
 

 

  

Sources and 
technologies for 
green hydrogen 
production:  
a review 

 
“Hydrogen economy in the food system” project 
Report on Task 1.1a 
 

 07.08.2023 
  



2 / 49 

 
 

 
 
 
 
This report was prepared as a part of the “Hydrogen economy in the food system” (Vetytalouden 
mahdollisuudet ruokaketjussa) project. The project was co-funded by the European Regional 
Development Fund (ERDF), the Regional Council of South Ostrobothnia, Etelä-Pohjanmaan 
korkeakoulusäätiö, Seinäjoki University of Applied Sciences, University of Vaasa, and Tampere 
University Foundation sr. 
 
 
 
Prepared by: 
 

Kirsi Spoof-Tuomi https://orcid.org/0000-0002-6212-9630 
kirsi.spoof-tuomi@uwasa.fi 
 
 

   

mailto:kirsi.spoof-tuomi@uwasa.fi


3 / 49 

Content 

1 Introduction ............................................................................................................... 4 

2 Overview of hydrogen production pathways .............................................................. 5 

3 Conventional hydrogen production technologies ....................................................... 7 

3.1 Steam methane reforming ............................................................................................. 7 

3.2 Partial oxidation of methane .......................................................................................... 8 

3.3 Autothermal methane reforming .................................................................................. 10 

3.4 Methane pyrolysis ....................................................................................................... 11 

4 Hydrogen production from biomass ......................................................................... 13 

4.1 Thermochemical processes .......................................................................................... 13 

4.1.1 Biomass pyrolysis ................................................................................................. 13 

4.1.2 Biomass gasification .............................................................................................. 14 

4.1.3 Supercritical water gasification ............................................................................... 16 

4.2 Microbial processes ..................................................................................................... 17 

4.2.1 Dark fermentation ................................................................................................ 18 

4.2.2 Photo fermentation ............................................................................................... 19 

4.2.3 Two-stage fermentation ........................................................................................ 19 

4.3 Combination of anaerobic digestion and biogas CO2 reforming ........................................ 20 

5 Hydrogen production via water splitting .................................................................. 22 

5.1 Electrolysis of water .................................................................................................... 22 

5.1.1 Alkaline electrolysis ............................................................................................... 23 

5.1.2 Proton exchange membrane electrolysis ................................................................. 26 

5.1.3 Solid oxide electrolysis .......................................................................................... 28 

5.1.4 Anion exchange membrane electrolysis .................................................................. 30 

5.1.4 Electrolyser manufacturers .................................................................................... 31 

5.2 Thermochemical water splitting .................................................................................... 31 

5.3 Photoelectrochemical water splitting ............................................................................. 33 

5.4 Photobiological water splitting ...................................................................................... 34 

6 Summary .................................................................................................................. 36 

Abbreviations .............................................................................................................. 39 

References ................................................................................................................... 40 

 

  



4 / 49 

1 Introduction 

For decades, hydrogen has been used primarily by the chemical and petrochemical industries. For 
example, in Finland, approximately 150,000 tons (5 TWh) of hydrogen is used annually in oil refining 
and biofuel production, in the chemical industry for hydrogen peroxide production, and in the mining 
and ore refining sectors (Laurikko et al., 2020). Globally, ammonia production for urea and other 
fertilizers is the largest hydrogen consumer, accounting for approximately 50 % of the total industrial 
hydrogen demand (Dincer & Acar, 2017).  

The energy transition and route to net zero emissions has also led to new potential roles for 
hydrogen. Indeed, hydrogen is recognized as the key contributor to the clean energy transition. By 
replacing fossil fuels, low-CO2 hydrogen has enormous potential for reducing carbon emissions in 
sectors where other alternatives might be unfeasible or more expensive. Hydrogen can replace fossil-
based hydrogen for industrial processes and start new industrial products, such as green fertilizers 
(EC, 2023). Other notable growth areas include transportation (mainly shipping, long-haul road 
transportation, and aviation), steelmaking and cement industries, food processing, and electronics 
manufacturing. Hydrogen is also one of the leading options for storing renewable energy. Thus, 
hydrogen may play an essential role in balancing renewable intermittent electricity production, 
electricity demand, and grid stability (EC, 2023). Furthermore, hydrogen plays an important role in 
the development of new strategies for converting industrial CO2 emissions into valuable chemicals 
such as synthetic fuels (Sánchez-Bastardo et al., 2021). 

Today, hydrogen is framed not only in terms of decarbonization but also in energy security. The EU 
has doubled its target for clean hydrogen use to 20 million tons by 2030, half of which is expected 
to come from domestic hydrogen production (EC, 2023). Hydrogen can be produced from various 
resources using different feedstocks, pathways, and technologies, including fossil fuels and 
renewable energy resources. Currently, most hydrogen is produced from fossil fuels, typically natural 
gas. In Finland, 99 % of the dedicated hydrogen is produced via either steam reforming or partial 
oxidation of fossil fuels, and less than 1 % via water electrolysis (Laurikko et al., 2020). Still, fossil 
fuel-based methods neither lower emissions nor tackle the limited fossil fuel supplies issue. Hence, 
there is a strong need to identify clean, low-cost, and abundant sources for hydrogen production. 
From a cradle-to-grave perspective, renewable energy sources offer the best opportunity to lower 
the carbon footprint of this substance and reduce dependence on fossil fuels (Dincer & Acar 2017; 
Karaca et al., 2023). 

The primary objective of this report is to provide a comprehensive review of sustainable hydrogen 
production systems, that could guide energy companies, various industries, food chain companies 
and entrepreneurs, landowners, start-up companies, regional developers, experts, and other 
organizations in South Ostrobothnia. 

The report is organized as follows: Chapter 2 outlines the main hydrogen production methods, 
classified by the raw material used. The different hydrogen production processes and their 
technology readiness levels (TRLs) are then described in more detail in Chapters 3, 4, and 5: Chapter 
3 focuses on traditional methane-based hydrogen production processes, biomass-based 
technologies are described in Chapter 4, and water-splitting technologies in Chapter 5. Finally, 
Chapter 6 summarizes the key findings.  
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2 Overview of hydrogen production pathways 

Fig. 1 shows the main methods to produce hydrogen, classified by the raw material used. Hydrogen 
colour codes, referring to the energy source employed to produce hydrogen, are used to identify 
different hydrogen production pathways. For fossil fuels, steam reforming and partial oxidation of 
hydrocarbons, primarily methane from natural gas, are the dominant technologies worldwide, 
although coal gasification is also used in countries rich in this resource (Ursua et al., 2012). Hydrogen 
from natural gas is coded as “grey”, “blue”, or “turquoise”. Grey hydrogen is produced from natural 
gas without capturing the greenhouse gases originating from the process; almost 10 kg of CO2 is 
emitted into the atmosphere per kg of hydrogen produced (Giovannini, 2021). Grey hydrogen is 
considered blue when more than 90 % of the emitted CO2 is captured and sequestered via carbon 
capture and storage (CCS) (AuroraHydrogen, 2021). Turquoise hydrogen refers to hydrogen 
produced via natural gas pyrolysis. The most significant benefit of the pyrolysis method is that all 
carbon is recovered in solid form. The solid carbon by-product can be sequestered more easily than 
the gaseous CO2, and the solid carbon can even be used in other applications, such as a soil improver 
or manufacturing goods. If the electricity driving the pyrolysis comes from renewable resources, the 
process is considered zero-carbon (AuroraHydrogen, 2021).  
 
Although fossil fuels are currently the primary raw material for H2 production, interest in “green” 
hydrogen production from renewable resources is growing. The traditional, mature natural gas-
based technologies above can also be applied to hydrogen production from biomethane, resulting 
in renewable green hydrogen. Using biomethane instead of natural gas as a feedstock and combining 
it with CCS would even lead to a net removal of CO2 from the atmosphere, so-called negative 
emissions (Antonini et al., 2020). Green hydrogen can also be obtained from various biomass sources 
through thermochemical and biochemical processes. The main thermochemical processes are 
pyrolysis and gasification. Biochemical processes employing microorganisms for hydrogen 
production are less mature but may have long-term potential for sustainable hydrogen production 
with low environmental impact. Hydrogen production from biomass through a well-established 
anaerobic digestion process combined with CO2 reforming, also called dry reforming, of raw biogas 
has also emerged as an attractive technological solution for green hydrogen production. Integrated 
anaerobic digestion and CO2 reforming can take full advantage of both CH4 and CO2 in biogas, 
eliminating the need for CO2 removal from biogas and its release into the atmosphere. A co-benefit 
of all biomass-based methods is the possibility of solving the dual problem of waste disposal and 
energy generation. 
 
Water is widely thought to be the most promising source of green hydrogen in the future. 
Electrolysis, a process that uses electricity to split water into hydrogen and oxygen, is currently the 
most mature method to obtain hydrogen from water. When renewable electricity sources are used, 
green hydrogen is obtained. Some use the “yellow” colour code to refer to hydrogen made through 
electrolysis with solar power, while others, like this study, consider it as electrolysed hydrogen made 
using power of mixed origin. i.e., a mix of renewable and fossil power flowing through the grid. In 
addition to water electrolysis, thermal, photocatalytic and photobiological water decompositions are 
also attracting attention (Ursua et al., 2012). Thermochemical water splitting uses high 
temperatures, e.g. from concentrated solar power, and chemical reactions to produce hydrogen and 
oxygen from water. In photoelectrochemical water splitting, hydrogen is produced from water using 
sunlight and specialized semiconductors that use light energy to dissociate water molecules into 
hydrogen and oxygen. The photobiological hydrogen production process uses microorganisms and 
sunlight to turn water into hydrogen. Technologies based on solar energy are expected to be viable 
in the medium to long term. (EERE, 2023). 
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“Black” and “brown” hydrogen, produced by coal or lignite gasification, were excluded in this study 
since the fossil coal-based H2 production was not considered relevant for South Ostrobothnia. Fossil 
coal-based processes are also the most polluting. 
 
  

 
 
Figure 1.  Overview of possible hydrogen production pathways, modified from (Ringsgwandl et 

al., 2022).  
 
The following chapters (Chapters 3–5) describe the different production processes and the respective 
technology readiness levels in more detail.  
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3 Conventional hydrogen production technologies 

Around 96 % of the hydrogen produced globally is generated from fossil fuels. The most used 
process is natural gas (48 %) and oil (30 %) reforming, followed by coal gasification (18 %) (Arregi 
et al., 2018). This report focuses on sustainable hydrogen production, so only conventional natural 
gas-based technologies are reviewed since the same technologies can also be applied to hydrogen 
production from renewable methane (biomethane).  
 
Hydrogen generation from methane can be through reforming and methane pyrolysis processes, of 
which reforming is the most important process of industrial bulk hydrogen production (Baeyens et 
al., 2020). Based on the reactant, methane reforming can be classified as steam reforming, partial 
oxidation, or autothermal reforming (Abdin et al., 2020). 

3.1 Steam methane reforming 

Steam methane reforming (TRL 9) is today’s standard in large-scale hydrogen production 
(Ringsgwandl et al., 2022). The steam methane reforming (SMR) method involves a catalytic 
conversion of methane, predominantly available in natural gas, and steam to hydrogen and carbon 
oxides. The main steps of the process are illustrated in Fig. 2. First, natural gas is cleaned to remove 
impurities and sulphur compounds to avoid poisoning the reforming catalyst, leaving a pure methane 
stream. In the reformation step (Eq. 1), methane is thermally decomposed into CO and H2 by hot 
(800–950 °C), pressurized water steam in the presence of a suitable catalyst, usually nickel. 
 

