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Abstract: Hydrogen (H2) produced from renewables will have a growing impact on the global energy dynamics towards
sustainable and carbon-neutral standards. The share of green H2 is still too low to meet the net-zero target, while the
demand for high-quality hydrogen continues to rise. These factors amplify the need for economically viable H2

generation technologies. The present article aims at evaluating the existing technologies for high-quality H2 production
based on solar energy. Technologies such as water electrolysis, photoelectrochemical and solar thermochemical water
splitting, liquid metal reactors and plasma conversion utilize solar power directly or indirectly (as carbon-neutral
electrons) and are reviewed from the perspective of their current development level, technical limitations and future
potential.

1. Introduction

The production of green H2 powered with renewable energy
sources (solar, wind, hydro) is an important step towards a
carbon-neutral future. The anticipated energy transition will
reflect all areas, including a phase-out of fossils and “low
carbon” hydrogen as short-to-medium-term bridging tech-
nologies. In this new era, H2 will play a key role in the
energy generation and storage. In line with the European
Green Deal, the ambitious decarbonization targets will

prioritize the strengthening of sustainable and efficient H2

production and storage and its secure distribution and
transportation to various end users, including heat and
power generation, and the overall supply chain. “H2 valleys”
as regional H2 ecosystems will be paving the road to the
global sustainable H2 economy. Finally, the share of H2 in
Europe’s energy mix is projected to grow to 13–14% by
2050 with more than 500 Mt H2 per year produced,
according to Hydrogen Council.[1] Therefore, the demand
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for producing green H2 with high-quality regarding purity,
level of humidity and pressure is steadily increasing.

In order to cover certain quality requirements for further
utilization, the produced H2 usually requires further purifi-
cation and compression. Although mature technologies for
H2 purification and compression are available at large scale,
they have certain limitations. Adding any supplementary
balance-of-plant (BOP) components for H2 treatment to
achieve the purity and pressure targets penalizes the overall
structure of capital and operational expenditures (CapEx,
OpEx) and the whole efficiency of the process chain. For
these reasons, the establishment of novel technological
pathways for producing sufficient amounts of highly pure,
dry and compressed green H2 has to be prioritized.
Particularly interesting are the direct or indirect conversion
of solar energy into H2, using power from photovoltaics,
heat and power from concentrated solar facilities, or
photons for photoelectrochemical water splitting.[2,3] These
technological pathways are at the core of the Innovation
Pool project “Solar H2: Highly Pure and Compressed” (i.e.
H2 produced from solar energy) and are the subject of the
present review article. Biological and biocatalytic processes
are beyond the scope of this review.

To achieve essential optimization of the complete
process chain, it is necessary to evaluate (and possibly adapt
within a tolerable range) the quality and suitability of the H2

provided with regard to the relevant applications. Therefore,
the present article will first give an overview of the quality
requirements for H2 with respect to its main fields of
application. The paper will furthermore focus on the
technologies using solar energy to produce H2, based on
water splitting and bio-hydrocarbons cracking, and will
highlight their technical advantages and limitations in terms
of the achieved H2 purity and pressure. Electrochemical H2

separation and compression technologies will be briefly
considered as well, along with the numerical simulations
carried out on various scales as an overarching approach to
support the technological development. Finally, a compara-
tive summary of the technologies and an outlook will be
provided.

2. Hydrogen Quality Requirements with Respect to
Its Main Applications

H2 is a valuable feedstock in various industrial fields such as
steel production, chemical, cement and processing indus-
tries. In combination with carbon dioxide, hydrocarbons and
synthetic fuels can be produced. H2 is also utilized in
households, various services and mobility. For all these
purposes, conversion technologies such as chemical reactors,
gas burners, internal combustion engines, gas turbines, fuel
cells (Polymer Electrolyte Membranes—PEM, Solid Oxide
—SOFC) are implemented (Figure 1). The standards for H2

in terms of purity and level of compression differ consid-
erably from one application to another one, and will be
briefly outlined below.

2.1. Hydrogen Purity for Various Applications

Multiple factors influence the purity of H2, e.g., production
and conversion technology, but also distribution network
(pipelines, tanks, etc.).

H2 purity required for PEM fuel cells is defined within
the standards SAE J2719, DIN EN 17124 and ISO
14687 :2019. Figure 2 visualizes the maximum allowed con-
centration of impurities in ppm, according to the ISO
standard. Generally, H2 must offer purity of �99.97%, i.e.
300 ppm (μmolmol� 1) of non-hydrogen gases in total and
1 mgkg� 1 particles. The major tolerated impurities are
helium (He) up to 300 ppm or 100 ppm nitrogen and argon,
and 200 ppm He. The next level of impurities encompasses
water (5 ppm), oxygen (2 ppm), carbon dioxide (2 ppm) and

Figure 1. Principal sketch of hydrogen coupled to different conversion
technologies and its usage in industry, households and mobility.

Figure 2. Hydrogen purity according to ISO standard (2012) 14687-
2.2012 taken from Ohi[7] supplemented by fuel quality data from a
Japanese hydrogen refuelling station (HRS) supplied by a natural gas
(NG) steam reformer and data for the specific detection limit.
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hydrocarbons (2 ppm), measured on methane basis. Some
contaminants can only be tolerated at the sub-ppm level,
defined as maximum concentrations: 200 ppb carbon mon-
oxide, 200 ppb formic acid, 10 ppb formaldehyde, 4 ppb
sulfur (monitored as H2S), 100 ppb ammonia and 50 ppb
halogenates.

While the main contaminants in H2 generated by PEM
water electrolyzers (PEMWE) are water and oxygen, other
contaminants such as nitrogen may be present as well.[4]

Nitrogen is usually introduced as a result of purging, while a
combination of O2 and N2 may result from leaks. Other trace
contaminants such as ammonia and carbon dioxide may be
introduced via the feed water, while halogens and sulphides
may be due to corrosion of electrolyzer‘s components. The
ISO 14687 :2019 (Hydrogen fuel quality—product specifica-
tion) and SAE J2719–202003 for Hydrogen Fuel Quality for
Fuel Cell Vehicles (automotive)[5,6] stipulate hydrogen purity
of �99.97% for fuel cells, of which a maximum of 5 ppm is
allowed for either water or oxygen and 300 ppm for nitro-
gen.

2.2. Level of Hydrogen Compression for Various Applications

The compression of H2 plays an important role in the value
chain from its production to its use. Green H2 produced
from intermittent renewable solar energy (or other renew-
ables) can balance seasonal fluctuations in renewable
electricity production and must be stored for a continuous
energy (or feedstock) supply to industry, households and
transport applications. Figure 3 displays the pressure levels
of H2 in the supply chain for various industrial applications,
grid injection, filling gas cylinders, refuelling station, etc. In
the chemical industry, H2 is used for ammonia production
and for hydrogenation processes. Depending on the process
conditions, the required pressure is between 60 to 300 bar.
In the mobility sector, H2 must be stored locally that can be
realized in salt caverns at pressures between 60 and 200 bar.
H2 could be distributed via an expanded pipeline network at
an operating pressure of 60 to 100 bar, similarly to the
natural gas (NG) grid. H2 storage for cars and trucks takes
place at pressures of up to 700 bar for obvious space

limitation reasons, while fuel cells operate at lower pres-
sures, e.g., between 1 and 15 bar.

3. Assessment of Different Technologies for
Hydrogen Production Driven by Solar Energy

As mentioned earlier, H2 can be produced from solar power
by direct utilization of sunlight to generate electrons or heat
in processes such as photoelectrochemical water splitting
(electrons), thermochemical water splitting (heat) and in
liquid metal reactors (heat); or indirectly by i) PEMWE
coupling to photovoltaic devices that convert the solar
power to green electrons, or ii) supply from the grid
(electricity, heat with large shares of solar power) to
processes such as water electrolysis, liquid metal and plasma
reactors. In the following chapters, direct and indirect
technological pathways within the Innovation Pool project “
Solar H2: Highly Pure and Compressed” are discussed in
descending order of maturity.

3.1. Water Electrolysis

The most established family of technologies for producing
green H2 is water electrolysis, i.e. water splitting, powered
by renewable electricity (Eq. 1).[8–12]

Overall reaction : 2H2O! 2H2 þO2;E0 ¼ þ1:230 V (1)

Electrolysis allows for energy storage, grid balancing and
sector coupling via Power-to-X approach Therefore, de-
creasing technology costs and providing flexibility to the
power system are crucial aspects. This technology provides
high-purity H2 and is the most accessible to implement on a
technical scale.

Based on the type of materials used in the device design
and the process conditions, water electrolyzers can be
systemized into alkaline (AWE: Alkaline Water Electroly-
sis; AEMWE: Anion Exchange Membrane Water Electrol-
ysis) and acidic (PEMWE), functioning at temperatures
below 100 °C (Figures 4, 5), or ceramic-based devices
operating at higher temperatures (PCEC: 400–650 °C and
SOEC: 700–900 °C, Figure 6).

