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To achieve long-term climate neutrality targets by 2050 as imposed by the EU [1], transition technologies capable of 

efficiently exploiting unavoidable CO2 streams, in synergy with renewable energy sources, must be further investi-

gated and deployed in the global energy sector; in such a context, hydrogen is an energy vector that can effectively 

contribute to the energy transition due to its wide applicability, both in terms of sector and scale [2]. In this scenario, 

electrochemical systems can connect gas and electricity networks, providing the opportunity to integrate clean 

technologies into industrial processes and to reduce their environmental impacts. Among them, high-temperature 

fuel cells using molten carbonate electrolysers represent a promising technology to valorise CO2-rich waste stre-

ams, which are typically available in industrial plants, by their conversion into high-value hydrogen or H2/CO syngas. 

ENEA is among the first organizations worldwide having started a deep and comprehensive investigation of the 

MCEC technology. Thanks also to the pioneristic activities carried out in ENEA laboratories, the interest on MCECs 

technology is growing fast, involving industrial partners as end users and technology uptakers but also research 

institutions at Italian and European level. What is expected to obtain in the next future is to build a supply chain able 

to take out from the laboratories the technology to apply it in relevant industrial context.  

Per raggiungere gli obiettivi di neutralità climatica a lungo termine da qui al 2050, come imposto dall'UE [1], le tecno-
logie di transizione in grado di sfruttare in modo efficiente i flussi di CO2 inevitabili - in sinergia con le fonti energetiche 
rinnovabili - devono essere ulteriormente studiate e diffuse nel settore energetico globale; in tale contesto, l'idrogeno è 
un vettore energetico che può contribuire efficacemente alla transizione energetica grazie alla sua ampia applicabilità, 
sia in termini di settore, sia di scala [2]. All’interno di questo scenario, i sistemi elettrochimici possono collegare le reti 
del gas e dell'elettricità, fornendo l'opportunità di integrare tecnologie pulite nei processi industriali e di ridurre il loro 
impatto ambientale. Tra queste, le celle a combustibile ad alta temperatura che utilizzano elettrolizzatori di carbonati 
fusi: rappresentano una tecnologia promettente per valorizzare i Fumi di combustione o gas esausti ricchi di CO2, soli-
tamente disponibili negli impianti industriali, attraverso la loro conversione in idrogeno ad alto valore o syngas H2/CO. 
ENEA è tra le prime organizzazioni al mondo ad aver iniziato una profonda e completa ricerca sulla tecnologia MCEC. 
Grazie anche alle attività pionieristiche svolte nei laboratori ENEA, l'interesse nei confronti delle tecnologie MCEC sta 
crescendo rapidamente, coinvolgendo partner industriali come utilizzatori finali e sostenitori della tecnologia ma anche 
istituti di ricerca a livello italiano ed europeo. Quello che ci si aspetta di ottenere nel prossimo futuro è la realizzazione di 
una filiera in grado di portar la tecnologia fuori dai laboratori per applicarla nel contesto industriale di riferimento.
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A 
rchitecture and engineering 
of molten carbonate elec-
trolysis cells (MCECs) are 
based on the well-proven and 

mature Molten Carbonate Fuel Cell 
(MCFC) technology, which started to 
operate commercially from 2007 for 
applications in the prime and premium 
power generation market of large sta-
tionary systems [3]. The typical pow-
er size of MCFCs ranges from several 
hundred kilowatts up to 3-4 MW, with 
several power plants with a capacity of 
10-60 MW already installed worldwide 
[4]. The difference between MCEC and 
MCFC is the direction of the redox re-
action only [5]. Figure 1 schematizes 
the reactions occurring inside a MCEC 
(a) and a MCFC (b), respectively.
Water, carbon dioxide and electricity 
are required in electrolysis mode to per-
form the reduction reaction in the fuel 
electrode (FE), where H2 and carbonate 
ions (CO32-) are produced, as expressed 
by Eq. (1):

H2 O+CO2+2e--→H2+CO3-2   
    
Carbonate ions are transported through 
the electrolyte to be oxidized at the 
oxygen electrode (OE), producing car-
bon dioxide and oxygen, as reported 
by Eq. (2): 

CO3-2→CO2+0.5 O2+2e-   
     
Thus, the global reaction is expressed by 

Eq. (3):