𝐶𝐻4 +  𝐻2𝑂 (+ℎ𝑒𝑎𝑡)  → 𝐶𝑂 +  3𝐻2    (Eq. 1) 

 
After the reformer, the CO and H2 mixture, called syngas, passes through a heat recovery step and 
is fed into a water-gas shift reactor (WGSR). In the WGSR, CO reacts with steam, again assisted by 
a catalyst, to produce additional H2 (Eq. 2): 
 

𝐶𝑂 +  𝐻2𝑂 →  𝐶𝑂2 +  𝐻2 (+ 𝑠𝑚𝑎𝑙𝑙 𝑎𝑚𝑜𝑢𝑡 𝑜𝑓 ℎ𝑒𝑎𝑡)  (Eq. 2) 

 
After WGSR, the mixture of H2 and CO2 (plus small amounts of unconverted CH4 and CO) passes 
through a pressure swing adsorption (PSA) process, leaving H2 with high purity of nearly 100 % 
(Nikolaidis & Poullikas, 2017). 
 

 

Figure 2.  Hydrogen production using the SMR process with its process steps (Binder et al, 2018) 
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A major concern associated with natural gas reforming is high CO2 emission. To achieve even partial 
carbon neutrality, an effective carbon capture and utilization or storage (CCUS) should be added in 
the process. However, CO2 capture, transport, and utilization options that are currently available are 
associated with high costs, which hinders the implementation of CCUS. In addition, technical barriers 
to large-scale deployment still exist and are yet to be addressed, along with the chicken-and-egg 
problem of infrastructure (CCUS SET-Plan, 2020). 
 
The efficiency of hydrogen production from steam methane reforming on an industrial scale (150–
300 MW) is 70–85 % (IEA, 2015; Abdin et al., 2020). The addition of CCUS in the SMR process, 
needed to decrease GHG emissions if natural gas is used as a feedstock, results in a significant 
~15 % decrease in the energy efficiency (Sánchez-Bastardo et al., 2021). In small-scale applications 
(<15 MW, without CCUS), the energy efficiency is considerably lower compared to large scale 
application, around 51–63 % (IEA, 2015; Schreiber et al., 2020). 
 
SMR has the advantages of extensive commercialization and high H2 to CO ratios relative to the 
other hydrocarbon reforming methods (Pinsky et al., 2020). The main detriment of this process is 
that steam reforming is highly endothermic and demands enormous heat input (63.3 kJ/mol H2) to 
the process for the reaction to proceed. The heat required for the SMR reaction is usually supplied 
by the combustion of natural gas and waste gas from hydrogen purification. Up to 30 % of the total 
natural gas consumption of the plant is used as a process fuel (Nikolaidis & Poullikas, 2017). The 
heat requirement of the SMR could also be supplied by concentrated solar thermal energy. Solar 
thermal reforming was one of the first solar-derived fuel routes investigated since the early 80s in 
the U.S. (Abdin et al., 2020). 
 
In the past years, most of the research related to SMR has focused on catalyst performance to 
increase hydrogen yield through improving catalyst sintering resistance and minimizing the effect of 
carbon deposition and sulphur poisoning (Abdin et al., 2020). In addition, much research has been 
done to find alternative solutions to conventional reformers to increase energy efficiency and save 
costs. Membrane reactors offer a promising solution. A hydrogen perm-selective membrane inside a 
reactor allows the chemical reaction and hydrogen separation to be combined in only one unit. As a 
result, hydrogen production is enhanced. In addition, the SMR reaction is possible at a lower 
temperature (450–550 °C as opposed to ~850–900 °C of traditional SMR). (Nikolaidis & Poullikas, 
2017) 
 
In the IEA (2019) report, hydrogen production costs using natural gas SMR (large-scale) without 
CCSU were 1.73 USD/kg of H2 and, with CCSU, 2.32 USD/kg of H2. Adding CCUS to SMR plants led, 
on average, to cost increase of 50 % for CAPEX (from 500–900 USD/kWH2 to 900–1600 USD/kWH2). 
In addition, OPEX was doubled due to CO2 transport and storage costs.  
 
The capital costs of steam reformers are considered prohibitive for small and medium-sized 
applications. The costs of these complex facilities do not scale down well: based on IEA (2015), the 
specific investment cost in €/kWH2 for small-scale applications (<15 MW) may be up to ten times 
that of large-scale applications. 

3.2 Partial oxidation of methane 

Partial oxidation (POX) of methane, also a commercially available technology (Pinsky et al., 2020), 
is an alternative technology to steam methane reforming. In partial oxidation, methane reacts with 
a limited amount of oxygen – typically sourced from the air through a cryogenic air separation unit 
– not enough to completely oxidize CH4 to CO2 and water. With less than the stoichiometric amount 
of oxygen available, the reaction products contain primarily hydrogen and carbon monoxide (Eq. 3): 
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𝐶𝐻4 +  
1

2
𝑂2  → 𝐶𝑂 + 2𝐻2 (+ℎ𝑒𝑎𝑡)    (Eq. 3) 

 
The produced syngas is further treated in WGSR in the same manner as the product gas of the SMR 
process to increase the hydrogen yield. The main process steps are depicted in Fig. 3. In contrast 
to steam reforming, partial oxidation is an exothermic process – it gives off heat. Heat released from 
this exothermic reaction can be used to generate steam for downstream water-gas-shift process and 
for more general pre-heating of other processes (Walden, 2022). 
 

 

Figure 3. Hydrogen production using the POX process. Modified from (Broadleaf, 2021) 
 
Partial oxidation units can be designed as thermal partial oxidation or catalytic partial oxidation 
reactors. The main difference between the two is the operating temperature. In the thermal partial 
oxidation process, the hydrocarbon feedstock is converted to syngas at 1300–1500 °C, while the 
catalytic partial oxidation process operates at 700–1000 °C, offering a potential solution to overcome 
high external heat energy consumption problems experienced in reforming technologies (Abdin et 
al., 2020).  
 
Catalytic partial oxidation (CPOX) reactions are usually carried out using nickel or rhodium catalysts. 
CPOX is much faster than steam reforming and requires a smaller reactor vessel. This, and the 
relatively mild conditions (<1000 °C, 2.5–3.5 MPa), make it possible to implement CPOX on a small-
scale application (Makaryan et al., 2023). However, CPOX still faces certain technical difficulties. The 
catalytic partial oxidation of methane to syngas is challenging because the selectivity of the reaction 
towards total combustion is difficult to control (Alvarez-Galvan et al., 2019); the catalyst must 
overcome not only the stability of the CH4 C–H bond, but also the probability of overoxidation of CH4 
to CO2 and H2O. In addition, since partial oxidation consists of a reforming reaction that is 
exothermic, there is a risk for local overheating in the reactor and intensive soot formation, which 
contribute to catalyst sintering and deactivation (Pinsky et al., 2020). In thermal POX units, soot 
formation is tolerated in the reactor to a degree determined by downstream equipment (Walden, 
2022). 
 
Partial oxidation technology avoids the need for large amounts of costly superheated steam. On the 
other hand, it requires the use of expensive oxygen, which can be up to 50 % of the total costs of 
synthesis gas (Makaryan et al., 2023). In addition, the high cost of the air separation unit makes 
such plants very capital-intensive (Abdin et al., 2020). 
 
Compared with SMR, partial oxidation has a slightly lower thermal efficiency; without CCUS the POX 
efficiency is 60–75 % (Makaryan et al., 2023). The hydrogen yield in catalytic partial oxidation 
process varies significantly with the choice of catalyst (Abdin et al., 2020). 
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3.3 Autothermal methane reforming 

Autothermal reforming (ATR) combines exothermic partial oxidation and endothermic steam 
methane reforming reactions in one reactor. Basically, steam and oxygen are injected into the 
reformer, causing the oxidation and reforming reactions to occur simultaneously, as shown in Eq. 4. 
 

𝐶𝐻4 +  
1

4
𝑂2 +  

1

2
𝐻2𝑂 → 𝐶𝑂 +

5

2
𝐻2    (Eq. 4) 

 
ATR takes place in two zones: a partial oxidation zone, which generates the heat needed for the 
subsequent endothermic steam reforming stage, and a catalytic steam reforming zone, where the 
final synthesis gas composition is reached (Makaryan et al., 2023). The core benefit of this system 
is that, by properly selecting the oxygen/fuel ratio, no external heat is required (Martino et al., 2021). 
Operating temperatures of the process range from 850–1500 °C, with a sharp increase in 
temperature in the oxidation zone and a uniform decrease in the endothermic catalytic 
transformation zone (Makaryan et al., 2023). 
 
A simplified flow diagram of the autothermal reforming of natural gas, combined with carbon 
capture, is shown in Fig. 4. Oxygen, produced in the air separation unit, steam, and methane react 
in an ATR reactor to produce syngas. As with SMR or POX systems, a water gas shift reactor and a 
hydrogen purification stage are needed. After ATR, the syngas is cooled and led to the WGSR, where 
CO reacts with steam to produce additional H2 and CO2. The shifted gas is then sent to the carbon 
capture unit, where the CO2 is separated. The separated CO2 is compressed and stored, while the 
hydrogen-rich gas (with unconverted CO and CH4 and some trace gases) is sent to the PSA unit, 
leaving high-purity "blue" hydrogen. In the case of no carbon capture ("grey" H2), the shifted gas 
from the WGSR is sent directly to the PSA unit, and the separated CO2 is released into the 
atmosphere. 
 

 

Figure 4.  Simplified flow diagram of autothermal reforming of methane process with CCUS. 
Modified from (Oni et. al, 2022; Nikolaidis & Poullikas, 2017) 

 
The thermal efficiency of autothermal methane reforming is 60–75 % (without CCUS) (Nikolaidis & 
Poulikas, 2017). As in SMR or CPOX, the catalyst choice plays a crucial role in the overall 
performance. Nickel-based catalysts are most commonly used due to their efficiency and low cost 
(Megía et al, 2021).  
 
The ATR reaction has several advantages over SMR: improved energy efficiency as all the heat 
generated by the partial oxidation reaction is fully utilized to drive the steam reforming reaction. 
Moreover, ATR has faster start-up times, faster response time to transient operation, and less coking 
tendency (Assabumrungrat & Laosiripojana, 2009). Independent control of the steam-to-carbon and 
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air-to-fuel ratios allows effective heat management (Brett et al., 2012). However, the major 
drawback of ATR is the large investment needed for an oxygen production plant, which may only 
become cost-effective at high production capacities (Assabumrungrat & Laosiripojana, 2009). 

3.4 Methane pyrolysis 

Although reforming processes are the most commercialised processes for producing hydrogen from 
natural gas, they have the disadvantage of negative environmental effects due to excessive CO2 
emissions. Even with CCS, not all CO2 can be captured; for example, the maximum for SMR is seen 
between 85–90 % (van Cappellen et al., 2018). Hence, cleaner technologies are needed to be 
developed and implemented industrially. In this context, natural gas pyrolysis has recently gained 
particular attention due to its ability to produce H2 without CO2 emission. 
 
Methane pyrolysis involves heating methane to high temperatures, usually in the presence of a 
catalyst, in an air- and water-free environment. Hence, the only source of hydrogen is methane 
itself, which undergoes thermal decomposition into its components, hydrogen and carbon (Eq. 5). 
The most significant benefit is that no CO2 is produced; all carbon is recovered in solid form. 
 

𝐶𝐻4  → 2𝐻2 + 𝐶 (𝑠𝑜𝑙𝑖𝑑)      (Eq. 5) 

 
Technological variants of methane pyrolysis are divided into three categories, depending on the 
energy exposure method and reaction conditions: 1) thermal decomposition, 2) plasma 
decomposition, and 3) catalytic decomposition. Since the process is endothermic, heat must be 
added. To achieve appropriate reaction rates and CH4 conversion rates, the temperature requirement 
for catalytic processes is above 800 °C, for thermal processes above 1000 °C, and when plasma 
torches are used, up to 2000 °C (Schneider et al., 2020). Plasma technologies for methane pyrolysis 
are probably the least close to industrial implementation (Ringsgwandl et al., 2022). Fig. 5 illustrates 
a simplified flow diagram of the catalytic methane pyrolysis process. 
 