Figure 3. Pressure levels of hydrogen on the supply chain.
Figure 4. Low-temperature electrolysis technologies (redrawn after
IRENA Report on Green H2 cost reduction

[13]).
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3.1.1. Alkaline Water Electrolysis (AWE)

This technology has a high degree of readiness (Technology
Readiness Level (TRL) 8–9), and plants in the megawatt
range have been existing for long time.[8–10] AWE is operated
at temperatures in the range of 50 °C to 90 °C and pressures
up to 30 bar.[14] As electrolyte, concentrated alkaline sol-
utions are used. In classical AWE devices, the electrodes are
separated by a diaphragm (�0.5 mm) that is permeable to
water and hydroxide ions (Figure 5a).[15] Thus, the crossover
of hydrogen and oxygen is reduced, resulting in high H2

purity (�99.8%) and device efficiency.[16–21] Compared to
the PEMWE technology, the requirements for electrolyte
purity are lower and catalysts, as well as diaphragms are
more robust.[22] However, the classical AWE suffers from
low current densities and efficiencies in a stack (<
0.4 Acm� 2; �60–70%).[14,23–26] The clear advantage of AWE
is the reduced cost due to the use of abundant non-noble
metal catalysts based on Ni, Co, Fe and Mo.[27–39] The
lifetime of AWE devices is longer and the related main-
tenance costs are considerably lower compared to other
well-established technologies.[8,10,14,40–42]

Modern designs of AWE follow a zero gap
approach,[43,44] thereby such offer higher current densities
and efficiencies at beneficial cost.[45] In this case, the
diaphragm is replaced by a thinner (<0.2 mm) polymer
membrane (Figure 5b[15]). Since almost no gas is generated
between the two electrodes, gas crossover is advantageously
reduced compared to the conventional design.

In the so-called Anion Exchange Membrane Water
Electrolysis (AEMWE, TRL 2–4), a hydroxide ion conduct-
ing membrane (e.g., Fumasep® FAS-50 or FAPQ, AMI
7001, etc.) is sandwiched between the porous electrodes.[46–51]

Current research in AEMWE focuses on increasing the
operation lifetime of the membrane and improving the gas
transport in the microporous layers.[52,53]

The purity of H2 produced is typically more than 99.9%,
while for O2 is in the range of 99.0 to 99.5%[54] and both can
be increased to 99.999% by catalytic gas purification
systems.[54] Since the two product gases can form explosive
mixtures, an emergency shutdown of the entire electrolyzer
system at a mixing threshold value of 2 vol.% is common for
safety reasons.[55,56] In addition, the gas crossover leads to a
reduction in the overall efficiency due to undesired side

reactions. To ensure continuous electrolysis operation, it is
therefore essential to keep the contamination of the product
gas as low as possible during operation. However, operation
in the very low partial load range (<20% of total power)
must be avoided as it is more critical in terms of gas
contamination and safety risks. This makes implementation
into the existing renewable energy-based power grid a very
challenging task. Higher current densities simultaneously
lead to an increase in heat production, mainly due to
activation overvoltages, which in turn increases gas impur-
ities. In order to achieve the highest possible gas purity and
energy efficiency in electrolysis, all cell components, materi-
als and process parameters must be precisely matched to
each other.[11,57,58]

Another important process parameter is the pressure, as
the subsequent compression of the gases is energy-intensive
and significantly reduces the overall efficiency of the
process. Commercial systems nowadays, such as those from
Enapter, typically operate at pressures between 8 and
35 bar.[59] Increasing the pressure has no effect on the H2

production rate,[10,60–62] but more gas dissolves in the
electrolyte,[58] resulting in higher concentration gradients for
diffusion through the separator and finally to more impur-
ities. The gas contamination can be reduced considerably if
the mixing of anolyte and catholyte is carefully avoided
during operation.

3.1.2. Polymer Exchange Membrane Water Electrolysis
(PEMWE) and Coupling with Photovoltaic Facilities (PV)

PEM electrolysis (TRL 8–9) is operated with pure water and
current densities in the range of 2 Acm� 2/1.7 V with
efficiencies larger than 72%[43] (up to 4 Acm� 2 still possible
at high efficiencies). The polymer exchange membrane is
gas-tight, unlike the diaphragms in alkaline electrolysis.
However, to achieve the desired protonic conductivity,
water must be absorbed on molecular level by sulfonic acid
functional groups in the Nafion® membrane backbone.
Precious metals such as iridium (Ir) are usually utilized as
catalysts to improve H2 purity at the cathode, as the
permeating oxygen is converted directly into water.

The operation of the electrodes at different pressure
levels, especially at the cathode, is thermodynamically
beneficial and no additional compression is necessary. The
average pressure in commercial electrolyzers is between 30
and 40 bar, while pressures of above 500 bar are technically
possible, however still at an early stage of development and
hardly considered industrially.[63] The gas composition at the
cathode is not affected by the pressure, as the permeating
oxygen is reduced electrochemically or it reacts catalytically
with hydrogen at the platinum (Pt) catalyst to form water.[25]

In the case of thin membranes (<180 μm), a recombination
catalyst is required at the anode to ensure hydrogen in
oxygen concentrations of less than 2%[64] or an immediate
dissolution in air.[65]

The operating conditions of PEMWE make this technol-
ogy ideal for coupling with photovoltaic (PV) facilities.[66]

The electricity harvested from the PV systems can be

Figure 5. Schematic cell structure of the alkaline water electrolysis in a)
classic and b) zero-gap design.[15] (Reprint permission by RSC
Advances).
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transferred to the PEM electrolyzers by direct coupling and
by DC-DC conversion (DC: direct current). Both ap-
proaches aim to keep the operating point of the PV modules
close to their maximum power point (MPP). In order to
match the properties of the PV system and the electrolyzer
in a directly coupled system, the number of PV and
electrolysis cells connected in series can be varied. Direct
coupling allows for highest efficiencies under laboratory
conditions. Together with highly efficient multi-junction
concentrator solar cells, this approach has enabled efficien-
cies of up to 30% in the conversion of solar energy to H2

(Solar-To-Hydrogen STH, ηSTH),[67,68] and about 18% in
small-scale outdoor tests (single PV cell).[69] Excellent results
have been also demonstrated in large-scale tests (PV power
PPV=100 s of W up to 20 kW) with commercially available
Si-based solar cells.[70–75] For such a coupling, energy
efficiency of 94% relative to the potential energy output at
MPP has been reported in long-term operation[76] under
varying solar irradiance and ambient temperature condi-
tions. The varying conditions mainly lead to a change in the
I–V characteristic of the PV part, so that optimizations need
to be considered.[77] The second main coupling strategy
utilizes DC-DC conversion and MPP tracking electronics to
further optimize H2 production.[78–82] Since modern DC-DC
converters are highly efficient (96–99%[83]), their use can be
a worthwhile trade-off in terms of overall system efficiency,
especially under conditions, for which direct coupling is not
optimal (e.g., partial shading of the PV installation). DC-DC
converters add upfront cost,[72,80] while potentially reducing
wiring cost and increasing flexibility.[83,84] In-depth analysis
of these two approaches to levelized H2 costs are rare,
however, 3–6% advantage in H2 production cost was
indicated for the direct coupling technology.[76]

3.1.3. Solid Oxide Cell Based Water Electrolysis

A key technology offering the highest efficiencies for H2

production is the Solid Oxide Cell (SOC) based water
electrolysis. SOC refers generally to two types of ceramic
electrochemical cells: i) Solid Oxide Electrolysis Cell with
an oxygen ion conducting electrolyte (SOEC, Figure 6,
right) and ii) Proton Conducting Electrolysis Cell with a
proton conducting electrolyte (PCEC, Figure 6, left).

The main difference between an SOEC and a PCEC
entails in the type of charge carriers diffusing across the
solid electrolyte, being oxygen ions and protons, respec-
tively. This results in a different operation principle and
temperature, as well as specific materials that constitute the
cells, and, above all, the final purity of the H2 produced. In
the case of an SOEC, the H2 purity achieved without further
purification is �99.9% (value based on estimation[40]), while
in the case of a PCEC, H2 with purity �99.97% can be
produced directly.[85]

The major advantage of SOCs based electrolysis over
low-temperature technologies is the high theoretical energy
efficiency. An ideal system could achieve 100% efficiency if
the heat produced by internal losses is fully kept in the
system (no heat dissipation and other losses) and used for

the endothermal water electrolysis reaction (the so-called
thermoneutral operation). However, in a real system, heat
losses and non-ideal heat exchangers cannot be avoided, so
more heat is required. Depending on the cell design, SOEC
operation at 1.5 V might result in a rather high current
density and subsequent cell degradation. In this case, other
heat sources such as electrical heaters, solar heaters or
industrial heat are required. If all the necessary heat is
supplied from an external source providing waste heat to
substitute electrical energy for steam production, heating of
educts and reaction heat, an efficiency (that is only
considering the electrical input) of above 100% is possible
without seriously affecting the cell under harsh load
conditions. An efficiency of �100% is already achieved
when taking into account the Higher Heating Values
(HHV) of hydrogen (84% Lower Heating Values (LHV))
for actual SOEC-systems fed with steam/heat from other
industrial processes (e.g., steel industry, such as the Sunfire
System at Salzgitter Flachstahl GmbH, Germany).

