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In view of a diversification of energy sources and technologies for green hydrogen production, ENEA, since 

2005, has been working on the development of water splitting thermochemical cycles powered by concen-

trated solar energy, participating in several research projects within National and European programs. Par-

ticularly ENEA has developed a unique expertise on materials and components with the aim of identifying 

critical aspects and defining innovative solutions to bring this challenging technology to an industrial maturi-

ty. To this end, within the Electric System Research programme, ENEA is currently investigating a “modified 

Sulphur – Iodine” thermochemical cycle, to increase both the thermal efficiency of the hydrogen production 

route and the technical feasibility of its integration with the solar technology. Innovative materials are under 

study and the preliminary results show that the use of intermediate solid reactants can be the key to reduce 

the maximum operating temperatures and the energy consumption of the separation steps.

In un'ottica di diversificazione delle fonti energetiche e delle tecnologie per la produzione di idrogeno verde, l'ENEA, 
dal 2005, si occupa dello sviluppo di cicli termochimici di scissione dell'acqua alimentati da energia solare concen-
trata, partecipando a diversi progetti di ricerca nell'ambito di programmi nazionali ed europei. In particolare ENEA 
ha sviluppato una competenza unica su materiali e componenti con l'obiettivo di identificare gli aspetti critici e defi-
nire soluzioni innovative per portare questa sfidante tecnologia ad una maturità industriale. A tal fine, all'interno del 
programma di Ricerca sul Sistema Elettrico, l'ENEA sta attualmente studiando un ciclo termochimico “Zolfo - Iodio 
modificato”, per aumentare sia l'efficienza termica del percorso di produzione dell'idrogeno, sia la fattibilità tecnica 
della sua integrazione con la tecnologia solare. Sono allo studio materiali innovativi e i risultati preliminari mostrano 
che l'uso di reagenti solidi intermedi può essere la chiave per ridurre le temperature massime di esercizio e il consu-

mo energetico delle fasi di separazione.
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T 
he decomposition of water 
molecules by using renewa-
ble energy can be considered 
as the most straightforward 

pathway to green hydrogen pro-
duction. In this perspective, water 
electrolysis powered by renewable 
electricity is currently the most tech-
nologically mature process; however, 

water splitting can also be achieved 
through alternative processes powered 
by high-temperature renewable heat, 
thus complementing electrolysis in a 
future flexible and resilient energy sys-
tem based on multiple renewable en-
ergy sources and technologies. 
The direct thermal decomposition 
of the H2O molecule can be achieved 

at temperatures higher than 2500°C; 
however, the implementation of this 
process is hindered by several techno-
logical challenges related to the very 
high operating temperature and to the 
handling of hydrogen-oxygen mix-
tures, which pose material and safety 
issues, and require complex gas sep-
aration operations [1]. To overcome 
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these problems, the splitting process 
can be divided in multiple steps, where 
hydrogen and oxygen are produced 
separately and the maximum operat-
ing temperature is significantly reduced 
[2]. This is the approach followed by the 
so-called Thermochemical Water Split-
ting Cycles (TWSC), which are based on 
cyclic sets of chemical reactions involv-
ing different species, whose net result 
is water splitting. TWSCs typically re-
quire heat below 1500°C, which can be 

conveniently supplied by concentrating 
solar thermal plants, resulting in green 
hydrogen production.
Several TWSCs have been proposed 
since the 80’s [3]. Figure 1 shows three 
of the most significant examples: in the 
“Sulphur Iodine” cycle (a), water is in-
corporated into two chemical species, 
typically acids, which are eventually de-
composed [4]; in another widely inves-
tigated alternative (b), steam reacts with 
a reducing agent (Iron (II) in the exam-

ple reported [5]) producing hydrogen 
and, subsequently, the resulting oxide is 
thermally split to obtain oxygen; a third 
option (c) includes an electrochemical 
step for hydrogen production, as in the 
“hybrid sulphur” process [6]. 