H2O+CO2,fe→H2+0.5 O2+CO2,oe                                                                                             

Molten Carbonate Electrolysis Cells 
based on the flat design of MCFC cells 
typically operate in the range 600-650°C. 
No flow is strictly required at the OE 
inlet; nevertheless, since CO2 is a high-
ly corrosive gas, feeding a gas stream, 
generally air mixed with a little amount 
of carbon dioxide, is beneficial to sweep 
out the formed gases, thus avoiding un-
restricted degradation of the electrode. 
As shown by Eq. (3), the overall process 
carried out in MCECs is the electro-
chemical water splitting of water with 
simultaneous CO2 transfer (without 
net generation) from the FE to the OE. 
Therefore, if the system is fed with re-
newable power and CO2 is separated 
from the OE outlet stream and recycled 
to the FE feed, MCEC electrolysis can 
be used as a green hydrogen production 
method, with some advantages com-
pared to more consolidated processes: 
MCECs require a lower power input to 
produce 1 Nm3 of hydrogen (3.5kWh/
Nm3) than low-temperature water elec-
trolysers, because they can be operated 
with lower cell potentials (~1,2 V vs 1,6-
1,8 V); furthermore, compared to solid 
oxide steam electrolysers, MCECs op-
erate at significantly lower temperatures 
(600-650 °C vs >700 °C). 
Equation (3) also shows that MCECs 
are characterized by the unique abili-

ty to act as an integrated CO2 separa-
tor during their operation. Therefore, 
MCECs can be used to separate a part 
of the CO2 from the off-gas and con-
centrate it at the OE, making it is easy to 
capture as pure CO2, for instance, after 
using the electrochemically produced 
CO2-O2 gas mixture (see reaction (2)) 
in an oxy-combustion process. Similar-
ly, MCEC can be used to exploit CO2-
rich waste streams typically available in 
industrial environments, by converting 
them at the Fuel Electrode compartment 
into high-value syngas products, which 
can be reused in the industrial plant or 
elsewhere for different applications, like 
producing synthetic fuels or chemicals 
such as methanol.   
The research on MCEC is still lying 
at fundamental levels, with almost 
no studies on scaled up systems. The 
main challenge for the implemen-
tation of the MCFC technology for 
electrolysis applications is the iden-
tification of structural and functional 
materials with sufficient corrosion re-
sistance when exposed to the higher 
potentials and CO2-rich electrolysis 
atmospheres.  

Research and development activ-
ities in ENEA 

As mentioned above, the research in 
the field of MCEC is still at an earlier 
stage compared to other types of elec-
trolysers, although this technology 

Fig.1  Working principles of MCFC/MCEC technology
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represents an attractive sustainable 
option for generating green hydro-
gen or synthetic fuels from CO2-
rich waste streams. Several issues 
need to be tackled to implement a 
reliable MCEC technology, starting 
with a better understanding of the 
degradation phenomena affecting 
cell materials, in order to improve 
the cell tolerance and stability to the 
harsh operating conditions. Further-
more, the development of reversible 
MCECs, i.e. systems that can work 
efficiently in both electrolysis and 
fuel cell operation modes, is another 
important target. ENEA is among the 
first organizations worldwide having 
started a deep and comprehensive 
investigation of the MCEC technolo-
gy, with two main research lines:
• Reverse operation of MCFC: focu-

sed on the study of the electroche-
mical phenomena occurring inside 
a molten carbonate fuel cell opera-
ted in reverse mode for the optimi-
zation of the operating conditions.

• Low-temperature MCE (~ 500 ⁰C): 
based on a new process patented 
by ENEA, focused on the study of 
degradation phenomena affecting 
structural and functional mate-
rials at such lower temperatures 
and on the development of a new 
cell for these operating conditions.

For both research lines, ENEA is also 
studying the integration of MCEC 
systems with concentrating solar 
power (CSP) plants, which may feed 
the process with renewable heat and 
power, for a fully green hydrogen 
production [15]

Low temperature MCE

Production of pure hydrogen with 
MCEC cells is not an easy task since 
the steam electrolysis is challenged by 
side reactions such as CO2 electrol-
ysis and the reverse water gas shift 
reaction (RWGSR), the latter one 
consuming the hydrogen produced 
at the Fuel Electrode forming carbon 

monoxide according to Eq. (4):
H2+ CO2= H2O+CO     
 
Equilibrium conditions are rapidly 
established at 600-650°C in presence 
of the Fuel Electrode of nickel, which 
is a highly effective RWGSR catalyst. 
Furthermore, carbon monoxide may 
be also produced by direct CO2 re-
duction in molten carbonate salts, 
although CO2 electrolysis is slightly 
more energy demanding than steam 
electrolysis [6]. As this energy gap 
decreases with temperature and be-
comes negligible above 600°C, this 
gives the opportunity of producing 
pure hydrogen in molten carbonates 
by lowering the temperature below 
600°C and conducting the electrol-
ysis under well controlled potential 
and current conditions. Based on 
these concepts, the development 
of an innovative molten carbonate 
steam electrolysis system working 
efficiently at around 500°C, is un-
der scrutiny at ENEA. This activity 
builds on previous studies [7] and on 
the consideration that lower operat-
ing temperatures may be beneficial 
for the process manageability, safety 
and economics. The development of 
more efficient electrolysis cell designs 
compatible with intermittent and dy-
namic uses as those present in hydro-
gen energy storage systems (Power-to-
Gas systems) is also under attention. 