 

Figure 5.  Flow diagram of the methane pyrolysis process (Nikolaidis & Poullikas, 2017) 
 
The energy requirement per mole of H2 produced is 37.6 kJ/mol, hence considerably lower than that 
for the SMR method (63.3 kJ/mol). The thermal energy demand could be covered by combustion of 
approximately 15–20 % of hydrogen produced in the process (Nikolaidis & Poullikas, 2017). In 
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addition, methane pyrolysis does not include water-gas-shift and CO2 removal steps, and the energy-
intensive CCUS is replaced by solid carbon management. As a result, capital investments for large 
plants are expected become lower than that for the SMR or POX processes, allowing for 25–30 % 
lower hydrogen production costs (Nikolaidis & Poullikas, 2017). Another advantage of pyrolysis is 
that the elemental carbon by-product may possess an economic value; the resulting carbon can be 
used as an important industrial raw material in the aluminium, steel or construction industries, as a 
graphite substitute for battery materials, in the semiconductor, wind and solar industries, or for soil 
amendment and environmental remediation (Mauthner & Malkamäki, 2022; Sánchez-Bastardo et al., 
2021).  
 
The achievable energy efficiency at the commercial scale is estimated at 58 % (Sánchez-Bastardo 
et al., 2022), so less hydrogen per mole of methane is produced compared to SMR. However, when 
the implementation of CCS systems in SMR is considered, the net energy efficiency of both processes 
becomes quite similar. 
 
From an environmental point of view, natural gas pyrolysis can be considered emission-free at the 
point of hydrogen production if the energy for the process is from renewable sources. However, 
some GHGs are still emitted during natural gas extraction, processing, and transportation. In any 
case, the CO2 emissions associated with natural gas pyrolysis are considerably lower than those of 
fossil fuel-based reforming technologies. (Sánchez-Bastardo et al. 2021). A special case is "super 
green" hydrogen from biomethane. During the pyrolysis of biomethane and the subsequent solid 
carbon storage, the CO2 previously removed from the atmosphere through biomass growth is not 
rereleased but is bound to solid carbon (Mauthner & Malkamäki, 2022). Hence, pyrolysis of 
biomethane can be considered a negative emissions technology.  
 
Although methane pyrolysis is a well-known technical process applied to produce, e.g., carbon black 
(Schneider et al., 2020) for the rubber industry, using this chemistry for large-scale hydrogen 
production is still an early stage. For example, BASF is developing thermal methane pyrolysis process 
to produce hydrogen in large quantities. A pilot reactor has been built in Ludwigshafen. The scale-
up of the process is currently being developed in an ongoing research project (Schneider et al., 
2020). In Finland, Hycamite has a catalytic methane pyrolysis pilot plant already in operation and is 
preparing to begin constructing an industrial-scale demonstration plant in Kokkola. The industrial-
scale demonstration plant will have two functions: First, to produce and demonstrate the technology 
for producing clean hydrogen, and second, to provide carbon allotropes for high-value carbon 
customers. The plant will have an annual nominal capacity of 2,000 tons (67 GWh) of clean hydrogen 
(comparable to a 20 MW electrolyser with 5,500 hrs annual operation). Similarly, the plant can 
produce 6,000 tons of solid carbon. As the plant will use biomethane as feedstock, it will act as a 
carbon sink; almost 22,000 tons of CO₂ are stored when only the hydrogen use is counted. In 
addition, solid carbon can further reduce the carbon footprint of other products. Hence, depending 
on the application, the total CO₂ removal can be significantly more, in most cases up to 100,000 
t/year. (Mauthner & Malkamäki, 2022; Hycamite, 2021) 
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4 Hydrogen production from biomass 

Biomass is a renewable, abundant primary energy resource derived from plants and animal materials 
such as agricultural residue and waste, forestry residues, municipal solid waste, waste from food 
processing, aquatic plants and algae, and animal by-products. The methods available for hydrogen 
production from biomass can be divided into two main categories: thermochemical and biological 
routes. Comparing these two methods, thermochemical routes basically have higher hydrogen 
production rate than biological ones (Aziz et al., 2021). Biochemical methods are also more selective 
about feedstocks. Biochemical methods require feedstocks rich in starch and sugar and cannot treat 
lignocellulosic stuffs, whereas thermochemical methods allow an extensive range of feedstocks 
(Parthasarathy & Narayanan, 2014). These reasons have led research to focus more on 
thermochemical routes for hydrogen production from biomass. In addition, there is a growing 
interest in hydrogen production through the well-established anaerobic digestion process combined 
with CO2 reforming of raw biogas. Although the method has not yet been commercialized, CO2 
reforming is definitely a promising process for producing H2 from biogas, especially considering that 
the process can fully utilize both CH4 and CO2 from the biogas. 

4.1 Thermochemical processes 

The most developed thermochemical routes for producing hydrogen from biomass are pyrolysis and 
gasification. These technologies are considered mature and ready for application (Aziz et al., 2021). 
Also, other, less mature technologies exist. For example, in recent years, extensive research has 
been conducted to evaluate the possibilities of supercritical water gasification for hydrogen 
production from wet biomasses. However, the technology has only progressed to a pilot stage 
(Lepage et al., 2021). 

4.1.1 Biomass pyrolysis 

Biomass pyrolysis is heating organic material in the absence of oxygen to convert it into liquid fuel 
(bio-oil), solid char (biochar), and gaseous compounds, including CO, CO2, CH4, and H2 (Eq. 6). The 
proportion of liquid, solid and gaseous products depends on several factors, including the type of 
feedstock, the type of catalyst used, the temperature, and the residence time (Nikolaidis & Poullikas, 
2017).  
 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + ℎ𝑒𝑎𝑡 →  𝐻2 + 𝐶𝑂 +  𝐶𝑂2 +  𝐶𝐻4 +  𝐻2𝑂 + 𝑏𝑖𝑜 − 𝑜𝑖𝑙 + 𝑐ℎ𝑎𝑟𝑐𝑜𝑎𝑙     (Eq. 6) 

 
According to operating conditions, pyrolysis can be further categorized into slow and fast pyrolysis. 
In a slow pyrolysis process, with low temperature (<450 °C) and high residence time, pyrolysis will 
yield mainly biochar (Megía et al., 2021). Therefore, it is not considered appropriate for hydrogen 
production. Fast pyrolysis is the rapid heating of biomass to peak temperature of 500–800 °C (Megía 
et al., 2021) before the decomposition of the biomass. Fast pyrolysis process generates mostly 
vapor, i.e., bio-oil and gases, which can be further processed for hydrogen production. Some tar 
and charcoal are also generated. (Pandey et al., 2019) 
 
A promising alternative to direct H2 production from biomass is the two-stage operation with fast 
biomass pyrolysis in series with steam reforming (Fig. 6). The pyrolysis gases and bio-oil vapours 
from the first reactor are directly fed to the second reactor, where the reforming reactions take place 
(Lopez et al., 2022). 
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Figure 6.  Schematic representation of biomass pyrolysis with in-line reforming for H2 production 
 
At first, to ensure efficient heat transfer in fast pyrolysis, biomass pre-treatment is performed. Pre-
treatment involves biomass grinding and drying to reduce particle size and moisture content. The 
second step, biomass pyrolysis, leads to three fractions: bio-oil (60–75 wt%), non-condensable 
gases (10–20 wt%), and biochar (15–25 wt%) (Santamaria et al., 2021; Lopez et al., 2022). In the 
reforming step, the volatile stream (bio-oil + gases) from the pyrolysis reaches the reformer and 
reacts with steam on the catalyst active sites to yield an H2-rich gaseous product. CO can be further 
oxidized to CO2 + H2 via the water-gas-shift reaction. (Santamaria et al., 2021) Finally, the gas 
stream produced from the WGSR is cooled to condense the steam fraction. The dried gas is then 
compressed and fed to the PSA module to separate H2 and CO2. The solid biochar fraction can be 
utilized to generate heat for the process or used for other applications such as carbon sequestration, 
soil remediation, and wastewater treatment. 
 
Pyrolysis with in-line reforming has shown a considerable capacity for H2 production; regarding 
biomass conversion, values of around 10 wt% (0.1 kg H2/kg biomass, dry and ash-free basis) have 
been reported under optimal conditions and catalysts (Santamaria et al., 2021).  
 
Biomass pyrolysis (TRL 7) has been successfully demonstrated at small-scale, and several pilot plants 
or demonstration projects (up to 200 ton/day biomass) are in operation (Motola et al., 2022). Critical 
challenges are related to H2 variation due to biomass complexity and composition variation, tar 
formation, the need for catalyst regeneration, and high reactor cost. However, biomass pyrolysis for 
green hydrogen production is expected to mature to reach a TRL of up to 9 in the next two decades 
(Lepage et al., 2021). The production cost of H2 from biomass pyrolysis is estimated to be 1.25–
2.20 USD/kg, depending on the plant's size and the biomass type. (Nikolaidis & Poullikas, 2017; 
Lepage et al., 2021). 

4.1.2 Biomass gasification 

Biomass gasification is a thermal process in which organic carbonaceous materials are converted 
into gaseous products, so-called product gas, and small quantities of char (Hosseini & Wahid, 2016). 
The fundamental difference between gasification and pyrolysis is that the main target of gasification 
is to obtain gaseous products, whereas the primary product from fast pyrolysis is bio-oil. 
 
Virtually any carbonaceous feedstock can be gasified to product gas, including lignocellulosic 
biomass such as agricultural and forestry residues. Prior to entering the gasification reactor, the 
feedstock is typically pre-treated. This may include, e.g., milling to reach a homogeneous feedstock 
in terms of size (ETIP, 2021). Gasification occurs in a reactor, the so-called gasifier, at temperatures 
between 700 and 1200 °C in the presence of an oxidizing agent that may be air, pure oxygen, steam, 
or combinations of these. For biomass, operating pressure of 4–5 bar is often considered optimal 
(Szul et al., 2021). The gas-phase product obtained mainly consists of H2, CO, CO2, and CH4, plus 
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low quantities of other hydrocarbons and contaminants, such as tar and ash (Couto et al., 2013). 
The ratio of these products is influenced by the biomass type and the processing technology. 
Equations 7 and 8 represent the transformation of biomass into product gas when it reacts with air 
or steam. 
 
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝐴𝑖𝑟 →  𝐻2 + 𝐶𝑂2 + 𝐶𝑂 +  𝑁2 + 𝐶𝐻4 + 𝑜𝑡ℎ𝑒𝑟 𝐶𝐻𝑠 + 𝑡𝑎𝑟 + 𝐻2𝑂 + 𝑐ℎ𝑎𝑟   (Eq. 7) 

 
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝑠𝑡𝑒𝑎𝑚 →  𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝑜𝑡ℎ𝑒𝑟 𝐶𝐻𝑠 + 𝑡𝑎𝑟 + 𝑐ℎ𝑎𝑟        (Eq. 8) 

 
Using steam as an oxidizing agent enhances hydrogen formation and produces a high heating value 
gas with no nitrogen (Arregi et al., 2018), therefore considered the preferred method for H2 
production. The main steps in biomass steam gasification are; drying, thermochemical 
decomposition (pyrolysis), and char conversion (gasification or combustion). The pyrolysis step can 
be further divided into two stages; in the first step, the biomass is thermally decomposed into gases 
(H2, CO, CO2, CH4), tar, and char. In the second stage, tar cracking occurs, producing CO, CO2, H2, 
heavier hydrocarbons, and inert tar (Karlbrink, 2015). A schematic representation of the biomass 
steam gasification process for H2 production is illustrated in Fig. 7.  
 