Overall, TWSCs can be classified ac-
cording to the number and types of 
reactions involved, as summarized in 
Table 1. 
Today, TWSCs have reached an inter-

Fig.1  Three widely studied TWSCs: a) “Sulphur Iodine” b) “Iron Oxide” and c) “hybrid sulphur” cycles

TWSC Examples Advantages Drawbacks

Sulphur based cycles S-I cycle, basic [4] or S-I 
with metal oxides 
intermediates [7]

-The intermediates are low 
cost, commonly available 
chemicals. 
-Maximum temperature is 
below 850°C 

-Concentrated strong acids and iodine 
are present (costly construction 
materials required) 

Hybrid cycles with one 
electrochemical step

“Hybrid sulphur” process [6] -Iodine and halides are not 
present

-Membrane and electrodes are to be 
optimized for the electrochemical 
step

Two-steps involving two 
oxidation numbers of a 
metal (red/ox)

Cerium oxide [5] -No acids, only two steps -Thermal decomposition of metal 
oxides requires >1300°C

Mixed Oxides Ferrites [8] -Non corrosive materials;
-Maximum temperature is 
below 1000 °C

-Synthesis of ferrites can be complex
-Hydrogen separation from excess 
water in the hydrogen production 
step is energy consuming

Table 1  Types of TWSCs according to types and number of reaction steps
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mediate technology readiness level, 
with only few pilot-scale plants availa-
ble worldwide. Three main challenges 
need to be addressed for the further 
development of this technology: 1) 
improvement of structural and func-
tional materials (reactants, catalysts) 
in terms of chemical and thermal 
properties; 2) design of solar reac-
tors with higher thermal efficiency 
and higher single-pass conversion; 
3) definition of effective integration 
strategies between the chemical pro-
cess and the solar plant, also includ-
ing thermal energy storage solutions 
in order to cope with the fluctuations 
of the solar resource.

Research and development ac-
tivities in ENEA

ENEA has been active in the field of 
TWSCs since 2005 by participating in 
several research projects within Na-
tional and European programs. In this 
16 years period, ENEA has developed 
significant expertise on the most criti-
cal aspects of this technology, by car-
rying out activities such as the inves-

tigation of reaction steps (catalysts, 
materials, reactors, etc.), the devel-
opment of lab-scale and pilot-scale 

on-sun prototypes (in collaboration 
with other organizations), process 
design optimization and techno-eco-
nomic analyses.
Overall, ENEA’s activities have been 
mainly aimed at improving the re-
acting materials in terms of reaction 
yield, chemical stability and thermal 
coupling with the concentrating solar 
technology. Particularly, with regards 
to the latter point, research activities 
have been focused on the reduction of 
the maximum operating temperatures 
of the TWSCs in order to adopt con-
ventional structural materials for solar 
receivers, increasing their thermal effi-
ciency.
ENEA’s activities on this topic started 
within a FISR National project (TEPSI, 
2005-2009), focusing on the “Mixed 
Ferrites” and the “Sulphur Iodine” cy-
cles (Figure 1a). The former is an origi-
nal process developed by ENEA, which 
is conceptually similar to the two-steps 
metal oxides cycles represented in Fig-
ure 2b; in this process, a manganese 
ferrite (MnFe2O4), appropriately syn-

Fig.2 On the left, supported catalyst for SO3 decomposition developed by ENEA 
within the SOL2Hy2 European Project; in the center, catalyst sample placed inside 
the quartz lab reactor; on the right, catalyst in the quartz tube in operation during 
SO3 splitting tests in the HycycleS European Project. 

Fig.3  Alternative of the “Sulphur Iodine” scheme where H2SO4 cracking is driven by 
methane combustion. The obtained CO2 is reacted with part of the produced H2 in 
order to synthetize methanol.
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thetized by ENEA, is reacted with sodi-
um carbonate and steam to produce hy-
drogen, while the obtained material is 
reacted with CO2 to release oxygen [8]. 
This method is very appealing for the 
relatively moderate operating temper-
atures (750-800°C) of both reactions, 
in particular the oxygen releasing step, 
which is considered the limiting step for 
the practical exploitation of most met-
al-oxide TWSCs. The “Sulphur Iodine” 
cycle, which is based on the adoption 
of commonly available acids and has 
a maximum operating temperature of 
850°C, was thoroughly investigated by 
ENEA, from the extensive characteriza-
tion of the involved chemical reactions 
and separation phases [9,10,11,12], to 
theoretical modelling and flowsheeting 
of the whole process [13]. As a result, 
the technical feasibility of the process 
and its economical sustainability were 
evaluated [14], and a bench-scale plant 
(with nominal capacity of 10 NL/h 
of hydrogen), was built and tested at 
ENEA laboratories [15], representing 
the first European demo for this tech-
nology. 
On these topics, ENEA has collaborat-
ed with the main European research 
institutions (DLR, CEA, APTL; JRC, 

