen production.

High-temperature electrolysis could be a valuable solution for long-term missions for
the human exploration of Mars, providing the in situ resource utilization (ISRU): the ma-
jority of CO2 in Mars’ atmosphere could be turned into propellant and life support
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consumables. The experimental studies of carbon dioxide electrolysis were provided by
NASA and described by Tao G. [18,19].

Generally, the water steam and/or carbon dioxide high-temperature electrolysis be-
gan development as a technology for space programmes. However, further research and
investigations showed that the high-temperature electrolysis is a promising solution for
power and industrial sectors as the product is a syngas (Hz2+ CO). Research organizations
from numerous nations and regions are performing studies focused on creating novel ma-
terials, improving the durability and performance of stacks, and lowering the cost of syn-
gas production since the turn of the century.

6. Conclusions

This manuscript has comprehensively addressed the technological evolution and po-
tential of solid oxide electrolysis (SOE), co-electrolysis, and methanation as pivotal tech-
nologies for advancing the EU’s climate neutrality objectives by 2050. Through historical
analysis and detailed review of current technological capabilities, it is evident that SOE
technologies, particularly when integrated with carbon capture and utilization strategies,
offer a promising pathway for the decarbonization of the energy sector. The high efficien-
cies and capability of operating at elevated temperatures make SOEs particularly suitable
for sustainable hydrogen production and power generation.

Co-electrolysis of steam and carbon dioxide has been highlighted as a significant ad-
vancement, facilitating syngas production that can be effectively integrated into existing
industrial processes, thereby enhancing the versatility of renewable energy systems. The
methanation process, catalytically converting carbon oxides and hydrogen into methane,
provides a viable solution for energy storage and grid stabilization, which are critical for
managing the intermittent nature of renewable energy sources.

The need for ongoing research and development is crucial, as evidenced by the dis-
cussion of system designs and operational enhancements that continue to push the bound-
aries of what is possible with SOE technologies. Future studies should focus on improving
the durability and cost-effectiveness of these systems to facilitate wider adoption and im-
plementation.

In conclusion, the integration of solid oxide electrolysis technologies within the re-
newable energy landscape represents a transformative approach towards achieving a sus-
tainable and carbon-neutral energy future. However, integrating SOE/co-SOE and
methanation systems with renewable energy sources like solar and wind faces challenges
due to fluctuating power supply. The intermittency of renewable energy requires systems
to operate flexibly under varying loads. SOE systems, though highly efficient, encounter
thermal and mechanical stress from power variability, complicating the maintenance of
their optimal operating temperatures (650-900 °C). Methanation reactors, reliant on the
exothermic Sabatier reaction, are similarly sensitive to temperature fluctuations, risking
reduced efficiency and catalyst deactivation. Effective integration demands robust energy
and thermal storage solutions, hydrogen buffering, and advanced control systems for real-
time synchronization. Addressing these challenges with material innovations and system
optimization is crucial for reliable renewable energy coupling.
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