 

Figure 7.  Schematic representation of the biomass steam gasification process (Arregi et al., 
2018) 

 
Gasification reactors are typically classified into entrained flow, fluidized bed, and moving or fixed 
bed systems. The dual fluidized bed (DFB) process has recently received great attention both in 
academia and the industry. This gasification system consists of two fluidized bed reactors, a gasifier 
and a combustor, interconnected by the bed material circulating between them (Fig. 8). The pre-
treated biomass is fed into the gasifier, where it is devolatilized and partially gasified with steam. 
The unconverted fraction of biomass, i.e., the unreacted char, is transported together with bed 
material from the gasifier to the combustion reactor, where it burns, producing heat. The hot bed 
material is then transported from the combustor to the gasifier, providing heat for the endothermic 
gasification reactions. Fluidized loop seals ensure that the product gas from gasification and flue gas 
from combustion remain separated (Binder et al., 2018). Depending on the desired conditions, this 
can be the only fuel source for the combustor, or additional fuel can be fed to the combustor to 
increase the temperature level of the process (Myöhänen et al., 2018). 
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Figure 8.  Principle of the dual fluidized bed process (Karlbrink, 2015) 
 
The typical product gas composition of the DFB gasification from woody biomass is 35–45 vol% H2, 
22–25 vol% CO, 20–25 vol% CO2, 10 vol% CH4, and tar 20–30 g/m3. Hence, gas upgrading and 
cleaning unit operations, such as WGSR, scrubbers, and PSA unit, are necessary to enhance H2 yield 
and remove bulk CO2 and trace components like H2S, HCl, and tar. (Binder et al., 2018). Hydrogen 
yield up to 0.14 kg per kg of biomass (dry and ash-free basis) have been reported for biomass 
gasification combined with catalytic steam reforming and water-gas-shift reactors (Corella et al., 
2008). 
 
Despite the high maturity of single units, such as dual fluidized bed reactors, WGSR, and PSA units, 
complete process chains for hydrogen production have yet to be demonstrated on a commercial 
scale. The complete process chains are evaluated at TRL 5–7 (Binder et al., 2018; Nikolaidis & 
Poullikas, 2017). However, several gasification plants producing syngas for heat and power 
production (e.g., Vaasan Voima, former Vaskiluodon Voima) or to be used for producing biofuels 
(e.g., GoBiGas in Gothenburg, Sweden) have been built and started operation and can provide best 
practices and lessons learned for hydrogen production as well. Moreover, the process chain is based 
on the utilization of developed and technologically proven operation units (TRLs of 8 and above for 
DFB gasification, gas cleaning, and upgrading), so the development of the process chain to market 
maturity could be achieved in the near future (Binder et al., 2018). 
 
Of all biomass thermochemical processes, steam gasification provides the highest stoichiometric 
yield of hydrogen (Parthasarathy & Narayanan, 2014). The production cost of H2 via biomass 
gasification is estimated between 1.2 and 2.4 USD/kg (Parthasarathy & Narayanan, 2014), 
depending on the facility size and biomass type. 

4.1.3 Supercritical water gasification 

One of the main problems related to the conventional thermochemical processes described above is 
the difficulty of using biomass with high moisture content. For example, steam gasification 
technology is best suited for biomass having a moisture content of less than 35 % (Parthasarathy & 
Narayanan, 2014). Supercritical water gasification (SCWG) is a promising technology platform for 
processing biomass feedstocks and residues with high moisture content, including manures, sewage 
sludge, food waste, and aquatic biomass such as algae (Adams et al., 2018). Supercritical water 
gasification can directly use the wet biomass without an energy-intensive drying process since the 
reaction takes place in the water phase. 
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SCWG involves the decomposition of organic compounds using water as the conversion medium 
(Adams et al., 2018). At supercritical conditions (T ≥ 374 °C and P ≥ 22.1 MPa), the properties of 
water, such as density, dielectric constant, viscosity, and solvating power, are quite different from 
those of liquid water or steam. In the supercritical region, water behaves like a non-polar organic 
solvent. Organic compounds that are only sparingly soluble in normal liquid water become 
completely miscible with supercritical water. (GA, 1997) In addition, thanks to the aqueous 
environment, SCWG can boost steam reforming and water-gas shift reactions, thus allowing to 
obtain a syngas very rich in hydrogen (Castello, 2013). 
 
SCWG mainly involves three reactions; steam reforming, water-gas shift, and methanation reactions. 
In steam reforming, supercritical water reacts with organic feedstock and produces gaseous mixtures 
of H2 and CO. The CO generated in the first reaction then reacts with water producing H2 and CO2 
via the water-gas shift reaction. In the methanation reaction, CO from steam reforming and H2 from 
water-gas shift react to produce CH4 and water as end products. (Hosseini & Wahid, 2016) The 
syngas produced is rich in hydrogen or methane, depending on the reaction conditions. At 
temperatures near to the critical point of water, methane is the preferred product (Correa & Kruse, 
2018), while hydrogen production increases at temperatures above 600 °C. Thus, hydrogen 
production typically occurs at 600–700 °C (Motola et al., 2022).  
 
The gaseous products obtained from SCWG are mainly H2, CO2 and small amounts of CH4 and other 
hydrocarbons. CO content is low, since CO is partially consumed by the water shift reaction.  The H2 
productions reported in the literature vary widely, between 0.1 and 11 wt%, depending on the 
biomass type and loading, operating conditions, and catalysts used (Arregi et al., 2018). 
 
The main advantage of SCWG is high thermal efficiency for very wet biomass and the ability to 
produce H2-rich gas with low CO and low tar in one step (Motola et al., 2022). However, the process 
still has severe challenges in terms of large-scale feasibility. The high energy consumption of the 
process is one of the most critical factors, as water has to be maintained at supercritical conditions, 
which increases costs (Arregi et al., 2018). In addition, SCWG still faces issues related to the lack of 
deep knowledge of operation with different feedstocks. A wide range of potential process designs 
and the optimal process parameters still need to be established together with advanced materials to 
avoid corrosion in severe operating conditions (Motola et al., 2022). As a result, the technology has 
only been investigated at pilot scale, and although promising results have been obtained, the TRL is 
4–5 (Lepage et al., 2021). 

4.2 Microbial processes 

Microbial biomass conversion processes utilize the ability of microorganisms to consume and digest 
biomass and release hydrogen (EERE, 2023). Microbial biomass conversion is particularly interesting 
in waste management and enables the conversion of, e.g., agricultural waste and agri-food effluents. 
In addition, investigations on sewage sludge have recently increased because the nature of the 
material is favourable to its conversion through biological processes (Lepage et al., 2021). The main 
advantages of biological processes compared to thermochemical routes are lower operating 
temperatures (30–60 °C) and pressures (1 atm) (Lepage et al., 2021), which reduce energy costs. 
In addition, the microorganisms used can be easily regenerated by replication, decreasing the 
turnover frequency compared with chemical catalysts, which are easily deactivated during 
thermochemical conversions (Abdalla et al., 2018). 
 
There are two main pathways: applying anaerobic microorganisms, referred to as dark fermentation, 
or applying photosynthetic microorganisms, referred to as photo fermentation. The principal 
difference between the two pathways is the energy source for biomass-decomposing bacteria. In 
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photo fermentation, the bacteria take up energy from sunlight, whereas in dark fermentation, the 
bacteria take up energy from biomass (EERE, 2023).  

4.2.1 Dark fermentation 

Dark fermentation is the best-understood biotechnological H2 production method. It is also 
considered the most attractive process for biological H2 production due to low net energy input, the 
low demand for light (unlike the photosynthetic routes), versatile substrate utilization, including 
lower-value waste as raw materials (Dzulkarnain et al., 2022; Abdalla et al., 2018), and the possibility 
of integrating it with other processes, e.g., methane production processes (Łukajtis et al., 2018). 
 
Dark fermentation produces biohydrogen using anaerobic bacteria on carbohydrate-rich substrates 
under anoxic conditions in the absence of light. The process converts organic matter in two stages; 
hydrolysis, where molecules are broken down, and acidogenesis, where the hydrolysis products are 
converted into H2, CO2, alcohols, and organic acids (Bastidas-Oyanedel et al., 2015). Pre-treatment 
processes needed to improve substrate bio-degradability include various physical (e.g., heat), 
chemical (e.g., acids), physicochemical (e.g., steam explosion), and biological (e.g., use of enzymes) 
techniques (Bundhoo et al., 2015). In addition, a separation step is required to produce high purity 
hydrogen. The main process steps of dark fermentation for H2 production are described in Fig. 9. 

 

 

Figure 9.  Flow diagram of the dark fermentation process (Nikolaidis & Poullikas, 2017) 
 
The H2 yield of the process depends on a series of factors: pH, temperature, pressure, the hydraulic 
retention time for continuous process, partial pressure of hydrogen, substrate composition, and the 
kind of microorganisms used (Łukajtis et al., 2018). Furthermore, the fermentation process produces 
organic acids (volatile fatty acids), which can depress hydrogen yield by diverting the metabolic 
pathway toward organic chemical production. In addition, these by-products require subsequent 
wastewater treatment, adding system complexity and costs. The volatile fatty acids pathway needs 
to be eliminated to maximize H2 production and simplify the process, or it needs to be taken 
advantage of by integrating fermentation with other systems. (Holladay et al., 2009) Organic acids 
recovered from the fermentation process could be further converted into biofuels or serve as an 
inexpensive and sustainable carbon substrate for, e.g., fine chemicals or bioplastics production. 
 
Dark fermentation has the potential to integrate waste management into energy production. Several 
pilot facilities are in operation, but no commercial-scaled plants have been constructed (ETIP, 2021). 
The main factor limiting its development on an industrial scale is the low H2 yield and production 
rate compared to thermochemical processes. Hydrogen yield for dark fermentation varies from 0.004 
to 0.044 kg H2/kg of feedstock (Lepage et al., 2021), which is low compared to, e.g., biomass steam 
gasification with H2 yield of up to 0.14 kg H2/kg biomass. Today, the technology has a TRL of around 
5 (ETIP, 2021). Valorisation of fermentation by-products could enhance the energetic gains and 
increase the economic profitability of dark fermentation, leading to an improved industrial potential 
of this technology (Baeyens et al., 2020). 
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4.2.2 Photo fermentation 

The second microbial biomass conversion process is photo fermentation. As the name suggests, 
photo fermentation is a light-dependent process. In photo fermentation, the carbon source is 
converted to biohydrogen using photosynthetic bacteria, typically purple non-sulphur bacteria. The 
key addition to the whole process is light energy. Under anaerobic conditions, photosynthetic 
bacteria utilize light energy to break organic acids into H+, CO2, and electrons. The nitrogenase 
enzyme, synthesized by purple non-sulphur bacteria, then combines the electrons with a proton to 
produce molecular hydrogen. (Melitos et al., 2021) Fig. 10 illustrates a schematic diagram 
representing the H2 production by photo fermentation. As with dark fermentation, various pre-
treatment processes are used to improve hydrogen production. 

 

Figure 10.  Flow diagram of the photo fermentation process (Nikolaidis & Poullikas, 2017) 
 
The photo fermentation process is an attractive clean energy production approach due to the mild 
reaction conditions (ambient temperature and pressure) and the use of solar energy. In addition, 
purple non-sulphur bacteria can utilize a wide range of substrates, such as agricultural and forestry 
residues, forestry, industrial and domestic waste, algae, and animal manure (Hitam & Jalil, 2020). 
However, several difficulties have been identified. For example, photosynthetic bacteria have 
limitations in capturing sunlight energy, which may result in low light conversion efficiency. In 
addition, the cell shadowing effect, and if industrial effluents are used as a feedstock, the colour of 
wastewaters reduces light penetration inside the photoreactor, diminishing the light intensity and 
hydrogen production capacity. Consequently, a huge surface area exposed to the light source would 
be essential for large-scale applications to realize an efficient anaerobic photobioreactor. (Hitam & 
Jalil, 2020; Nikolaidis & Poullikas, 2017; Melitos et al., 2021) In addition, the unstable output of 
biohydrogen in continuous operation, the slow productivity and low hydrogen yield compared to 
thermochemical processes, and the high cost hinder the commercial application of photo-
fermentative biohydrogen production (Zhang et al., 2021).  
 
The research on biohydrogen production by photo fermentation is still at the laboratory level, and 
the technology's TRL is estimated at 4 (Zhang et al., 2021; ETIP, 2021). Intense R&D efforts are 
still needed to improve its performance and applicability in practical applications. In general, the 
hydrogen yields of photo fermentation are in the same range as in dark fermentation. However, due 
to higher costs, photo-fermentation is considered economically less competitive than dark 
fermentation (ETIP, 2021). 