SOCs can furthermore operate reversely switching
between fuel[86] and electrolysis cell mode,[87] which is useful
for H2-based energy storage systems. SOCs are not limited
to H2 fuel: they can be fed with reformate gas mixtures,
ammonia or even internally reform hydrocarbons.[88–90] In
the electrolysis mode, syngas or carbon monoxide can be
produced for subsequent chemical processes applying elec-
tricity and heat from solar power.[91–93]

The combination of SOEC and concentrated solar
technology was intensively investigated already in the past
decades[94–97] and more recently.[98–102] These recent works
provide a solid experimental evidence for the concept,
showing that operating SOEC with solar heat is feasible and
promising. Since PCEC technology is not yet so mature,
very few data could be found on the integration of proton
conducting cell with solar power. However, the work by
Ghosh et al.[103] provides insights into the integration of a
proton conducting fuel cell (PCFC) rather than a PCEC.

Figure 6. Solid Oxide Cells for high-temperature water electrolysis:
PCEC based on a proton conducting solid electrolyte (left) and SOEC
based on an oxygen ion conducting solid electrolyte (right). (SOEC:
redrawn after IRENA Report on Green H2 cost reduction

[13]).
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3.1.3.1. Solid Oxide Electrolysis Cells (SOEC)

SOECs (TRL 6–7) usually operate in the range of 700–
900 °C,[104] at which sufficient level of ionic conductivity in
the solid oxide electrolyte is achieved (considering techni-
cally feasible electrolyte thicknesses). The high operating
temperatures enable the use of cost-saving, precious metals-
free electrocatalysts. On the other hand, thermally activated
aging is accelerated, so current research is aimed at lowering
the temperature.[105] This additionally expands the possibil-
ities of a more cost-effective material selection for stack and
peripheral components, e.g., for interconnects, heat ex-
changers, etc.

Material selection for SOEC cells and stacks is based on
chemical and thermomechanical compatibility with the solid
electrolyte, i.e. fluorites, perovskites, etc.[106] Zirconia-based
electrolytes fulfil the requirements for negligible electronic
conductivity, which is not the case for alternative electro-
lytes such as Gd- or Sm-doped ceria.[104] Fuel electrodes
conventionally consist of a cermet of nickel and one of the
aforementioned electrolyte materials. The main challenges
are associated with achieving high electrocatalytic activity,
ionic conductivity and low degradation at the same time.
Common air electrodes are perovskite-type lanthanum
manganites, ferrites and cobaltites.[104, 107–109]

Due to the all-solid-nature of SOECs, various designs
could be developed in last decades. Planar types consisting
of flat multi-layer structures are the most common type
nowadays,[104] in addition to (micro� ) tubular designs, being
electrolyte-supported (ESC), fuel electrode-supported
(ASC) and metal-supported cells (MSC).[86,110–112]

To obtain technically meaningful current and voltage
levels for a system, individual cells are connected in series in
a stack. In planar SOEC stack design, the cells are stacked
between metallic interconnectors, that ensure bipolar con-
tact with the electrodes of the neighboring cells. Contacting
and gas supply are realized by flowfield structures, while
protective coatings are required to prevent corrosion of the
metallic interconnects and reduce Cr evaporation, that is
harmful for the steam electrode. Glass, glass-ceramics,
metallic solders or compressive gaskets are applied for a
gas-tight seal. In the case of tubular stacks, different designs
are available. Mostly, the cells are monopolar contacted,
which leads to additional in-plane losses along the electro-
des.

Operando characterization,[87,113,114] data analysis and
modelling approaches[86,115–117] on different scales are man-
datory to understand the electrochemical processes in the
cells and stacks and to improve their performance and
durability.[117–120]

Various SOC cell and stack designs have been used in
commercial or pre-commercial SOFC-systems. The largest
market to date is the Combined Heat and Power (CHP)
systems developed by various companies.[121–130] Even though
most of these companies have started developing cells,
stacks and systems for SOEC-applications, the number of
commercially available high-temperature electrolyzers re-
mains limited. An example is the Sunfire SOEC-
systems[126,131] with H2 production rate of 750 Nm3h� 1 at up

to 850 °C, conversion efficiencies above 84%, a consumption
of 3.6 kWhmN

� 3 produced H2 with purity above 99.95%
after an additional purification stage, Figure 7.

While SOFC lifetimes of 4–10 years have been achieved
with different cells, stacks and systems, the proven lifetimes
of SOECs are mostly below 20 kh,[132] which is mainly
related to the fact that the intensive SOEC development
only started in the last decade. The straightforward
approach of using SOFC cells and stacks for SOEC
applications has proven to be critical in terms of lifetime and
durability. Thus, new electrode, cell and stack concepts for
electrolysis operation are being developed. In addition,
another research focus is on improvements at the system
level, e.g., through external heat coupling[133] or reduced
water quality requirements (seawater).[134]

The operation of pressurized SOCs offers advantages in
terms of power density, but even more in terms of the use of
pressurized off-gas. A number of pressurized systems
combining an SOFC-stack with a gas turbine have demon-
strated an increased system efficiency [Siemens,[135] MHI[121]]
but also higher complexity, which makes system control
more difficult and can even lead to severe failures. Larger
SOEC-systems for the production of H2 have so far been
operated at atmospheric pressure.[136] Compared to the
numerous results for atmospheric operation, the experimen-
tal results under elevated pressure are limited so far.
Increasing the pressure at temperatures of up to 900 °C leads
to problems with sealing and pressure regulation[137] as the
ceramic cells can hardly withstand pressure gradients
between air and fuel gas. In small-scale cells and stack tests,
the operating pressure has been usually set in a range of �1
to 10 bar.[138–143]

3.1.3.2. Proton Conducting Electrolysis Cells (PCEC)

Although the early indications on their potential could be
traced back to the 1980s,[144–146] the maturity of proton
conducting cell (PCC) technology (TRL 2–4) trails behind
that of SOECs. Due to its inherent advantages, this
technology marks nowadays accelerated development.[147]

Several key differences from conventional low- and high-
temperature technologies make PCEC a potentially viable
technology for rapid market penetration at reduced CapEx/
OpEx costs.

Since PCECs consist of proton conducting ceramic
materials, they operate effectively in the temperature range

Figure 7. Sunfire SOEC-HyLink system[131] (graphics with permission
from Sunfire).
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of 400–650 °C,[148, 149] which alleviates degradation issues and
leads to a flexible stack design with simpler maintenance,
disassembly and recycling. Additionally, cheaper intercon-
nects can be used and no precious metal catalysts are
required (compared to SOEC and PEMWE). Furthermore,
PCECs produce dry and clean H2 (see product side of PCEC
in Figure 6 (left)) ready for compression, transport, utiliza-
tion or storage. Cells based on proton conducting ceramics
can be integrated into a solar thermal power generation
system.[103] In addition to that, the balance-of-plant can be
kept simpler, which in turn affects the cost efficiency (e.g.,
H2 purification technologies account for up to 14% and
30% of the total discounted capital and operating costs,
respectively[150]) and the final price of the product.[151]

The PCEC’s feature for instantaneous generation of
clean, dry H2 that can be readily compressed by pressurized
operation or downstream compression can have majour
implications for coupling with other processes and sectors.
To achieve a technically suitable level of H2 compression for
a range of applications, PCEC technology can be coupled
with PEM electrochemical compressors (PEM-EHC). PEM-
EHC technology requires excellent H2 purity and certain
pre-compression, both of which can be achieved with PCECs
(up to 5–12 bars[152] currently, H2 purity of �99.97%[85]).

PCCs are typically based on B-site substituted
BaZrO3� BaCeO3 (BZC) solid solutions as electrolyte, BZC:
Ni-based cermets[148, 153] as H2 electrode, and Co-, Fe-, Mn-,
Pr-rich perovskites serving as air/steam electrodes.[154–156]

Research and development activities are usually aimed at
overcoming problems related to cell performance,
durability[154,157] and scalability. Reports on PCC steam
electrolysis are sparse and often limited to button cells (�1–
1.5 cm2).[157,158] Recently, the design of planar cells has been
improved and scaled up,[159–166] with faradaic efficiencies of,
e.g., 82–85% or more at 600 °C and sizes up to 25 cm2, while
for some other applications (e.g., hydrocarbon dehydrogen-
ation), symmetric cells of up to 140 cm2 were reported.[161,167]

Tubular PCECs with improved anode design[154] have
demonstrated stable operation and promising faradaic
efficiency at high steam pressures. H2 production rates

approach the predicted range of PCEC operation and
exceed those of SOEC operation below 650–700 °C.

Although significant progress has been achieved at the
materials and cell fabrication level, there is still an essential
gap at the stack and system levels. Recently, the integration
of PCCs into a 0.5 kW-scale stack[168] and the operation of
PCC under pressure conditions (H2 compression up to
12 bar)[152] have been demonstrated. However, systematic
data on cell performance, including pressure conditions,
design of durable sealants and interconnects, stacking
concepts, BOP, life cycle assessment (LCA) and techno-
economic analysis (TEA) of PCEC technology in conjunc-
tion with end-user cases are still very scarce. Finally, there is
also very little data on degradation effects, while modelling
efforts to support stack and system design are insufficient, as
are the safety and recycling aspects associated with this
technology.

3.1.4. Summarizing Remarks on Water Electrolysis

A direct comparison of the water electrolysis technologies is
provided in Table 1, which summarizes the state-of-the-art
(SoA) Key Performance Indicators (KPIs) of the low- and
high-temperature water electrolysis technologies. Data on
AWE, AEMWE, PEMWE and SOEC are collected accord-
ing to,[169] while data on PCEC are not available. As it can
be inferred from the table, the TRL is reflected in the
collected performance, durability and cost data.