ETH) and materials providers (e. g. 
Outotec, Erbicol), developing inno-
vative solutions for the Sulphur-based 
cycles, in particular in the framework 
of the European funded Projects Hy-
cycleS and SOL2HY2. Besides contrib-
uting to integration and techno-eco-
nomic analysis [16], ENEA studied 
the sulphuric acid decomposition 
step, characterizing methods for 
large scale preparation of support-
ed low-cost catalysts (Fig. 2) [17, 18] 
eventually supplied for on-sun tests in 
a pilot-scale solar reactor located at the 
Jülich solar tower facility of DLR (Ger-
man Aerospace Center) [19]. 

The “Sulphur Iodine” process

The experience gained within the 
aforementioned projects allowed 
ENEA to identify the main solutions 
required to enhance manageability 
and efficiency of the “Sulphur Iodine” 
process, and particularly of the chal-
lenging steps sulfuric and hydriodic 
acids splitting, characterized by safe-
ty/material compatibility and limited 
conversion issues. 
Indeed, the catalytic decomposition 
of H2SO4 requires severe operating 

conditions (acid environment at high 
operating temperatures, around 850°C 
[17]), while hydriodic acid (HI) split-
ting, which occurs at lower tempera-
tures (<500°C), is thermodynamically 
limited [4]. In order to cope with these 
limitations, ENEA has investigated 
several process alternatives, develop-
ing several patents [20,21,22]. As an 
example, an alternative process con-
figuration, powered by a combined 
solar/fossil energy source, with hydro-
gen and methanol co-production, was 
proposed to increase the efficiency and 
the technological sustainability of the 
high temperature reaction [23]; this al-
ternative process exploits methane/bi-
ogas combustion to feed the high-tem-
perature cycle step, while most heat 
required at medium temperatures 
(< 500°C) is supplied by linear fo-
cusing CSP technology. Therefore, 
methane combustion is proposed not 
only to supply thermal energy to the 
sulphuric acid decomposer, but also 
to convert the hydrogen generated by 
the cycle into methanol through the 
reaction with CO2 contained in the 
flue gases [20], in a neutral CO2 bal-
ance (Fig. 3). 
Other patents focus on the use of oxides 
and metals as intermediates, leading to 
the formation of the related sulphates 
and iodides that are split in place of the 
corresponding acids [21,22,24]. The 
significant advantage of this method-
ology is that pure hydrogen production 
can proceed at nearly room tempera-
ture without thermodynamic limita-
tions; furthermore, oxygen formation 
can be carried out without catalysts and 
at temperatures below 900°C [7]. More-
over, depending on the metal used as 
intermediate, the formation of low-sol-
ubility species allows for easier separa-
tion processes and storage of products 
[7, 25], thus de-coupling the solar ener-
gy step from hydrogen production.    

Projects and perspectives

Currently, TWSCs are among the re-
search topics included in the Electric 

Fig.4  Alternative decomposition of sulfuric acid: the acid concentrated solution is 
reacted with Iron(III) oxide obtaining Iron(III) sulphate. The latter, as illustrated in the 
thermogravimetric pattern on the bottom, decomposes into Iron(III) oxide, sulphur 
oxides and oxygen at a lower temperature level than H2SO4 itself (between 650°C 
and 700°C).
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System Research Programme funded 
by the Italian Ministry of Economic 
Development (Implementation plan 
2019-2021). In this context, ENEA is 
continuing to investigate a “modified 
Sulphur Iodine” scheme, based on the 
patents developed in the last years and 
described in the previous sections. In 
fact, these alternative approaches have 
the potential to improve the thermal 
efficiency of the process, which is 20% 
without any heat recovery [7]. The tar-
get of the activity is to bring the TRL of 
this alternative “Sulphur Iodine” cycle 

from the actual 2 to 3.
Innovative materials are currently in-
vestigated, with the focus to optimize 
the composition of the intermediate 
solid reactants (metals, oxides and sul-
phates) employed in the cycle (Fig. 4). 
In particular, the selected chemicals 
should be featured by low toxicity and 
low environmentally impact, along 
with low cost and favourable chemi-
cal-physical properties. Regarding the 
latter point, the investigation is being 
dedicated to select and validate prod-
ucts that are insoluble or low-soluble 

in the liquid reaction mixtures in or-
der to reduce the heat demand of the 
separation processes (i.e. further in-
creasing the cycle efficiency) and to 
facilitate handling and storage of the 
same intermediates. Activities in pro-
gress are specifically dedicated to the 
experimental characterization of each 
step of the water-splitting process, 
with the aim to select the most prom-
ising configuration; a flowsheet anal-
ysis is also being performed in order 
to assess the investment and operative 
cost of the complete process loop.