4.2.3 Two-stage fermentation 

Higher hydrogen production yields and reduced light energy demand can be obtained using a two-
stage fermentation process consisting of sequential dark and photo-fermentation periods. In the first 
step, carbohydrate-rich biomass is decomposed by anaerobic bacteria by dark fermentation to 



20 / 49 

produce H2 and organic acids. The organic acids formed in the dark fermentation step are then 
further degraded by photosynthetic bacteria to produce additional hydrogen (Fig. 11). (Nikolaidis & 
Poullikas, 2017; Lepage et al., 2021) 
 

 

Figure 11.  Flow diagram of the sequential dark and photo fermentation process (Nikolaidis & 
Poullikas, 2017) 

 
An integrated dark and photo fermentation system can lead to higher biohydrogen production than 
a single process. However, the difficult operations to control the different bacteria and the 
parameters between the separate stages pose significant challenges (Lepage et al., 2021). 
Therefore, more detailed studies are needed to evaluate the viability of industrial biohydrogen 
production through two-stage fermentation. 
 
In summary, although biological processes are considered more environmentally friendly and less 
energy intensive than thermochemical processes, they provide relatively low hydrogen yields, 
requiring large reactor volumes. Thermochemical conversion processes are also much faster than 
the biochemical methods (Nikolaidis & Poullikas, 2017; Abdin et al., 2020). Therefore, the 
possibilities of biomass in large-scale H2 production are seen mainly via thermochemical routes, 
whereas the potential of biological processes is more in small-scale hydrogen production or 
centralized waste recycling and processing (Nikolaidis & Poullikas, 2017). 

4.3 Combination of anaerobic digestion and biogas CO2 reforming 

Chapter 3 introduced technologies suitable for hydrogen production from pure biomethane. 
However, hydrogen could be produced from raw biogas as well. The high levels of CO2 (35–55%) in 
raw biogas enable biogas conversion to synthesis gas (H2 and CO) via CO2 reforming, also called dry 
reforming, avoiding the high cost of the purification process to separate CO2 from CH4 (Kalai et al., 
2018).  
 
Biogas dry reforming takes advantage of the CO2 in the biogas stream. CO2, the completely oxidized 
form of carbon, is used as an oxidizing agent for methane conversion to syngas. The main reaction 
of biogas dry reforming is shown in Eq. 9. Since CO2 is very stable, getting it to interact as an oxidant 
requires a significant amount of energy (Balaji et al., 2020) and high temperatures, usually in the 
range of 800–1000 °C (Kalai et al., 2018), are required to achieve high reagent conversions. High 
temperatures are also needed to minimize the coke formation on the catalyst. Before being 
transferred to the reforming reactor, biogas should be scrubbed of impurities, including siloxanes 
and sulphur species, as they may cause catalyst poisoning (Zhao et al., 2020). The water vapor, 
naturally present in the biogas, does not need to be removed as it favours the occurrence of water-
gas-shift reaction, improving H2/CO ratio (Balaji et al., 2020). To enhance H2 yield, the syngas can 
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be further treated in a water-gas-shift reactor. The H2 content in the syngas reaches its highest 
amount when equal moles of CH4 and CO2 are present in the reformer feed (Hajizadeh et al., 2022).  
 
 

𝐶𝐻4 +  𝐶𝑂2 →  2𝐻2 + 2𝐶𝑂    (Eq. 9) 

 
Hajizadeh et al. (2022) demonstrated that 150 m3/d of cow manure (6 % total solids and 80 % 
volatile solids) fed to the anaerobic digester operating at 20 °C could produce 553.5 m3/d biogas. 
From the produced biogas, 195 kg of H2/d could be obtained through CO2 reforming + WGS reaction. 
 
CO2 reforming is definitely a promising process for producing H2 from biogas, especially considering 
that the process can take full advantage of both CH4 and CO2 in biogas. However, some serious 
problems are involved in biogas dry reforming, hindering its commercialisation. For example, the 
high temperatures required for endothermic dry reforming reaction may lead to catalyst support 
collapse or metal sintering. In addition, a significant problem related to the dry reforming reaction 
of methane is the coke generation. This process can destroy the catalyst or block the reactor quickly. 
Catalyst nature affects the coke formation rate, so current research efforts have focused on 
developing highly stable catalysts with low carbon production (Kalai et al., 2018). Bimetallic Ni-Co is 
usually employed to take advantage of both metals in controlling coke and catalyst deactivation 
(Hajizadeh et al., 2022). 
 
In addition to catalyst development, carbon deposition can be significantly inhibited by adding steam 
in the dry reforming process (Zhao et al., 2020). With steam addition, CO2 reforming is coupled with 
steam methane reforming, described above in Chapter 3. Combined CO2 and steam reforming of 
methane is referred to as bi-reforming. Methane tri-reforming, a combination of three methane 
reforming processes, i.e., CO2 reforming, SMR, and partial oxidation reforming, has also been 
investigated. Theoretically, the tri-reforming process could avoid the main disadvantages mentioned 
for biogas dry reforming. The presence of H2O and O2 reduces the possible coke generation on the 
catalyst surface. In addition, WGS reaction also occurs, contributing to higher H2 yields. Furthermore, 
adding O2 leads to an exothermic partial oxidation reaction, significantly reducing energy 
requirements. (Izquierdo et al., 2013) However, most studies on tri-reforming reactors are still of a 
theoretical nature. Compared to other methane reforming processes, the implementation of the tri-
reforming process has more technical challenges and requires a thorough understanding of the 
effects of different parameters individually and in interaction with each other during this process 
(Soleimani & Lehner, 2022). 
 
The role of CO2 reforming in the future large-scale H2 production is still debatable as there are still 
many questions on how to improve the catalyst performance and selectivity to H2 (de Medeiros et 
al., 2022). However, a few examples were found. One example of commercialized CO2 reforming 
processes is CALCOR™ (Caloric, 2023). The primary target of the CALCOR™ process is to produce 
synthesis gas with a high CO content. The SPARG™ process, designed by Haldor-Topsoe and 
commercialised by Sterling Chemical Inc., is a bi-reforming process capable of delivering syngas with 
an H2/CO ratio of 1.8-3.0 (Mortensen & Dybkjær, 2015). Another example of bi-reforming technology 
is the DRYREF™ technology developed by Linde and BASF (Linde, 2023). This process produces 
syngas with H2/CO ratio of 1.0–3.0, suitable for several downstream processes, such as methanol 
and acids synthesis (de Medeiros et al., 2022). The DRYREF™ technology is currently in commercial 
demonstration. As such, none of these targets the production of H2 as the final product. However, 
they can provide valuable information about the advantages and limitations of CO2 reforming 
technology. 
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5 Hydrogen production via water splitting  

Water is the most abundant resource for hydrogen production. Water can be split into hydrogen and 
oxygen if enough energy is provided. Water splitting in its simplest form uses an electric current 
through two electrodes to split water into hydrogen and oxygen. The process is known as 
electrolysis. However, water can also be split with other energy sources, such as thermal energy 
(thermochemical water splitting) and photon energy (photoelectrochemical water splitting), or 
through photobiological methods using microorganisms (Megia et al., 2021). These processes all 
utilize some method to split water according to the following reaction (Eq. 10): 
 

2𝐻2𝑂 →  2𝐻2 + 𝑂2     (Eq. 10) 

5.1 Electrolysis of water 

The basic principle of electrolysis is to split H2O into oxygen and hydrogen with the help of electricity. 
It is a well-established technology that has been used for almost a century for various applications 
in the industry, such as food processing and metallurgy. Nowadays, it is also considered a key 
process for producing hydrogen from water and renewable energy sources (Ursua et al., 2012). The 
conversion is fast and straightforward and the hydrogen obtained with this technology has a high 
purity that can reach 99.999 vol.%, which is suitable for a wide range of applications, including fuel 
cells and chemical production. In addition, there are no carbon, sulphur, or nitrogen by-product 
compounds (Lepage et al. 2021), which simplifies the purification step compared with those of, e.g., 
gasification processes. Hydrogen produced via electrolysis can result in zero greenhouse gas 
emissions, depending on the source of the electricity used. 
 
The core of an electrolyser is the electrolytic cells. Electrolytic cells are composed of two electrodes 
– a positively charged anode and a negatively charged cathode – immersed in a liquid electrolyte or 
adjacent to a solid electrolyte membrane (Irena, 2020). When voltage is supplied, water splits and 
hydrogen is produced at the cathode while oxygen is evolved on the anode side. The electrolyte is 
needed to provide the necessary conductivity for the electrical current to flow through the water. In 
addition, a membrane or diaphragm between the electrodes is needed to spatially separate the two 
reactions and prevent the product gases from mixing. Catalysts are used in order to increase current 
density and rate of electrolysis reactions (Dincer & Acar, 2015).  
 
Electrolysers are typically divided into three main technologies: alkaline electrolysers (AEL), proton 
exchange membrane (PEM) electrolysers, and solid oxide electrolysers (SOEL). These methods differ 
mainly according to the ion transport method or the type of electrolyte used. While the low-
temperature technologies, AEL and PEM, both provide high technology readiness levels, the high-
temperature SOEL technology is still in the development stage and not yet widely commercialised 
(Tenhumberg & Büker, 2020). Table 1 summarises the parameters of state-of-the-art AEL, PEM and 
SOEL water electrolysis. The principle layout, reactions, and related properties of these technologies 
are then discussed in more detail in subsections 5.1.1.-5.1.3. In addition, the latest technology, 
anion exchange membrane (AEM) water electrolysis, is briefly described in section 5.1.4. Finally, 
subsection 5.1.5 presents an overview of the leading electrolysis equipment manufacturers. 
 
In practice, electrolyser devices consist of several interconnected electrolysis cells, called stacks. At 
the systemic level, the electrolysis process also comprises the power supply (e.g., transformer and 
rectifier) and possibly electricity buffers, water supply and purification (e.g., deionization), hydrogen 
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processing (e.g., purification, drying, and compression), and possible hydrogen storage, etc. (Irena, 
2020). 
 
Table 1.  Summary of parameters of state-of-the-art water electrolysis (Tenhumberg & Büker, 

2020; Irena, 2020; Buttler & Spliethoff, 2018) 

Technology AEL PEM SOEL 

Electrolyte 20–40 wt% KOH 
PFSA 

membranes 

Solid ceramic 

(YSZ)  

Operating temperature (°C) 60–90 50–80 700–900 

Typical operating pressure (bar) 10–30 20–50 1–15 

Current density (A/cm2) 0.2–0.8 0.6–2.0 0.3–2.0 

Specific energy consumption, stack (kWhel/Nm3 H2) 4.2–4.8 4.4–5.0 >3.0 

Specific energy consumption, system (kWhel/Nm3 H2) 5.0–5.9 5.0–6.5 3.7–4.7 

Gas purity (%) > 99.95 99.99 99.90 

Load flexibility (% of nominal load) 15–100 0–100 −100/+100 

Cold start-up time (min) 60 <20 >600 

Warm start-up time (s) 60–300 < 10 s 900 

System response seconds milliseconds seconds 

Stack lifetime (h) 60 000–90 000 20 000–60 000 <20 000 

Stack unit size up to 6 MW up to 2 MW 5 kW 

Maturity mature commercial demonstration 

Capital cost, stack (1 MW) (USD/kW) 270 400 <2000 

Capital cost, system (>10 MW) (USD/kW) 500–1000 700–1400 unknown 

 

5.1.1 Alkaline electrolysis 

Of the different water electrolysis technologies, alkaline electrolysis is the most established and 
mature (TRL 9). AEL plants of up to 160 MW are already operating on an industrial scale 
(Tenhumberg & Büker, 2020).  
 
Fig. 12 depicts a scheme of an alkaline electrolysis cell. The two electrodes (anode and cathode) are 
immersed in a liquid alkaline solution, typically potassium hydroxide (KOH) in a concentration 
between 20 wt% and 40 wt% (Tenhumberg & Büker, 2020). The two electrodes are separated by 
a porous diaphragm that allows ionic transport but is impermeable to gases. When sufficient voltage 
is applied, water is split at the cathode to form H2 and release negatively charged hydroxide anions 
(OH⁻). The OH⁻ ions then cross through the diaphragm and combine to form O2 at the anode.  
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Figure 12.   General scheme and operation of an alkaline electrolysis cell (Rodriguez & Amores, 

2020). 
 