3.2. Photoelectrochemical Water Splitting (PEC)

Photons from sunlight can be used to split water directly
into H2 and O2 in a process called photoelectrochemical
(PEC) water splitting. This process uses semiconductor
photoelectrodes immersed in aqueous electrolytes (Fig-
ure 8). The typical operation temperature range of PEC
devices is 20–80 °C.[170]

Table 1: Comparison of “State-of-the-Art Key Performance Indicators, 2020” (SoA-KPIs) summarized for low- and high-temperatre water
electrolysis technologies based on data in the Seed Paper on H2 production by the European Research Area (ERA).[169] Data about PCEC are not
available.

SoA KPIs
2020

AWE AEMWE PEMWE SOEC

Nominal current density [Acm� 2] 0.2–0.8 0.2–2.0 1.0–2.0 0.3–1.0
Voltage range (limits) [V] 1.4–3.0 1.4–2.0 1.4–2.5 1.0–1.5
Operating temperature [°C] 70–90 40–60 50–80 700–850
Cell pressure[bar] <30 <35 <30 1
Voltage efficiency (LHV) [%] 50–68 52–67 50–68 75–85
Electrical efficiency (stack)[kWhkg� 1[H2]] 47–66 51.5–66 47–66 35–50
Electrical efficiency (system)[kWhkg� 1[H2]] 50–78 57–69 50–83 40–50
Lifetime (stack) [kh] 60 >5 50–80 <20
Stack unit size [kW] 1000 2.5 1000 5
Electrode area [cm2] 10 000–30 000 <300 1500 200
Cold start (to nominal load) [min] <50 <20 <20 >600
Capital costs (stack) minimum 1 MW [USDkW� 1] 270 Unknown 400 >2000
Capital costs (system) minimum1 MW [USDkW� 1] 500–1000 Unknown 700–1400 Unknown
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Compared to indirectly coupled photovoltaic (PV) cells
with electrolyzers, PEC water splitting offers several advan-
tages. First, the integration of the light absorber with the
electrocatalyst significantly improves thermal management.
For a hypothetical solar fuel generator with an energy
conversion efficiency of 20% and optical reflection losses of
10%, 70% of the incident solar radiation is converted into
heat. For photovoltaic devices, this can lead to operating
temperatures of 60–80 °C and thermally induced efficiency
losses of 10% or more within the semiconductor.[171]

In PEC devices, such detrimental temperatures are not
reached because the surrounding water acts as a natural
coolant. Moreover, any temperature increase will both
reduce the thermodynamically required voltage for water
splitting (by 8.5 mV per 10 °C for liquid water) and will
enhance the electrochemical reaction kinetics. Secondly,
PEC devices have much lower operating current densities
(10–20 mAcm� 2) than commercial water electrolyzers (0.5–
2 Acm� 2). This greatly lowers the requirements for the
electrocatalysts and may enable the use of earth-abundant
materials.[172–175] To illustrate this, current densities of
10 mAcm� 2 have been achieved at overpotentials of �50
and �400 mV for hydrogen and oxygen evolution, respec-
tively, using earth-abundant materials like NiMo, NiSe2,
NiFeOx, and CoOx.

[176–178] This corresponds to an electro-
chemical water splitting efficiency of �75%, considering the
LHV of hydrogen, which is comparable to that of iridium/

platinum-catalyzed PEM electrolyzers at much higher
current densities of �1 Acm� 2 (see section 3.1.2).

Several classes of materials have been investigated as
light-absorbing semiconductors in PEC water splitting
devices. Devices based on high-quality PV-grade III–V
semiconductors have demonstrated the highest
efficiencies[179–181] (19% STH efficiency reported[179]). Devi-
ces based on relatively low-cost and stable oxide semi-
conductors, often combined with Si, have also been
reported, but show lower efficiencies (8%).[182–184]

Efforts are increasingly focused on scaling up PEC
devices to sizes beyond the laboratory-scale (<1 cm2). For
example, a BiVO4/Si-based device with a photoactive area
of 50 cm2 and a WO3/DSSC-based device (�130 cm2) have
been reported, both with efficiencies of �2%.[185,186] Similar
efficiencies have been achieved with a large modular
BiVO4-based device with a photoactive area of 6,400 cm2.[187]

In all these demonstrators, the efficiency was limited by
losses related to mass transport, which are difficult to avoid
when increasing the area. Another approach to scale-up the
size is to increase the irradiation intensity by concentrating
the sunlight. However, the much higher power at which the
PEC device operates, the more stringent demands on its
design. The highest demonstrated output power of a PEC
water splitting device is �27 W under 474-sun concentration
with efficiency of �15% and H2 production rate of
�1 gh� 1.[188]

As mentioned above, most practical applications and
processes using H2 require H2 at elevated pressure. To the
best of our knowledge, there are currently no reports
(experimental or numerical) of PEC devices at elevated
pressure. This is likely due to the relatively low readiness
(TRL 5) of PEC water splitting systems.[188–191]

The purity of the H2 produced from PEC water splitting
demonstrators is not usually reported. Faradaic efficiency
for H2 production is the most commonly reported perform-
ance parameter (usually close to 100%), but the amount of
impurities in the H2 product stream is often not analyzed.
However, some indications can be found that a fully
monolithically integrated PEC water splitting device based
on tandem III–V absorbers, earth abundant co-catalysts and
anion exchange membranes can produce hydrogen of
�98% purity (�2% oxygen crossover).[192] Hydrogen purity
above 94% and H2 production rate of 200 gh� 1 have been
reported for a 100 m2 photocatalytic solar hydrogen produc-
tion plant.[193]

There are two general design considerations relevant to
elevated pressure and high purity operation as furthermore
discussed: i) membrane vs. membraneless, and ii) liquid vs.
vapor electrolyte.[194] Similar to electrolyzers, ion exchange
membranes are often used in PEC water splitting devices to
avoid mixing of products and to achieve high H2 purity.
Bipolar membranes (BPM) have also been utilized in
several devices,[195–197] allowing for the use of anolytes and
catholytes with different pH.[198–200] Membraneless devices
have also been proposed and demonstrated, using either an
optically transparent porous separator[201,202] or electrolyte
velocity control.[203–206]

Figure 8. Schematic representation of photoelectrochemical water split-
ting in a device with (a) a light-absorbing semiconductor photoanode
and a dark cathode, and (b) two light-absorbing semiconductors
serving as photoanode and photocathode. EF=Fermi level,
Vph=photovoltage, Vph,a=anode photovoltage, Vph,c=cathode photo-
voltage.
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In terms of the type of electrolytes used in PEC water
splitting devices, liquid electrolytes are far more common,
but there are several reports on units fed with water vapor.
It has been argued that vapor-fed PEC devices offer several
potential advantages. Firstly, the absence of a liquid phase
helps to suppress photo-corrosion, as corrosion products
remain near the surface and would therefore be more likely
to redeposit. Secondly, no bubbles are generated, so all
bubble-related losses (e.g., scattering of light, blocking of
active sites) can be avoided. Finally, in certain geographical
locations with sufficient relative humidity, the device can
simply be fed with (humid) ambient air. It has been shown
that PEM electrolyzers can operate with higher efficiency
when fed with water vapor, especially in the range of
relatively low current densities, i.e. tens of mA.cm� 2, which
is relevant for (non-solar concentrating) PEC devices.[207]

Iwu et al. were among the first to report such a configuration
with a TiO2-based photoelectrode, albeit achieving relatively
low photocurrents.[208,209] Xu et al. also investigated the
performance of a PEC cell under asymmetric conditions,
where the anode compartment was supplied with air of 80%
relative humidity (RH) and the cathode with dry argon.
Unfortunately, no H2 could be detected, mainly due to the
low current densities and the fact that the proposed system
was a continuous flow reactor rather than a batch type
reactor.[210,211] A STH efficiency of 7.5% was demonstrated
with a III–V photocathode-based device.[212, 213] These reports
suggest that a vapor-fed compact, monolithic cell concept
offers an interesting possibility for PEC water-splitting
devices operating under elevated pressure.

Since PEC devices depend foremost on the efficient
utilization of solar photons, optical losses by bubble
formation must be taken into account.[214,215] Gas bubbles
diffract and scatter light and therefore affect the number of
photons reaching the absorber(s) when illuminating through
the electrolyte. Increasing the pressure would reduce the
bubble density (i.e. the number of bubbles per unit area)
due to a higher nucleation rate.[214, 215] To make a first-order
estimate of the optical losses, we use the empirical pressure-
dependent relationships of bubble diameter and density of
H2 and O2 reported by Sillen at 200 mA.cm� 2 current
density,[215] which are plotted in Figure 9a and b. The optical
losses plot as a function of pressure in Figure 9c clearly
illustrates the advantages of operating at higher pressure.
This impact is greater for O2 bubbles due to the larger
pressure dependence of the bubble diameter (Figure 9a); by
increasing the pressure from 1 to 10 bars, the optical losses
can be reduced from 17% to about 7–8%. In addition, the
decrease in total bubble volume (or void fraction in the
electrolyte) with increasing pressure boosts the electrolyte
conductivity and reduces the ohmic losses.[216–218]

Product separation and purity are also affected by the
increase in pressure. In membraneless devices, these aspects
are affected by characteristics and dynamics of the bubbles,
especially considering that the PEC device is tilted towards
the sun. While the addition of a membrane would prevent
direct crossover, some crossover may still occur due to
diffusion of dissolved H2 and O2 through the
membrane[221,222] (more pronounced at higher pressures). By

using a membrane, the anolyte and catholyte can be
operated at different pressures, which can be beneficial since
only H2 and not O2 needs to be pressurized. Operation at
higher pressure requires the selection of appropriate materi-
als/components for the device construction. In addition to
the mechanical requirements, some components must also
have high optical transparency (e.g., optical window).