For instance, molten carbonate cells 
with a tubular cell design has been re-
cently investigated [8]. Results indicate 
that rapid start-up and improved me-
chanical stability can be achieved with 
tubular MCC systems, which would 
be highly relevant for implementing 
a molten carbonate electrochemical 
technology to be used in Power-to-
Gas systems. Development of stable 
anode materials for replacing tradi-
tional MCFC nickel anodes, which 
exhibit substantial corrosion at around 
500°C, is the primary objective of cur-
rent experimental efforts [9].

Reverse operation of MCFC

The possibility of using MCFC in 
reverse mode to produce hydrogen 
instead of electric power has been 
deeply investigated in ENEA labo-
ratories. The main goal of the experi-
mentation carried out was to evaluate 
the electrochemical performance of 
MCFC/MCEC device. To tackle this 
challenging objective, ENEA team 
assembled and tested an MCC single 
repeating unit (fig. 2) of relevant size 
(81 cm2), to move one step forward 
the state of the art (previously similar 
tests have been carried out only on 3 
cm2 cells). Experimentation carried 
out in ENEA facilities consisted of an 
accurate an extensive matrix of tests 
performed by varying all the oper-

Fig.2  Working principles of MCFC/MCEC technology
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ating conditions one by one, while 
diagnosing the state of health of the 
device continuously. The results of 
the experimental campaign shed light 
on the real feasibility of using MCFC/
MCEC systems, increasing the know-
how on a technology that can rep-
resent the missing ring between the 
capture and utilisation of CO2, thus 
closing the carbon loop. 
Next steps in this R&D field in 
ENEA will be to bring together the 
two above-mentioned research lines, 
joining results and know how to over-
come the major issues identified and 
develop the next generation MCEC 
systems.

Projects and perspectives 

Interest for MCE processes is devel-
oping following three main appli-
cation directions: low-carbon man-
ufacturing, energy storage via CO2 
capture and chemical conversion.
The possibility of enabling low-car-
bon and sustainable manufacturing 
technologies for the production of 
high-value chemicals (i.e., carbon na-
notubes) [10] and key commodities 
(i.e., iron, cement) [11,12] via molten 
carbonate electrolysis is at the basis 
of recent studies [13,14], which also 
take into consideration the possibility 
of an easy integration of MCEC tech-
nologies with CSP systems, aiming 
to increase the overall efficiency and 

sustainability of the production pro-
cesses.
Chemical energy storage of intermit-
tent renewable energy sources via 
hydrogen or syngas production is 
another field with significant oppor-
tunities for MCEC processes. Energy 
storage applications is the main sub-
ject of interest and research studies in 
ENEA laboratories, on MCEC pro-
cesses. 
In particular, ENEA interest is direct-
ed to the development of MCE pro-
cesses for hydrogen production from 
steam in CO2/H2O gas mixtures (wet 
CO2) aiming to valorise carbon diox-
ide exhaust streams usually produced 
in industrial environments (e.g. refin-
ing processes, biogas upgrading) clos-
ing, in this way, the carbon cycle by 
producing renewable fuels. These ap-
plication scenarios are particularly at-
tractive since MCECs are able, on one 
hand, to capture CO2, when operated 
in fuel cell mode, in an effective way 
(capture efficiency > 90%) and, on the 
other hand, to utilise it, operating in 
electrolysis mode for efficiently pro-
ducing syngas (conversion rate <3.5 
kWh/Nm3) compared to the state of 
the art. 
ENEA’s activities in this field are 
currently carried out within the im-
plementation plan 2019-2021 of the 
Italian Electric System Research pro-
gramme, funded by the Italian Min-

istry of Economic Development. The 
main goal is taking the technology 
from TRL 3 to 4. In parallel, a strong 
network composed by research enti-
ties, SMEs and industries is taking 
form both at Italian level and Euro-
pean one, where ENEA plays an im-
portant role as know how collector 
and EU proposals coordinator.  

Conclusions 

Molten carbonate steam electrolysis 
is a promising and versatile process 
that can be used to produce green 
hydrogen or as a carbon utilization 
system to obtain synthetic fuels (gas, 
liquid) or chemicals (e.g. methanol). 
Thanks also to the pioneristic activi-
ties carried out in ENEA laboratories, 
the interest on MCECs technology 
is growing fast, involving industrial 
partners as end users and technology 
uptakers but also research institutions 
at Italian and European level. What is 
expected to obtain in the next future 
is to build a supply chain able to take 
out from the laboratories the technol-
ogy to apply it in relevant industrial 
context.
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