The two-phase liquid electrolyte and product gas mixture leave the electrolysis cell and enter 
subsequent gas separators. The product gas is demisted, dried, and prepared for usage, and the 
liquid electrolyte leaving the gas separator is pumped back to the electrolysis stack (Brauns & Turek, 
2020). Neglecting physical losses, the liquid electrolyte is not consumed. Instead, water is consumed 
in the process and has to be supplied continuously. 

AEL units generally work between 60 and 90 °C and deliver high-purity hydrogen up to >99.95 % 
purity (Tenhumberg & Büker, 2020). The system temperature has to be in an optimal range to 
maintain an efficient operation. Temperatures above 90 °C should be avoided with a suitable cooling 
system to prevent degradation issues of the electrolysis cells and material restrictions (Buttler & 
Spliethoff, 2018). A typical operating pressure is 10–30 bar (Tenhumberg & Büker, 2020). 
 
Rated efficiency and specific energy consumption of AEL electrolysis stacks are in the range of 63–
71 % LHV and 4.2–4.8 kWh/Nm3 of H2 (Buttler & Spliethoff, 2018). However, the system comprises 
not only the electrolyser unit but also auxiliaries, such as feed water preparation, the power supply 
system, heat management, pressure control, and hydrogen gas treatment (Fig. 13). The additional 
consumption of auxiliaries and losses by rectification lies typically in the range of 0.4–0.8 kWh/Nm3 
of H2, giving the specific energy consumption of the entire AEL electrolysis system in the range of 
5.0–5.9 kWh/Nm3 of H2 (system efficiency 51–60 %) (Buttler & Spliethoff, 2018). 

 

 
 
Figure 13.  Layout of an alkaline electrolysis system (Buttler & Spliethoff, 2018). 
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One of the main advantages of AEL is its scalability. AEL cells are highly stackable, providing highly 
scalable technology (Anwar et al., 2021). Alkaline electrolysis can be scaled up or down depending 
on the size of the hydrogen production plant needed. This makes it suitable for a wide range of 
applications, from small-scale hydrogen production for fuel cells to megawatt-scale industrial 
hydrogen production. Robust alkaline water electrolysis systems also offer the longest stack lifetime 
of existing electrolysis technologies. Another advantage of AEL systems over other water electrolysis 
technologies is their lower cost, as they do not require expensive noble materials, which is a 
limitation of PEM technology, and can be operated at relatively low temperatures, hence not 
requiring high temperature resistant construction materials such as SOEL technology (de Groot et 
al., 2022). 
 
Traditionally, the major weakness of alkaline technology has been its relatively low current densities 
(0.2–0.4 A/cm2), leading to low performance profiles (Anwar et al., 2021) and making these 
electrolysers large and heavy compared to other technologies for similar production rates (de Groot 
et al., 2022). The low current density is caused by the poor current-voltage curve, which primarily 
results from a high ohmic resistance. This high ohmic resistance was almost unavoidable in old 
alkaline electrolysers when only thick asbestos diaphragms were sufficiently stable in the strongly 
alkaline environment (de Groot et al., 2022). However, with new and thinner diaphragm materials, 
developing AEL systems that can operate at significantly higher current densities is now possible. A 
vast amount of research has also been devoted to searching for new, more efficient electrocatalysts 
and improved cell concepts. An example of improved cell concepts is the zero-gap concept, where 
the electrodes are directly pressed onto the diaphragm to minimize ohmic losses due to the 
electrolyte (Brauns & Turek, 2020). Advanced zero-gap AEL can be operated at a significantly higher 
current density, thus more efficiently, than conventional alkaline electrolysers (de Groot et al., 2022).  
 
Another weakness of alkaline electrolysis is that the minimum load of the AEL is typically limited to 
15–25 % of the nominal hydrogen production due to the lateral diffusion of hydrogen through the 
diaphragm to the oxygen side, resulting in the formation of a combustible mixture at low production. 
In practice, safety stops occur with 1–2 % hydrogen contamination in the oxygen stream (Buttler et 
al., 2018). A novel approach under investigation is modifying the AEL technique using anion 
exchange membranes instead of diaphragm membranes (Anwar et al., 2021), to eliminate the gas 
crossover between the anodic and cathodic sides (see section 5.1.4.). 
 
Alkaline electrolysers also suffer from slow system response to dynamic operations. This slow 
response is due to the liquid electrolyte used, slowing down the movement of the hydroxide ions 
from the cathode to the anode (Yodwong et al., 2020). Indeed, most recent AEL technology 
improvements are focused on dynamic operation with intermittent renewable energies (Tenhumberg 
& Büker, 2020). In this context, the most important development targets are 1) high ramp speed, 
2) low minimum turndown, and 3) improved start-up times after periodical shutdowns (Lüke & 
Zschocke, 2020).  
 
Moreover, much research regarding alkaline electrolysis has been devoted to searching for new 
highly active electrocatalyst materials. Nickel is the most commonly used catalyst material due to its 
accessibility with low cost (Anwar et al., 2021). In addition to good electrocatalytic activity, nickel 
has a good corrosion resistance under alkaline conditions. However, due to the lower electrocatalytic 
activity of nickel compared to noble metals, combining it with other metals to form alloys such as 
molybdenum, iron, or aluminium is often necessary. For example, MoO2-Ni arrays have recently been 
reported to exhibit a platinum-like activity at low temperatures (Martino et al., 2021). Another 
common approach is to increase the surface area of the catalyst that remains exposed to the 
electrochemical reactants. This can be accomplished by, e.g., nanoengineering the catalyst 
morphology and structure (Karacan et al., 2022).  
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Two examples of ongoing AEL projects in the Nordic countries are HySynergy (Denmark) and 
HYBRIT (Sweden/Finland). The purpose of HySynergy, a collaborative project between hydrogen 
fuel company Everfuel and Shell Denmark, is to establish a large-scale production and storage facility 
of green hydrogen. The first phase of HySynergy involves the installation of a 20 MW alkali 
electrolysis plant in 2022–2023 in Fredericia, Denmark – but the partners eventually aim to expand 
the plant up to 1 GW by 2030 (Everfuel, 2023). HYBRIT (Hydrogen Breakthrough Ironmaking 
Technology) is an initiative between steel producer SSAB, mining company LKAB, and Vattenfall, 
intending to develop the world's first fossil-free ore-based steelmaking technology, where coal will 
be replaced by fossil-free hydrogen. The pilot plant in Luleå was commissioned in August 2020. The 
4.5 MW alkaline electrolyser to the pilot plant was delivered by Nel ASA. The next step is planned 
for 2026 with a demonstration plant for fossil-free steel production on an industrial scale in Gällivare, 
using approximately 500 MW electrolyser capacity powered by fossil-free electricity (Hybrit, 2023). 

5.1.2 Proton exchange membrane electrolysis 

Another commercially available electrolysis technology is proton exchange membrane electrolysis. 
PEM-based water electrolysis has gained popularity in recent years due to its high performance and 
the ability to work under variable power feeding regimes (Sood et al., 2020). Short start-up and fast 
response times make PEM electrolysis the most suitable technology for dynamic operation associated 
with intermittent energy sources. 
 
The structure of the PEM electrolyser is similar to that of the alkaline electrolyser. The main 
difference is the use of a solid polymer electrolyte membrane (a thin plastic film), which is 
responsible for transporting ions from one electrode to the other and, at the same time, physically 
separating the produced gases. In the PEM electrolysis process, only deionized water is injected into 
the cell; there is no need to add a liquid electrolyte solution as the ion transport happens within the 
proton-conducting membrane component (Irena, 2020). The reaction principle of the PEM 
electrolyser is shown in Fig. 14. Water is fed to the anode side of the cell, where it is split into 
oxygen, protons (H+), and electrons (e-). The O2 formed during this half-cell reaction is removed 
with the unconsumed water, and the H+ pass through the proton-conducting membrane towards 
the cathode. The electrons exit from the anode through an external power circuit. At the cathode 
side, the protons combine with the electrons from the external circuit to form hydrogen gas. The 
water feed to the cathode side is optional, as it is only there to facilitate the efficient removal of 
hydrogen (Sood et al., 2020). 

 

Figure 14.  Schematics of PEM electrolyser cell (Sood et al., 2020) 
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The reactions take place at the catalyst layers coated on electrodes. The diffusion layer on each side 
ensures efficient current distribution and connects the membrane electrode assembly to the bipolar 
plates (distribution plates). Bipolar plates contribute to the structural integrity of the cells. They also 
separate one cell from the other when cells are assembled together as a stack to deliver the required 
hydrogen flow rate. In addition to the cell/stack, an electrolyser has auxiliary components to ensure 
the proper functioning of the stack. These include, e.g., the power supply/voltage controller, inlet 
water conditioning system, water circulation system, water–gas separators, heat exchanger, and 
safety devices. (Sood et al., 2020) 
 
PEM features a very low cross-permeation, yielding hydrogen with higher purity than AEL, typically 
greater than 99.99 % H2 after hydrogen drying (Buttler & Spliethoff, 2018). In addition, the very 
low gaseous permeability of the polymeric membranes lowers the risk of the formation of flammable 
mixtures; hence, operating at the full load range (0–100 %) is possible (Ursua et al., 2012). Another 
significant advantage of PEM over AEL is that it can perfectly deal with load fluctuation due to its 
rapid response (milliseconds). Further advantages of PEM electrolysis include high current density 
due to the low ionic resistance of polymer membranes, compact module design due to the solid 
electrolyte, small footprint, fast start-up, and low operating temperatures (Buttler & Spliethoff, 2018; 
Kumar & Himabindu, 2019).  
 
The rated efficiency and specific energy consumption of commercial PEM electrolysis stacks are 60–
68 % LHV and 4.4–5.0 kWh/Nm3 of H2. The specific energy consumption of the entire PEM 
electrolysis system, including power consumption of auxiliaries and losses by rectification, is in the 
range of 5.0–6.5 kWh/Nm3 of H2, corresponding to system efficiency of 46–60 %. (Buttler & 
Spliethoff, 2018) 
 
The main problem of PEM electrolysers is the high investment cost; PEM systems for water 
electrolysis are generally 50–60 % more expensive than alkaline ones. High costs are mainly 
associated with the noble materials used inside the electrolyser. The acidic environment provided by 
the proton exchange membrane, high voltages, and oxygen evolution in the anode creates a harsh 
oxidative environment, demanding the use of materials that can withstand these conditions. 
Titanium-based materials, noble metal catalysts and protective coatings are necessary, not only to 
provide long-term stability to cell components, but also to provide optimal electron conductivity and 
cell efficiency. (Irena, 2020) 
 
The corrosive acidic regime provided by PEM requires the use of noble metal catalysts like iridium 
(Ir) for the oxygen evolution reaction at the anode and platinum (Pt) for hydrogen evolution reaction 
at the cathode (Buttler & Spliethoff, 2018; Anwar et al., 2021). These are expensive and with low 
availability, which inhibits their practical application. For example, iridium is one of the rarest 
elements on earth, costing 4,200 EUR per ounce (nearly 150,000 EUR/kg) at today’s market prices. 
With 1–2kg of iridium required for standard PEM electrolyser stacks, the catalyst cost alone for a 
1 MW electrolyser can add up to 300,000 EUR (Hydrogen Insight, 2022). Therefore, a central goal 
of R&D efforts is a drastic decrease of noble metal-based catalyst loadings. 
 