These considerations show that while high pressure PEC
cells are a potentially attractive proposition, the concept has
not yet been explored in detail. The performance of photo-
electrodes and/or catalysts at elevated pressure has yet to be
determined, including their activity, stability and durability.
In addition, the optimal device architecture for operation at
elevated pressures may be very different from the common
architectures used for atmospheric pressure. Ideally, the
internal volumes need to be as small as possible. At the
same time, sunlight needs to be collected over large areas to
increase the production rate of H2

[223] or using parabolic
mirror in order to collect sunlight over a larger area into a
more compact PEC device.[188, 224] A decoupled system
design, where O2 and H2 generation is done separately, is
also an option.[225, 226] However, these configurations typically
operate at higher current densities, at which the product
crossover may become an issue.[227,228] Auxiliary components
(e.g., pressure regulator, pumps) that can operate at
elevated pressure also need to be included in the design,
typically adding to the complexity and cost of the overall
system. An optimal range of operation pressure should be
quantitatively identified and used as a key design parameter
for elevated-pressure PEC water splitting devices.

3.3. Thermochemical Water Splitting (TCWS)

H2 production by thermochemical water splitting (TCWS)
has been discussed in literature for several decades (TRL
5).[229] Thermochemical water splitting cycles use two or
more reactions to split water into H2 and O2. In comparison

Figure 9. (a) Average bubble diameter and (b) bubble density of H2 and
O2 as a function of pressure at 200 mAcm� 2, obtained from the
empirical relationship reported by Sillen;[215] (c) Optical losses due to
(single-event) light scattering at H2 and O2 bubbles as a function of
pressure, calculated based on the equation in[219,220] and the dataset in
(a) and (b). Note that a 10% optical loss means that the overall solar-
to-chemical energy conversion efficiency of the PEC device would be
reduced by 10%. The bubble scattering coefficient is assumed to be 0.6
and independent of pressure. This representation is for illustrative
purposes only, as the complete relationship between optical loss and
pressure is likely to be more complex.
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to the direct water thermolysis (T�2200 °C),[229] the max-
imum process temperature is significantly reduced by
utilizing two-step redox cycles. In the first step, a metal
oxide is thermally reduced at high temperatures, while in
the second step the reduced oxide contacts with water and
hydrogen is released (Eq. 2, 3). Cycles with three and more
steps have also been proposed.[230]

MeOox þ DHð Þ !MeOred þ 1=2 O2 (2)

MeOred þH2O!MeOox þH2 þ DHð Þ (3)

For solar driven thermochemical cycles, concentrated
solar energy provides the heat necessary for the reduction
reaction (Figure 10). The so-called receiver-reactors are
often applied as the core component of such a system.
Therefore, most efforts in this field have been focused on
the exploration of suitable redox materials and the related
processes, but also on the development of suitable receiver-
reactors.

In recent years, CeO2 has become the reference redox
material for solar thermochemical water splitting
cycles[232,233] due to its cycling stability, high selectivity and
fast kinetics.[234] Since CeO2 requires T>1500 °C and pO2

�1 mbar to reach moderate degrees of reduction,[235] the
search for alternative redox materials actually continues.
Materials under investigation include doped ceria,[236–239]

perovskites,[240–242] iron oxide,[243–245] ferrites,[246, 247] doped-
hercynite[248–250] and even materials that undergo a phase
change during the process, such as ZnO.[251]

Besides metal oxide-based redox cycles, the family of
sulfur-based thermochemical cycles is one of the most
studied (e.g., hybrid sulfur and sulfur-iodine cycles). Such
cycles involve the decomposition of the sulfuric acid at high
temperature in a corrosive atmosphere. The reactions take
place in three steps between 300 °C and 1000 °C.

In order to show the great variety of different cycles and
process concepts, a selection of the approaches, currently
being investigated, is briefly presented below.

As part of the SUN-to-LIQUID project,[252] an integrated
plant was constructed and a receiver-reactor (50 kW scale)
was tested in-field.[253, 254] Co-splitting cycles (water and
carbon dioxide (CO2)) for more than 100 days and Fischer–
Tropsch synthesis of kerosene from syngas were demon-
strated (Figure 11).

The ratio of H2 to carbon monoxide (CO) in the product
stream can be tailored by the ratio of the educts, which has
been demonstrated using a similar type of receiver-reactor
with a different solar concentrator.[256] Peak conversion rates
in the range of 20%–40% have been reported for H2O

[232]

and CO2,
[256] while efficiencies of about 5% have been

achieved.[255]

The quality of the product stream depends mainly on the
purity of the oxidizer and the carrier gases used, such as
Argon. Co-splitting has been reported to form small
amounts of methane (CH4).

[257] Sublimation of the redox
material has also been reported, but this is usually removed
from the product stream by deposition.[232]

In an alternative particle-based implementation, a 5 kW-
vacuum receiver-reactor has been integrated into a system
with a separate oxidation reactor for the continuous
reduction of redox particles.[258,259] The system has the
advantages of continuous irradiation, easy replacement of
the redox material, and temperature control by varying the
particle mass flow on a horizontal conveyor.[260,261]

Furthermore, the feasibility of solar-powered membrane
reactors for H2 production or co-production of syngas has
been demonstrated.[262,263] Membrane reactors can be oper-
ated continuously as long as the driving force can be
maintained, typically a gradient of chemical potential across
the membrane. The greater the chemical potential gradient
between the two reactor chambers, the lower the temper-
ature or the higher the conversion efficiency. In comparison
to two-step thermochemical water splitting, membrane-
based water splitting does not require temperature and/or
pressure swing. Most work on membrane-based H2 produc-
tion focuses on oxygen-permeable membranes, such as

Figure 10. Solar driven thermochemical cycle (Figure adapted from
Agrafiotis et al.,[231] reprint permission by Elsevier).

Figure 11. Receiver-reactor of the project SUN-to-LIQUID developed by
ETHZ (left) and dual-scale ceria RPC (right). Figure adapted from
Marxer et al.[255] Original image is from a CC BY-NC publication, reprint
allowed for non-commercial purposes).
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Ceria[262–264] or perovskites, e.g., the La� Sr� Fe� Co-oxide
system.[262,264–266]

An attractive way for pressurizing the produced H2 using
waste heat (e.g., from thermochemical cycles) is by metal
hydride compressors (MHC), which operate on the principle
of H2 absorption-desorption as a function of temperature
and pressure. MHCs with large compression ratios have
several compression stages with different metal hydrides and
corresponding absorption and desorption pressures.[267] In
the European project ATLAS-H2, H2 was compressed from
7 to 220 bar using a MHC operated with hot (80 °C) and
cold (10 °C) water.[268] In the follow-up ATLAS-MHC
project, the exit H2 pressure was increased over 300 bar.[269]

MHCs can be economically advantageous over mechanical
H2 compression, especially if waste heat is available.[267,270]

3.4. Pyrolysis of Hydrocarbons Based on Liquid Metal Reactor
Technology

Hydrogen can be produced by thermal decomposition—the
so-called pyrolysis process—of hydrocarbon (HC), e.g.,
methane, which produces also solid carbon (Eq. 4, chapter
3.5). The use of molten metal to crack methane derived
from sustainable methods (for instance, biogas) was—to our
best knowledge—first proposed by Steinberg.[271] This meth-
od has significant advantages in heat transfer, but also in
carbon capture and removal, especially compared to cata-
lyzed pyrolysis, where the carbon produced as a by-product
deactivates the solid catalysts used to boost the reaction to
industrially feasible rates. Due to the lower density of
carbon compared to liquid metals, the carbon produced
floats on the surface of the liquid metal and can be removed
by industrial techniques such as skimming. Therefore, the
problems associated with reactor clogging or catalyst
deactivation due to carbon deposits observed in other
processes can be avoided. In addition, obtaining a homoge-
neous carbon material with a high market value as a by-
product of H2 production is a very attractive option that
could significantly influence the price of H2 produced with
liquid metal reactor technology.

For technically relevant CH4 conversion rates, operation
temperatures of about 1000–1200 °C are usually required.
However, in order to make the entire process completely
CO2-free, the necessary reaction heat can be provided by a
renewable energy source such as solar thermal energy or
electrical energy from photovoltaics (or wind power). For
example, solar reactors using concentrated solar energy
have already been tested for gas-phase methane pyrolysis[272]

and could also be coupled with molten metal reactors. They
can be heated directly (like reactors at the focal point of
parabolic dishes) or indirectly (as in large solar towers with
a heat transfer fluid). Molten tin (Sn)-based pyrolysis of
methane has been tested using a solar furnace with a
parabolic dish,[273] while Zheng et al.[274] have proposed a
system for coupling a solar tower with a liquid metal reactor.