Table 2   Main data of significant examples of TWSCs

Cycle Reaction involved T max (°C) Efficiency (LHV H2 /heat duty) Cost (€/kg H2)

Sulphur-Iodine I2 + So2 + 2H2 O → 2 HI+H2 SO4

H2 SO4  →  H2O+SO2 + ½ O2

2HI→H2+I2

850 52 5.5 [26]

Westinghouse So2+2H2O → H2 SO4

H2 SO4  →  H2O+SO2 + 0,502

850 51 4.75 [26]

Zinc Oxide ZnO → Zn +O2

ZnO + H2O → ZnO+H2

≈2000 20.8 6.4
[27,28]

UT-3 CaBr2 +H2 O → CaO+HBr 
FeBr2+H2O → Fe3O4+HBr+H2

Fe3O4+HBr →3FeBr2+2H2O+Br2

CaO+Br2→CaBr2+O2

760 49.5
4.0

[26,29]

Hybrid Copper chloride 2Cu2+2HCl→2CuCl+H2

4CuCl→2Cu+2CuCl2

2CuCl2+H2O→Cu2OCl2+2HCl
Cu2OCl2→2CuCl+0.5 O2

550 49 4.7
[26]

Mixed ferrites [30] 2MnFe2O4 + 3Na2CO3 +H2O  → 
6Na(Mn1/3Fe2/3)O2 +3CO2+H2

6Na(Mn1/3Fe2/3)O2 +3CO2  
→2MnFe2O4  + 3Na2CO3+0.5O2

800 / 7

Sulphur-Iodine modified
[31]

I2+SO2+2H2O→2 HI+H2 SO4

H2SO4+Ni→ NiSO4+H2

NiSO4 →NiO+SO2+0.5 O2

NiO+2HI→H2O+NiI2

NiI2 →Ni+I2

900 20 /
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TWSCs are also part of the strategic 
research and innovation agenda devel-
oped by Hydrogen Europe in the fore-
seen public-private partnership Clean 
Hydrogen for Europe. In this context, 
water splitting powered by solar heat 
is considered among the environmen-
tally neutral processes that, in addition 
to water electrolysis, can be used in the 
future for green hydrogen production. 
A roadmap to significantly advance 
the technology readiness level of these 
processes in the next 10 years is also 
traced. The development of solutions 
to achieve an overall efficiency of 20%, 
and the deployment of demonstration 
projects on the MW scale, are identified 
as key actions to achieve the develop-
ment and operation of the first 10 MW 
demonstration project and decrease the 
hydrogen production costs from the 
current 4-7 €/kg (Table 2) to nearly 2 €/

kg by 2030, thus bringing the technolo-
gy closer to the market.

Conclusions

Even if water electrolysis is considered 
s the most mature approach for green 
hydrogen production, the development 
of thermochemical water splitting cycles 
powered by concentrated solar energy 
can represent a complementary strategy 
to fully exploit different energy sources 
available in different geographical con-
texts and to favour large scale hydrogen 
productions thanks to the intrinsic scale-
up capability of thermochemical process-
es.
In accordance with the strategic research 
and innovation agenda developed by Hy-
drogen Europe, and within the Electric 
System Research Programme, ENEA is 
currently developing a “modified Sul-

phur Iodine” thermochemical cycle, 
based on the patents developed in the 
last years, to increase both the thermal 
efficiency of the hydrogen production 
route and the technical feasibility of the 
integration of the solar technology with 
the chemical process. The target of the 
activity is to bring the technology read-
iness level (TRL) of this alternative “Sul-
phur Iodine” cycle from 2 to 3, identify-
ing suitable intermediate solid reactants 
to reduce the maximum operating tem-
peratures and the energy consumption of 
the separation steps.

(*) Alberto Giaconia, Engineering and Solar 
Technologies Laboratory; Salvatore Sau, Anna 
Chiara Tizzoni, Luca Turchetti - Solar Com-
ponents and Plants Development Laboratory;  
Michela Lanchi – Head of Solar Components 
and Plants Development Laboratory
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