Other key materials for PEM water electrolysis are the membrane itself, current collectors, and 
bipolar plates. A commercial membrane must have high mechanical strength and proton 
conductivity, as well as outstanding oxidative and thermal stability. At present, membranes are 
mainly focused on perfluorosulfonic acid (PFSA) polymer membranes. The most commonly used are 
Nafion membranes due to the advantages of high proton conductivity and high durability at higher 
current densities. However, the high price and complex disposal after the end of use restrict its 
development. Research efforts have been devoted to reducing the cost of these polymer membranes 
and simultaneously optimizing the ion exchange characteristics and stability. (Wang et al., 2022) 
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Current collectors, commonly referred to as a gas diffusion layer at both sides of the electrodes, are 
used to transfer electrons from the catalyst layer to bipolar plates and to eliminate the gases (i.e., 
H2, O2) from the catalyst layer (Yodwong et al., 2020). The porous titanium plates are the most used 
current collectors due to their good conductivity, excellent mechanical stability, and corrosion 
resistance (Wang et al., 2022). Bipolar plates are a significant cost component for PEM stacks, as 
they are often built to provide multiple functions, such as conducting electrons, connecting single 
cells to realize a stack, arranging a flow path for pure water-sharing over the current collectors, 
isolating hydrogen and oxygen, supporting the membrane and electrodes, and bringing thermal 
conduction to handle the PEM temperature (Yodwong et al., 2020). As such, they require advanced 
materials such as gold or platinum coated titanium. This is one of the areas where innovation can 
play an important role in reducing costs. Research is ongoing to replace titanium with cheaper 
materials (Irena, 2020). 
 
Examples of large-scale PEM projects in Europe are the Energiepark Mainz, commissioned in 2015, 
and HyBalance project in Denmark. The research facility Energiepark Mainz was built to provide 
ancillary services for a local power grid and to explore the possibilities of the PEM electrolysis 
technology on a large scale. Three electrolysis skids with a peak power of 6 MWel and an output of 
1000 Nm3 hydrogen per hour were designed by Siemens. The plant is located in Mainz, Germany, 
grid-connected to an 8 MW wind farm (Kopp et al., 2017). The HyBalance plant in Hobro, Denmark, 
is another example of Europe’s first facilities to produce hydrogen by PEM electrolysis on an industrial 
scale. It has successfully produced and delivered hydrogen since 2018. The plant has also 
demonstrated its ability to accommodate the intermittency of renewable energy production, thus 
stabilizing the Danish electric grid. (Air Liquide, 2020). The 1.2 MW HyBalance electrolyser was 
supplied by Hydrogenics. 

In May 2023, US-based Plug Power Inc. announced plans to build three green hydrogen production 
plants in Finland with a total electrolysis capacity of 2.2 GW. The plants are expected to produce 
850 tons per day (TPD) of green hydrogen by the end of the decade. The Kokkola facility will see 
1 GW of electrolytic capacity installed to produce 85 TPD of green hydrogen and 700 kilotons of 
green ammonia per year. These will be both used locally and exported across Europe. The 
Kristiinankaupunki facility will create a further 1 GW of electrolytic capacity. Based in the vicinity of 
a decommissioned coal plant, the green hydrogen produced will be earmarked for use in green steel 
production. Porvoo site will produce another 100 tons per day by 2030. The hydrogen will be used 
for local mobility and exported through pipeline injection to Western Europe. All three plants are 
intended to use Plug’s PEM electrolysis technology. The final investment decision is scheduled for 
2025/2026. (Hydrogen Insight, 2023) 

5.1.3 Solid oxide electrolysis 

Apart from alkaline and PEM hydrogen production technologies, solid oxide electrolysers are widely 
expected to become the third main water electrolysis technology in the foreseeable future (OIES, 
2022). SOEL constitutes an advanced concept enabling water, or rather, steam electrolysis at high 
temperatures (700–900 °C), which enables conversion efficiencies of around 80–90 % (OIES, 2022), 
surpassing the efficiency of all currently existing electrolyser options. The high electricity-to-
hydrogen conversion efficiency is caused by the increased possibility of supplying energy in the form 
of heat instead of electricity. This makes using SOEL of particular interest in situations in which a 
high-temperature heat source is available (Brynolf et al., 2018). 

In solid oxide electrolysis, a solid oxide electrolyte, typically made of ceramic materials such as yttria-
stabilized zirconia (YSZ), is used as the electrolyte. This material exhibits good ionic conductivity at 
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the prevailing high operating temperatures. The cathode is usually a porous YSZ-nickel cermet, while 
the anode is commonly a composite of YSZ and perovskites, such as lanthanum manganite or 
ferrites, substituted with strontium to enhance the electrocatalytic activity. (Ursua et al., 2012) The 
operating principle of a SOEL cell is shown in Fig. 15. The steam at the cathode combines with 
electrons from the external circuit to form hydrogen gas and negatively charged oxygen ions (O2

−). 
The oxygen ions pass through the solid ceramic membrane and react at the anode to form oxygen 
gas and generate electrons for the external circuit. 

 

Figure 15.  Scheme of the operating principle of a solid oxide electrolysis cell (Ursua et al., 2012). 

The advantage of SOEL over traditional water electrolysis methods is the high electricity-to-hydrogen 
efficiency. The solid oxide electrolyte also eliminates the need for a liquid electrolyte, which reduces 
corrosion and other issues associated with liquid electrolytes. Additionally, the high operating 
temperature enables the utilization of waste heat or renewable energy sources such as geothermal 
energy. 

Despite these advantages, some of its disadvantages have limited its commercialisation and broader 
use. Its most remarkable feature – high operating temperature – appears to be one of its main 
challenges as well, as it increases start-up and break-in times. This may hamper the system's 
coupling with intermittent renewables (OIES, 2022). The high-temperature operation also leads to 
mechanical compatibility issues, such as concerns about the thermal stability of brittle ceramic 
materials and sealing issues (Ursua et al., 2012). Consequently, solid oxide electrolysers currently 
have lower durability and shorter lifetime than AEL or PEM (OIES, 2022). Moreover, the stream 
leaving the cathode is a mixture of hydrogen and steam that requires further processing, resulting 
in higher capital costs than conventional liquid water electrolysis (Ursua et al., 2012). Bulky system 
design and small available production scale also leave space for further improvements.  

Although SOEL is considered a promising technology and has been extensively researched, it has 
not yet been widely commercialised. However, some examples were found. In April 2023, Germany-
based company Sunfire installed a 2.6 MW electrolyser, consisting of twelve SOEL modules, in 
Rotterdam, the Netherlands. According to Sunfire, it is the first multi-megawatt high-temperature 
electrolyser installed to produce green hydrogen in an industrial environment. Sunfire's electrolyser 
will be integrated into Neste's refinery processes and will become part of the on-site production of 
renewable products. Once operational, the electrolyser will produce more than 60 kg of green 
hydrogen per hour. (Sunfire, 2023) Moreover, Topsoe is constructing the world's first industrial-scale 

https://ieeexplore.ieee.org/mediastore_new/IEEE/content/media/5/6132586/5898382/5898382-fig-6-source-large.gif
https://ieeexplore.ieee.org/mediastore_new/IEEE/content/media/5/6132586/5898382/5898382-fig-6-source-large.gif
https://ieeexplore.ieee.org/mediastore_new/IEEE/content/media/5/6132586/5898382/5898382-fig-6-source-large.gif
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SOEL manufacturing facility in Herning, Denmark. The factory will have an initial 500 MW/year 
manufacturing capacity. The factory is expected to be in operation by 2025. (Topsoe, 2023) 

5.1.4 Anion exchange membrane electrolysis 

Anion exchange membrane water electrolysis is the latest technology, with only a few companies 
commercialising it. AEM's potential lies in combining the less harsh environment of alkaline 
electrolysers with the simplicity and efficiency of PEM electrolysers (Irena, 2020). 
 
AEM water electrolysis can sometimes be considered a subcategory of alkaline water electrolysis 
technology. The main difference between conventional alkaline electrolysis and AEM is the 
replacement of the porous diaphragm in AEL with a thin, dense, non-porous membrane, as in PEM. 
However, charges are transferred over the membrane by hydroxide ions, as in AEL water electrolysis. 
(Risbud et a., 2023). Replacing the traditional diaphragm in alkaline electrolysis with the polymeric 
anion exchange membrane allows low ohmic resistance and high gas purity as in PEM, while the 
alkaline working environment allows the use of inexpensive non-noble materials (Hua et al., 2023). 
In addition, AEM can largely eliminate the gas crossover between the anodic and cathodic sides, 
making it a safer and more energy-efficient solution than traditional AEL. Distilled water or a low 
concentration of alkaline solution can be used as an electrolyte instead of concentrated KOH. The 
absence of a corrosive liquid electrolyte offers advantages such as the absence of leaking and ease 
of handling (Vincent & Bessarabov, 2018). 
 
Compared to PEM electrolysis, where noble metal electrocatalysts are required due to the strongly 
acidic environment, the operation of AEM in alkaline conditions allows cheap and abundant transition 
metal catalysts like nickel in the electrodes, making them more cost-effective compared to PEM 
electrolysers. Moreover, the high pH of the system reduces corrosion problems of the components: 
titanium in the transport layers and bipolar plates can be replaced by steel. (Risbud et al., 2023) 
Furthermore, the quaternary ammonium ion-exchange-group-containing membranes used in AEM 
electrolysis are less expensive than the Nafion-based membranes in PEMs (Vincent & Bessarabov, 
2018). As a result, AEM promises cheap, compact systems with fast response times. 
 
However, the AEM technology is relatively new and faces many issues that must be solved before it 
realises its full potential. The OH- ion is inherently three-fold slower (lower conductivity) than H+ 
protons within PEM, forcing AEM developers to make thinner membranes or ones with higher charge 
density. Consequently, the AEM membrane has chemical and mechanical stability issues, leading to 
unstable lifetime profiles. In addition, the performance is still not as good as expected, primarily due 
to low AEM conductivity, poor electrode architecture, and slow catalyst kinetics. Performance 
enhancement is typically achieved by tuning membrane conductivity properties or adding a 
supporting electrolyte, e.g., KOH or sodium bicarbonate. However, such tuning could lead to 
decreased durability. Another major limitation of AEM is the degradation of the polymer due to KOH 
attack, which rapidly reduces the conductivity of the membrane. (Irena, 2020) 
 
Examples of pioneering industrial-scale AEM manufacturers include Alchemr and Enapter. The US 
company Alchemr has a readily available kilowatt-scale AEM electrolyser (Alchemr, 2023). Enapter’s 
AEM Multicore is the world’s first megawatt-class anion exchange membrane electrolyser. The 
prototype of this MW-scale electrolyser is running in Saerbeck, Germany. On-going testing aims to 
optimise its operating concept during 2023. At the same time, Enapter focuses on constructing the 
first commercial AEM Multicore systems (Enapter, 2023). 
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5.1.4 Electrolyser manufacturers 

Table 2 lists some of the leading European and US hydrogen electrolyser manufacturers (non-
exhaustive). More information on electrolyser capacities and their technical data can be found on 
the companies' websites. 
 

Table 2. Electrolyser manufacturers 

Manufacturer (location) Technology 

Green Hydrogen Systems (Denmark) Alkaline 

HydrogenPro ASA (Norway) Alkaline 

John Cockerill Hydrogen (Belgium) Alkaline 

McPhy (France) Alkaline 

thyssenkrupp nucera (Germany) Alkaline 

Cummins (US) Alkaline 

Proton exchange membrane 

Nel ASA (Norway) Alkaline 

Proton exchange membrane 

Sunfire Gmbh (Germany) Alkaline 

Solid oxide  

Elogen (France) Proton exchange membrane 

H-Tec Systems (Germany) Proton exchange membrane 

ITM Power PLC (UK) Proton exchange membrane 

Plug Power Inc. (US) Proton exchange membrane 

Siemens Energy AG (Germany) Proton exchange membrane 

Topsoe (Denmark) Solid oxide  

Enapter (Germany) Anion exchange membrane 

 

5.2 Thermochemical water splitting 

Thermal decomposition, or thermolysis, is a chemical decomposition caused by heat. Theoretically, 
if we simply heat up enough, we can split water into its components, H2 and O2 (Torre, 2022). 
However, direct thermal water splitting requires very high temperatures, generally over 2500 °C 
(Nikolaidis & Poullikas, 2017), which makes it unsuitable for real-life applications (Torre, 2022). This 
main problem is solved by employing chemical reagents and dividing the water decompositions into 
several steps (Torre, 2022). The multi-step thermochemical water-splitting proceeds at considerably 
lower operating temperatures (Megía et al., 2021). In addition, thanks to a multi-step process, 
hydrogen and oxygen are produced in different steps, eliminating the need for costly high-
temperature downstream gas separation. 
 