A process for the production of H2 from methane
pyrolysis based on liquid metal technology was demon-
strated at KALLA, KIT in Germany.[275] Liquid tin was

selected as the working fluid based on several criteria: it is
non-toxic and non-explosive, and it has good thermal
conductivity, high density compared to carbon, long-term
chemical stability, inert behavior towards the reaction gases
and carbon,[276] attractive cost. The main challenge in the use
of liquid tin is the strong corrosion attack at high temper-
atures on metals, especially steels.[277]

Several series of experimental studies on methane
conversion in liquid tin were carried out in a bubble column
reactor made of stainless steel in combination with quartz
glass for the reactor parts that come into contact with the
liquid metal. The exemplary experimental setup shown in
Figure 12 consists of an approximately 1.3 m high vertical
quartz glass tube with an internal diameter of 4 cm, which is
filled with liquid tin up to a height of about 1 m in the
operating state and is inserted into a stainless-steel tube.[278]

Methane gas is injected via a single-hole opening at the
bottom of the reactor.

In the test campaigns so far, the bubble column has been
operated in the range of 900 °C to 1175 °C and slightly at
overpressure to compensate for the hydrostatic pressure
drop in the reactor. The pressure drop along the column is
about 0.7 bar, mainly due to the hydrostatic pressure
generated by the liquid tin column. As it can be observed in
Figure 13, the maximum H2 yield of 78% was achieved at
1175 °C and 50 mlnmin� 1 of pure methane.[279] Only minor
amounts (less than 1.5% in total) of intermediate hydro-
carbons (C2H2, C2H4, C2H6) were detected in the product
gas.[277] Depending on the intended application, further
purification process may therefore be required.

Figure 12. Experimental setup of the liquid metal reactor using a
combination of quartz glass and stainless steel.[277]
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It can be noticed that the temperature has a large
influence on the resulting methane conversion, while the
dependence on the methane volumetric flow rate is moder-
ate. This behavior is the result of a complex interplay
between the subsequent passage of the reacting gas through
the liquid metal and in the gas phase volumes of the reactor
above the liquid tin upper surface.[279]

The solid carbon produced was mainly found as a fine
powder on the surface of the liquid tin, while only a thin
layer of carbon was deposited on the reactor wall. Thus, the
tin inventory remained stable and pure with no significant
traces of carbon. The preliminary analysis revealed that the
produced powder contains carbon in the shape of flakes.

The type of metal used in this technology also has an
important influence on the overall performance of the
process, which has been studied by several research groups
for different liquid metals (Sn, Ga or Ni� Bi and Cu� Bi
alloys). In addition to the aforementioned conversion of
CH4 to H2 with yield of almost 80% (Figure 13), Msheik
et al.[273] achieved a conversion of up to 93% by raising the
temperature to 1400 °C in a tubular solar reactor with a
liquid tin bath height of 120 mm. Using pure molten Ga,
Perez et al.[280] achieved a conversion of 91% at 1119 °C. In
addition, Mg was investigated by Wang et al.,[281] who
reported methane conversion of 30% at only 700 °C.
However, operation at higher temperatures is not possible
due to Mg evaporation. As for binary metals, Upham
et al.[282] tested several molten metal alloys and found that
the best performance was achieved with Ni� Bi alloy
(Ni0.27Bi0.73). In this case, methane conversion of 95% was
achieved using a 1.1 m bubble column reactor at 1065 °C.
Palmer et al.[283] found that Cu0.45Bi0.55 could even surpass the
catalytic performance of the Ni� Bi alloy.

In summary, experiments performed by research groups
worldwide have demonstrated the technical feasibility of H2

production from the direct pyrolysis of methane in bubble
column reactors filled with various liquid metals such as Sn,
Ga[280] or Ni� Bi[282] and Cu� Bi alloys.[283] The application of
liquid metal technology avoids the problems associated with
reactor clogging due to carbon agglomeration. Further

research work is in progress to find suitable reactor
materials for industrial-scale implementation and long-term
operation.

3.5. Plasma Conversion Technology

H2 production driven or assisted by plasma technology is a
topic of wide interest, though still with a relatively low
readiness (TRL 2–4). It is rooted within a plasma’s
capability to activate stable molecules such as CH4, CO2, N2

or H2O by efficiently breaking their chemical bonds and
converting them into value-added chemicals. The basis of a
plasma process for gas conversion is the delivery of energy
to a gas flow for plasma generation. In short, the plasma
fulfils two basic functions: it can serve as a heat supplier
(several thousand °C can easily be reached, depending on
the discharge type), or—if suitable, non-equilibrium con-
ditions can be achieved—as a mean to facilitate reaction
pathways entirely inaccessible with purely thermal ap-
proaches. In most applications, however, plasma acts as
both, which makes its specific function in process chemistry
a very complex and actively investigated topic.

Currently, plasma technology is being explored in
various Power-to-X (PtX) process chains to provide a
technology for decentralized application powered by inter-
mittent energy sources. Plasma processes are being consid-
ered for methane-based conversion pathways, both by
means of pyrolysis[284] and reforming processes.[285–287]

Plasma reactors are typically operated at atmospheric
pressure and aim to produce pure H2 or synthesis gas,
depending on the process being targeted. The capability for
virtually instantaneous operation makes them ideally suited
to be paired with green energy sources. Furthermore, the
conversion process does not necessarily rely on a catalyst,
thus no rare earth materials are utilized during operation.
This aspect makes them relatively straightforward to scale-
up, primarily via modular and stacking approaches.

The actual coupling of energy into the gas to generate
plasma can be done by different concepts in plasma
conversion reactors capable to operate at atmospheric
pressure. The availability of different types of discharge
(Figure 14) allows access to a large parameter space, with
different concepts showing potential in various
scenarios.[285,288]

So far, the use of plasma conversion reactors for H2

production has been focusing mainly on either methane
pyrolysis (MP, Eq. 4) or dry reforming of methane (DRM,
Eq. 5):

CH4 gð Þ ! C sð Þ þ 2H2 gð Þ; DH ¼ þ75 kJ mol� 1 (4)

CH4 gð Þ þ CO2 gð Þ ! 2CO gð Þ þ 2H2 gð Þ;

DH ¼ þ247 kJ mol� 1
(5)

From the prospective of solar powered green H2

production, renewable methane is to be considered as a
feedstock. Since both CH4 and CO2 are the primary
emissions from waste gas/biogas processing, the use of

Figure 13. Methane conversion vs methane volume flow rate at differ-
ent temperatures[279] (reprint permission by Elsevier).
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plasma reactors is very attractive. Here, carbon dioxide is
used as an oxidizer for CH4, in contrast to the conventional
H2 production from fossil CH4 by steam reforming, which
uses water as an oxidizer.[289] The transition to CO2 as an
oxidizer that is consumed instead of being a potential
product appears as very appealing for obvious reasons.
However, DRM is challenging to achieve with conventional
thermal approaches, as it is a highly endothermic process
that requires elevated temperatures and thus a catalyst. The
latter is in turn very susceptible to deactivation due to soot
formation, which drastically limits long-term operation.[289]

The advantages of plasma conversion technology for DRM
and MP now lie in its ability to mitigate many of these
limiting factors. For example, achieving thermally inacces-
sible parameter spaces could reduce or even eliminate the
need for heterogeneous catalysis. This depends strongly on
the individual properties of the atmospheric plasma (both at
high temperatures or at non-equilibrium conditions).[290–293]

No additional impurities are introduced by the plasma
process, apart from those associated with either the feed-
stock gas mixture or a by-product of the process itself (i.e.
higher hydrocarbons, oxygen, carbon dioxide), which neces-
sarily require a separation step. As the data collected in
recent publications demonstrate,[285, 286,288,294] plasma conver-
sion reactors based on different discharge types and
operating at atmospheric pressure are indeed capable of
achieving high CH4 and CO2 conversion rates at relatively
low energy costs. In particular, reactors such as gliding arcs,
atmospheric pressure glow discharges and microwave plas-
mas have demonstrated promising results on a laboratory-
scale with regard to the proposed energy efficiency targets
for synthesis gas (CO+H2) production.[285] An increase in
the operating pressure to above 1 atm is currently under
investigation.[295]

On a fundamental level, plasma reactors also have the
potential capability to shift the ratio of H2 and CO as
desired products by adapting the gas inflow (i.e. CH4:CO2

ratio). For example, the ideal molar H2/CO ratio for most
Fischer–Tropsch processes is about two.[296] However, even
though plasma reactors for DRM do not necessarily rely on
catalysts, soot formation can remain a challenge leading to
discharge instabilities and choking, especially at CH4-rich
conditions.[289] Due to the low TRL of all these approaches,
several discharge-specific restrictions and limitations still
need to be overcome for large-scale application. However,
projects targeting the plasma pyrolysis of fossil CH4 have
demonstrated that plasma conversion technology can
achieve a high TRL.[297]

Table 2 summarizes the mass yield and the mass yield
rate of produced H2 (and CO) obtained from specific
microwave-driven reactors. However, a direct comparison of
conventional (or alternative) processes for H2 production
with plasma-assisted conversion is difficult, as there is too
little data for the latter.

The setups listed in the table are operated both at
2.45 GHz and at 915 MHz, in one case supported by the
additional use of catalysts.[294] In all cases, the CH4-to-CO2

gas feed ratio is at (or close to) unity. Reported H2 mass
yields range from 24 to 59.1 g[H2]kWh� 1, which is in the
order of about 60 g[H2]kWh� 1 required for economic
application[300] (corresponding to about 1.5 kWhm� 3). In all
cases, the syngas ratio is close to one, indicating that
preferential conditions can be achieved that avoid excessive
carbon and water production.[289]

Figure 14. Schematic of different plasma discharges: a) microwave
(MW) plasma: an electromagnetic wave (typically at frequency of
2.45 GHz or 915 MHz) is used to sustain plasma in a flowing gas
mixture within a dielectric tube. Other concepts shown here rely on the
generation of the electric field by applying AC high voltage between two
electrodes; b) atmospheric plasma gas discharge (APGD): the process
gas is fed in a small discharge volume between electrodes which are
supplied by DC voltages of several tens of kV; c) gliding arc (GA): the
process gas passes high current arc discharges that periodically evolve
between the chamfered electrodes; d) dielectric barrier discharge
(DBD): one (or in this case both) electrodes are covered by a dielectric
that is suppressing high direct currents between the electrodes.

Table 2: Examples of reported peak performance data for DRM in various microwave plasma reactors at atmospheric pressure.

Discharge type &
MW power

Inlet ratio
CH4:CO2

H2 mass yield
[g[H2] kWh� 1]

H2 mass yield rate
[gh� 1]

Product ratio
H2:CO

CO yield rate
[kgh� 1]

2.45 GHz
6 kW[298]

50 :50 41 240 �1 n.a.

2.45 GHz
(+ catalyst)
3 kW[294]

50 :50 59.1 177 � 1 1.58

915 MHz
4–7.5 kW[299]

40 :60 24 156 �1 n.a.
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Plasma conversion technology demonstrates promising
results in terms of H2 and syngas production based on
laboratory-scale methane reforming at atmospheric pres-
sure. The main goal for the future is to raise the TRL above
the current level. Since the aim of this step is to demonstrate
the reliability of the process in relevant environments, the
main challenge will be to ensure the desired product
selectivity and overall robustness, e.g., avoiding discharge
choking due to soot formation when the composition of the
feed gas varies.

3.6. Electrochemical H2 Separation and Compression
(EHS/EHC)

The emerging need for H2 production and extraction from
low-volume decentralized gas streams, as well as the trans-
portation of H2, has opened a niche for the electrochemical
extraction/separation and compression (EHS/EHC) of clean,
dry H2.

[301] However, the compression of H2 often presents
unique technical challenges not encountered with other
process gases such as CH4 or CO2.

[302] In addition to
conventional methods, such as mechanical H2

compressors,[303] or metal hydride and adsorption
compressors,[304] EHS/EHC can be used to recover H2 from
gas mixtures so that the existing gas transport infrastructure,
e.g., for natural gas, can be used.[305] Electrochemical pumps
have also been used to recover and recirculate unspent H2 in
the fuel cell systems to increase H2 fuel utilization,

[306,307] to
recover H2 from reformate products,[308] etc.

Such devices typically consist of a solid (ceramic or
polymer) electrolyte (membrane) between two electrodes
where H2 oxidation to protons and H2 reduction (the so
called evolution) to H2 product with certain degree of
compression takes place (Eq. 6, 7):

H2 ! 2Hþ þ 2e� (6)

2Hþ þ 2e� ! H2 (7)

The fact that protonic charges are driven by the applied
bias voltage, leading to charge transport, i.e. pumping across
the proton conducting membrane (Figure 15), is very
important from a practical point of view as it eliminates the
need for a pressure gradient across the membrane, which is
usually the driving force in passive membranes and Pressure
Swing Adsorption (PSA) purification technologies. Further-
more, a high degree of purification can be achieved almost
independently of the outlet pressure, while the specific
energy consumption of EHC systems decreases with increas-
ing the outlet pressure.[306,310–313] EHC also offers safer
operation, reduced noise pollution, lower operating and
maintenance costs, and less contamination of the H2

produced[314] compared to other compression techniques.
Both the compression and the degree of purity of the

resulting H2 gas depend on several factors. The nature of the
proton transport membrane—polymer or ceramic—deter-
mines the operating principle and the temperature range of
the devices (PEM: T�100 °C; PCC: T�400 °C). Membrane

materials for EHCs should ideally have a high proton
conductivity and high mechanical strength to withstand the
pressure difference between the electrodes and H2 back
diffusion. The more mature low-temperature technology can
be operated efficiently with pre-purified and pre-compressed
gas, while the high-temperature technology offers further
advantages that expand its application areas but still
requires intensive research effort to gain maturity. In
addition, the applied voltage and the H2 content in the feed
stream play an important role for the purification quality
and the H2 recovery factor (HRF): both increase with the H2

content increase in the feed gas and with the applied
voltage.[312, 313,315]

Presently, PEM[305,308,310,316–321] are preferred for low-
temperature-EHC, enabling high selectivity and H2 purity of
>99.9%.[305, 322] However, as a limitation, they are susceptible
to poisoning by CO, NG odorants, CO2, S species, etc.
Therefore, the combination of H2 extraction, purification
and pre-compression stage with the PEM-EHC final
compression stage seem to be very attractive. There are
efforts to integrate the purification and compression steps
into a single device.[311] Although there is a growing number
of reports on large-scale pre-commercial EHS/EHC demon-
strators, details of such systems are scarce. It has been
demonstrated[323] that by integrating a PEM-based EHS
(25 cm2) operating at 35–45 °C into a H2 storage and
recovery system, the H2 production capacity can be
increased. The EHS has not only purified the released H2

stream, but has also caused higher performance in the
dehydrogenation of the liquid organic hydrogen carrier
perhydro-dibenzyltoluene (LOHC+ / H18-DBT) by creat-
ing a favorable pressure gradient. A compression factor of
12 was demonstrated, resulting in a gain of 6 bar relative to
0.5 bar absolute output pressure. A 120-cell stack was
reported[324] that achieved a flow rate of about 0.5 lmin� 1 at
an outlet pressure of 8.4 bar. The company Giner ELX (now
Plug Power) reported a stack that realized 350 bar outlet

Figure 15. Schematic drawing of a H2 extractor and compressor using a
proton conducting membrane (PEM or a solid oxide electrolyte-based
cell). H2 is efficiently extracted from feed streams of low H2 content
and pressurized to 1300 bar (according to the recent SoA in the field of
PEM-EHC[309]).
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pressure. Currently, PEM-based compression of purified H2

may reach 1300 bar in a single compression stage, starting
from 2–10 bar of pre-compressed H2 (e.g., the technology
developed by the company HYET Hydrogen[309]). Degrada-
tion tests are rare in the literature, however, in the Euro-
pean project MEMPHYS a three-month endurance test was
performed on a 5-cell EHP stack, mostly at 200 bar cathode
pressure,[269] and a recovery rate of 85.3% was achieved.

PCC can realize EHS up to the highest H2 purity levels
(100% theoretical selectivity) and, in principal, also EHC,
which has significant technical implications beyond the fields
of fuel cells and electrolysis/co-electrolysis.[154,325,326] The
design of systems for H2 extraction, purification from blends
and compression in a single step, as well as of highly efficient
electrochemical reactors will open the possibility to couple
PCC technology to a variety of applications including
mobility and chemical/petrochemical processes. To the
latter, improved process and system efficiencies can be
possibly achieved through thermal integration and chemical
equilibrium shift. Important factors on the path to commer-
cialization of such devices are the increased performance
and durability of advanced proton conductors, demonstrated
directions for industrial application via TEA/LCA aided
proof-of-concept (PoC) including system integration con-
cepts and technological upscaling.

3.7. Simulation methods

Numerical simulations on various scales (considering dimen-
sion, charge carriers, dense/porous transport media in high
pressure environments, the effect of impurities, aggregate
state of reactants/products, steady state/dynamic mode, etc.)
are an important part of research in the field of H2

production and provide insights for the development and
optimization of materials, components, reactors and sys-
tems.

The solid electrolyte membranes have the complex task
of transferring protons and blocking the crossover of water
and O2 between the electrodes. Their performance is
modelled semi-empirically by coupling proton transport
with water uptake and diffusive water transport,[327] depend-
ing on the operating conditions.[328, 329] Molecular Dynamics
(MD) simulations open the possibility of investigating the
structure of the solid in both the membrane and the catalyst
layer to study permeability and solubility,[330] while the
impact of impurities in the reactants and products was so far
only rarely addressed. Porous layers transport the reactant
to the catalyst and the product (mostly in gaseous phase)
away. The single and multiphase transport in such layers
must be taken into account when optimizing the geometry
of the porous layer.[331–334] Gas removal from the porous
electrodes is a big challenge in water electrolysis.[331, 335,336]

Bipolar plates in electrolyzers and PEC devices also need to
be optimized for multiphase flow.[337] Computational Fluid
Dynamics (CFD)-based methods dealing with multiphase
flows apply sharp interface methods (Volume of Fluid, Local
Front Reconstruction Method[338]) and diffuse interface
methods (e.g., the Lattice Boltzmann Method).[334,339–342] In

devices for thermochemical water splitting, for example,
porous materials are essential to increase the reactive
surface area. This complicates mass and heat transport,
especially when additional phases describing non-hydrogen
gases and limiting the product purity have to be considered.
The reactive flow and the radiative heat transport have been
modelled in tomographically reconstructed structures.[332] In
a catalyst layer, e.g., in a photoelectrochemical reactor,
where the reactant is in a liquid form and the product in a
gaseous form, the multiphase nature of the electrolyte may
pose a modelling challenge. The interplay of proton
conductivity of the solid, electrical conductivity of the
support, gas diffusion in the pores and catalyst utilization is
the subject of CFD modelling.[343]

In the literature, multiphysics models for single
electrolyzers,[25,344,345] PEC reactors,[346–348] thermochemical
water splitting reactors[349] and pyrolysis reactors[350–352] can
be found, usually focusing on a specific reactor design and
aim at optimizing the device geometry. 1D–3D simulations
consider diffusion, convection, reaction rates, etc., in con-
tinuum. These simulations support the reactor‘s macro-
structure design, including optimal dimensions, interaction
of the components, transport at variable pressure, perform-
ance limits, etc. The device modelling also provides insights
about scale-up performance limitations in terms of transport
efficiencies or achievable pressures, as well as on the life-
time prediction and the economic optimization of the
technology.[349] Some components of the devices are complex
structures with sophisticated multiphysics behavior and need
to be modelled independently to gain a better understanding
of the individual processes, as well as of their impact on the
performance of the whole reactor.

On the system scale, the interaction of a reactor with the
infrastructure can be simulated by replacing the device with
an equivalent circuit that resembles the device components
or by creating a simplified multiphysics model that includes
heat and mass transport at variable pressures, chemical
kinetics, radiative transport, semiconductor physics, etc.
System-scale modelling is mostly data-driven and describes a
particular reactor and its interaction with the infrastructure
(energy sources, device interactions within a stack, feed
purity, etc.). It helps in life cycle development, evaluation of
any performance limits and definition of optimal operation
regimes of reactors and electrolyzers.[306, 344,346,353–355] Attempts
are also being made to use machine learning techniques for
control the performance of high-temperature PEM
electrolyzers.[356] A better understanding of the devices can
be achieved through more detailed, smaller scale models,
which can then potentially be used to build more general
and complicated devices with minimal or no fitting parame-
ters.

In summary, great efforts have been invested in the
development and application of numerous simulation meth-
ods to cover all scales relevant for the optimization of
devices for the production of high-quality hydrogen at high
pressures. However, thorough studies, covering the entire
spectrum and, in particular, the impact of the material and
device properties on the purity of the produced H2, are, to
the best of our knowledge, still lacking. However, it would

Angewandte
ChemieReviews

Angew. Chem. Int. Ed. 2023, 62, e202218850 (17 of 25) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 32, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202218850 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [10/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



be straightforward to systematically add impurities in MD
and CFD simulations to understand how to avoid their
occurrence or minimize their impact. Optimizing the geo-
metries of membranes, electrodes and even transport
devices has been the primary focus of many of the above
studies. The next step is to apply the combination of
material, process and system-scale simulation to demon-
strate how the overall process can be optimized and high-
purity H2 can be achieved under high pressure.

4. Summary and outlook

The production of H2 from renewable energy sources is one
of the most impactful ways to support the establishment of a
future carbon neutral and sustainable economy. Amongst
others, solar energy in combination with mature or more
innovative technologies forms the core of a technology
platform for the production of high-purity and compressed
green H2.

Worldwide, the demand for high-quality H2 is increasing
rapidly, with purity and pressure levels dictated by produc-
tion routes. To unlock the potential of H2 as an energy
vector with various deployment implications, its quality in
terms of purity and degree of compression must meet the
intended application requirements. Table 3 provides an
overview of the current state of H2 quality and shows the
purity and pressure ranges achieved with the technologies
considered in this review paper.

Low-temperature water electrolysis (AWE, PEMWE)
has already achieved a high level of technical maturity.
Direct coupling with renewable energy production is
essential for increasing efficiency and reducing production
costs. Continuous operation at low power densities remains
problematic as it is the main cause of gas impurities. Since
gas contamination is the major factor determining system
availability, photovoltaics should be operated at the max-
imum power point. For optimal operating strategies with
high energy efficiency at alternating energy availability, it is
essential to analyze the dynamic operating behaviour in
more detail. High-temperature technologies for water elec-
trolysis (SOEC, PCEC) combine excellent efficiency
through thermal integration of waste heat with superior H2

purity and operation under moderate pressure. Their

reversible operation makes them an excellent choice for
integration into H2-based energy storage systems. The
attractiveness of SOC technology is reflected in its rapid
development in recent years towards higher TRLs.

Devices for photoelectrochemical water splitting offer
the advantage of greatly improved thermal management and
much lower operating current densities. This greatly reduces
the demands on the electrocatalysts. However, no data could
be found on the operation of this technology under pressure,
while the H2 purity is considered to be quite similar to that
of conventional electrolyzers. The technology is potentially
very attractive, however is still in early stage of develop-
ment, so detailed exploration and proof of concept is
required.

Thermochemical water splitting is a technology that can
achieve high levels of H2 purity, depending mostly on
possible contaminations in the oxidizer and the carrier gas.
Any possible impurities due to sublimation of the redox
material are usually removed directly from the product
stream by deposition. As far as H2 compression is con-
cerned, the waste heat from this technology can be coupled
with metal hydride compressors (MHC), which are capable
of compressing H2 to over 300 bar in multiple compression
stages.

Liquid metal-based pyrolysis of methane is mainly
performed at atmospheric pressure, as thermodynamic
equilibrium is then favored. Existing studies provide strong
evidence that the hydrogen produced has high purity, as the
gaseous pyrolysis product contains only small amounts of
intermediate species (0.2 mol.% ethane and 1.5 mol.%
ethylene[279]) and unreacted methane. An economically
attractive aspect of H2 production via pyrolysis of CH4 is
that the carbon obtained as a by-product has various
industrial applications. In addition, net negative CO2

emissions can be achieved when biologically produced CH4

is used as a feedstock.[357]

Plasma conversion technology offers the possibility to
operate intermittently (cold start on a second scale), which
allows for an ideal adaption to renewable (and inherently
unsteady) electrical energy. Currently, the greatest potential
of plasma processes is seen mostly in terms of CH4

reforming processes (methane pyrolysis or dry reforming of
methane), where CH4 from waste gas/biogas plants is used
to produce pure H2 or syngas. Actual plasma reactors
operate at atmospheric pressure but do not necessarily rely
on the use of catalysts, which is appealing in view of
scalability (no rare materials are required). In addition, no
impurities apart from those related to either the feedstock
gas mixture or a side product of the process itself (i.e. higher
hydrocarbons, oxygen, carbon dioxide) occur due to the
process. This technology demonstrates promising results at
laboratory scale. Raising the TRL of suitable processes is
the main future challenge, with a focus on robustness and
controlled product selectivity in a relevant environment.
This would mean handling the different composition feed-
stocks, as well as downstream coupling while meeting the
respective purity and pressure requirements.

Current research priorities in electrochemical H2 com-
pression include finding solutions to issues such as high cell

Table 3: Purity and pressure ranges achieved with various solar
powered technologies. Marked with (*): purity after cleaning.

Technology H2 Purity [%] Pressure [bar]

AWE 99.8 1–30
AEMWE >99.9 1–35 (>500, low TRL)
PEMWE >99.9 30–40 (>500, low TRL)
SOEC �99.95* 1–10 (<30, low TRL)
PCEC �99.97 1–10 (<30, prototype targeted)
PEC �98; >94 (100 m2 plant) 1
TCWS Data not available >300 (MHC coupling)
Pyrolysis �98.5 �1
Plasma Data not available 1
EHS/EHC >99.9 1300
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resistance, expensive cell components and relatively short
service lifetime. The scale-up of these devices is presently
hindered by the inability to operate at high current densities
required for greater H2 pumping rate. At the level of a
single cell, it is therefore still essential to reduce membrane
resistance to enable operation at high current densities while
maintaining mechanical durability. Water management in
PEM-EHS/EHC is still not straightforward, as different
operating conditions require humidity adjustment. There is
still a need to expand the life of the device beyond a few
thousand hours by making the Pt (and Ru) catalysts less
susceptible to poisoning or finding other alternative materi-
als with comparable or higher H2 oxidation activity. Finally,
despite the low operating and maintenance costs for PEM-
EHC, the capital costs, which are presently elevated by the
need for special membrane materials and the use of
platinum as a catalyst, must be reduced below that of the
conventional mechanical compression. Intensive research is
being conducted at European level to bring PEM-EHC
technology to TRL5 and beyond. In contrast, PCC-EHC
technology is still at a relatively early stage of development.

To achieve the goal of levelized costs for H2 production,
the associated capital and operating costs of the deployed
technological solutions need to be reduced through in-
creased scalability, efficiency and durability of the devices
and plants. Despite the fact that only a few of the solar
driven technological pathways have reached sufficient
maturity so far, while some of them still display a broad
playground for innovation and fundamental research, they
all manifest significant potential for meeting the H2 quality
targets. Ultimately, renewably driven technologies for
production of H2 with superior quality are already a
compelling alternative to existing solution. Reducing system
complexity and increasing installed capacities will pave the
way to sustainable and decarbonized future.
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