A thermochemical cycle can involve 2–5 steps with operating temperatures between 500 °C and 
2000 °C (Torre, 2022). In general, increasing the number of cycles lowers the temperature required 
to split water. Two-step thermochemical water-splitting composed of metal oxides redox pairs, such 
as ZnO/Zn and CeO/Ce, are attractive for hydrogen production only at high temperatures (1600–
1800 °C) (Fraile et al., 2016), and they suffer from low efficiencies (Boretti, 2022). Two-step 
solutions also have an extremely low technology readiness level compared to those with three or 
four steps (Boretti, 2022).  
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The most developed thermochemical cycle, with TRL 4–5 (Pinsky et al., 2020; Fraile et al., 2016), is 
the three-step sulfur–iodine (S–I) cycle (Fig. 16). In the S–I cycle, sulfuric acid (H2SO4) acts as the 
oxygen carrier, while hydrogen iodide (HI) carries hydrogen. Both decomposition reactions are 
endothermic, so heat must be added to the reactants to allow the reaction to occur. On contrary, 
the Bunsen reaction is exothermic. The limiting reaction is the H2SO4 reaction due to its high-
temperature requirements (>800 °C). Chemicals are recycled throughout the system, so the inputs 
and outputs consist solely of water and water products. (Pinsky et al., 2020) 

 

Figure 16.   Three-step S–I thermochemical cycle (Karaca et al., 2023) 
 
For S–I cycle, around 30–45 % efficiencies are reported (Nikolaidis & Poullikas, 2017; Pinsky et al., 
2020, Li et al., 2022). However, with peak process temperatures above 880 °C, efficiencies above 
50 % are possible (Boretti, 2022). This means that 240–400 MJ of heat, plus approximately 9 kg of 
water, are needed to produce 1 kg of H2. 

Although the sulfur–iodine thermochemical cycle requires relatively high temperature, it is 
considered the most promising thermochemical cycle (Megía et al., 2021). Lower-temperature cycles 
are also under research. These include, e.g., copper–chlorine (Cu–Cl), iron–chlorine (Fe–Cl, and 
magnesium–chlorine (Mg–Cl) cycles (Torre, 2022). Many of these cycles can also be implemented 
as hybrid thermochemical cycles, meaning that the hydrogen-generating reaction is supported by at 
least one electrochemical step. This enables the temperature to be lowered even further but also 
increases the complexity of the overall system (Torre, 2022).  

The major advantage of thermochemical water-splitting cycles is that they do not require catalysis 
to drive individual chemical reactions. Except water, all chemicals used in the thermochemical cycle 
can be recycled. Other advantages of thermochemical water splitting cycles include low, even zero 
electrical energy requirement, and no need for O2–H2 separation membranes (Dincer & Acar, 2015). 
The main disadvantages include complex reaction kinetics (Karaca et al., 2023), slow response rates 
and large reactor sizes (Pinsky et al., 2020), and large inventories of highly hazardous or corrosive 
materials (Dincer & Acar, 2015). 

The technological developments achieved in solar energy collectors and concentrators make coupling 
thermochemical water-splitting cycles with concentrated solar energy an attractive alternative to 
produce green hydrogen (Fig. 17). Furthermore, in addition to solar energy, thermochemical water-
splitting can utilize industrial waste heat, offering great opportunities for decentralized hydrogen 
production in the vicinity of industry or power plants. (Torre, 2022) 
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Figure 17.  Thermochemical water splitting cycles for green H2 production (Torre, 2022) 

 

5.3 Photoelectrochemical water splitting 

The conventional way of producing hydrogen from solar energy comprises two individual process 
steps: First, electricity is generated via photovoltaic cells, and second, the electricity drives an 
electrolyser that splits water into oxygen and hydrogen. Photoelectrochemical hydrogen production, 
also known as photo-electrolysis, combines photovoltaic electricity generation and electrolysis in a 
single process (Fraile et al., 2016), eliminating the need for a separate power generator and 
electrolyser.  
 
Fig. 18 shows the basic components of a photoelectrochemical hydrogen production unit, including 
a sunlight-absorbing electrode, typically made of or coated with a semiconductor, and a counter 
electrode, which are immersed in an aqueous electrolyte. The photoelectrolytic hydrogen production 
mechanism includes the following steps: 1) generation of an electron-hole pair with the help of a 
photon that has sufficiently high energy, 2) flow of electrons from the anode to the cathode 
generating electric current, 3) decomposition of water into hydrogen ions and gaseous oxygen, 4) 
reduction of hydrogen ions at the cathode to form hydrogen in gas form, and 5) separation of the 
product gases, processing, and storage. (Dincer & Acar, 2015) 
 

 
  

Figure 18.   Photoelectrochemical cell (SinoVoltaics, 2023) 
 
The performance of a photoelectrochemical system depends on the type of photon-absorbing 
material, its crystalline structure, corrosion resistance, and reactivity. Usually, there is a trade-off 
between photoelectrode stability and photon energy-to-hydrogen conversion efficiency: high-
efficiency photoelectrodes often have poor stability in aqueous electrolytes, while chemically stable 
photoelectrodes generally have poor water-splitting efficiency. (Dincer & Acar, 2015) Among 
semiconductor materials, titanium dioxide (TiO2) is one of the earliest and most widely studied 
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candidates for water splitting due to its high stability and low cost. However, a severe limitation of 
TIO2 is that it can absorb only ultraviolet light (small fraction of solar spectrum), resulting in very 
low efficiency. Thus, various emerging semiconductors with excellent visible light response have 
been developed for photoelectrochemical water splitting, such as hematite (α-Fe2O3), tungsten oxide 
(WO3), copper oxide (Cu2O), etc. (Chen et al., 2020). Fraile et al. (2016) reported the highest 
efficiencies demonstrated for laboratory-scale devices to be only around 4 %. However, significantly 
higher efficiencies of 12–16 % have also been commonly reported (e.g., Megía et al., 2021; Pinsky 
et al., 2020; Chen et al., 2020). 
 
The major strengths of photoelectrochemical-based hydrogen production pathways include the 
possibility of diversifying the energy base by using solar energy, the advantages of a low-
temperature process (20-60 °C) compared to the thermochemical process, and high scalability to 
build plants at virtually all scales (Fraile et al., 2016). However, continued efficiency, durability, and 
cost improvements are still needed for market viability. 
 
The current TRL for this technology is estimated at between 2 and 5 (Fraile et al., 2016). Within this 
technology, the semiconductor device is immersed in an aqueous environment. Consequently, 
corrosion and device durability are significant problems. In addition, due to the relatively low 
efficiency of solar hydrogen production pathways, large-scale photoelectrochemical hydrogen 
production would require huge land areas and large amounts of construction materials for collecting 
the necessary solar energy, resulting in significant capital costs. Hence, maximizing conversion 
efficiency to reduce the system footprint remains critical to cost reduction. Furthermore, identifying 
and developing new active materials to improve corrosion resistance and increase the durability and 
lifetime are key factors for the future success of this technology. (Fraile et al., 2016) 

5.4 Photobiological water splitting 

Photobiological water splitting, also called bio-photolysis, uses specialized microorganisms, such as 
green algae or cyanobacteria, to produce hydrogen from water. An important factor is the sunlight, 
essential to drive the system. Bio-photolytic processes can be categorized into two main categories: 
direct bio-photolysis and indirect bio-photolysis (Melitos et al., 2021). 
 
Direct bio-photolysis occurs in two basic steps: splitting of water molecules into hydrogen ions and 
oxygen via photosynthesis (Eq. 11), and hydrogen production by converting the produced hydrogen 
ions with the help of hydrogenase enzyme, present in green algae and cyanobacteria (Eq. 12) (Show 
et al., 2018). 

Photosynthesis: 2𝐻2𝑂 →  4𝐻+ + 4𝑒− + 𝑂2   (Eq. 11) 

Hydrogen production: 4𝐻+ + 4𝑒− → 2𝐻2   (Eq. 12) 

The merit of this H2 production pathway is that the primary feed is water, and the driver energy is 
derived from sunlight, both of which are readily available (Show et al., 2018). However, although 
this technique offers significant potential, it also faces tremendous challenges. A particular challenge 
is that splitting water also produces oxygen, which quickly inhibits the hydrogen production reaction 
(EERE, 2023): the natural hydrogenase only functions in anaerobic conditions, and it is eventually 
deactivated as O2 is continuously produced during photosynthetic processes (Aslam et al., 2023). 
Consequently, the process is stable only for short periods (Fraile et al., 2016). Oxygen can also be 
a safety issue when mixed with hydrogen in certain concentrations (EERE, 2023). 
 
So far, bio-photolysis solar-to-hydrogen conversion rates are very low, less than 1 % (Fraile et al., 
2016). However, it is argued that by successfully overcoming oxygen inhibition and engineering the 
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organisms to utilize solar power better, 10–13 % could be achievable (Holladay et al., 2016; NREL, 
2007). To tackle the oxygen inhibition problem in particular, the current research attempts to identify 
or engineer less oxygen-sensitive microorganisms and/or change the ratio of photosynthesis (oxygen 
production) to respiration (oxygen consumption) to prevent oxygen buildup (Show et al., 2018). 
 
Another strategy to overcome oxygen inhibition is to spatially separate the hydrogen and oxygen 
cycles. In indirect bio-photolysis, oxygen generation is separated from the hydrogen evolution stage, 
so oxygen does not inhibit the H2 evolution (Melitos et al., 2021). Indirect bio-photolysis involves 
two consecutive bioreactors, one for each reaction step. In the first reactor, photosystems within 
microorganisms trap sunlight, leading to water splitting and the production of photons and O2. 
Simultaneously, they convert CO2 into endogenous reserve carbohydrates, specifically glycogen in 
cyanobacteria and starch in green microalgae (Aslam et al., 2023). These intracellular reserves 
(starch and glycogen) are then utilized as substrates for H2 production in the second reactor. (Aslam 
et al., 2023) This second stage has some similarities with anaerobic fermentation processes 
described in Chapter 4. 
 
The theoretical solar-to-H2 conversion efficiency of indirect bio-photolysis is estimated to be around 
16 % (Pilon & Berberoğlu, 2014). However, practical applications of indirect bio-photolysis have 
been limited, possibly due to the system’s complexity (Aslam et al., 2023).  
 
In summary, photobiological hydrogen production technologies are still in the fundamental research 
phase, representing a TRL of 1 (Fraile et al., 2016). In the long term, photobiological production 
technologies may provide economical hydrogen production from sunlight with net-zero carbon 
emissions. The algae and bacteria could be grown in water that cannot be used for drinking or for 
agriculture and could potentially even use wastewater (EERE, 2023). However, further research is 
needed to improve the activity of the hydrogen-producing enzymes and the metabolic pathways 
needed for the reactions to increase the H2 production rates. (EERE, 2023) 
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6 Summary 

Hydrogen is recognized as the key contributor to the clean energy transition. However, its 
sustainability depends on the cleanness of the hydrogen production pathway and the energy used 
during its production. Currently, the most developed and used technology is the reforming of hydro-
carbon fuels, primarily natural gas. As a result, significant CO2 emissions are produced. To face this 
problem and to decrease the dependence on fossil fuels, various hydrogen generation technologies 
from renewable resources, such as biomass and water, have been developed. Table 3 summarizes 
the hydrogen production technologies discussed in this report, along with their feedstocks, reaction 
conditions, technology readiness levels, advantages and disadvantages, and H2 yields. 
 
The most cost-effective process for large-scale H2 production today is steam methane reforming. 
From natural gas, low-carbon hydrogen can be obtained by coupling SMR, or other reforming 
processes, with carbon capture and storage. Pyrolysis of natural gas is also considered a low-
emission pathway; during the process, no CO2 is produced as all carbon is recovered in solid form. 
Traditional natural gas-based technologies can also be applied to hydrogen production from 
biomethane, resulting in renewable green hydrogen. 
 
Water splitting coupled with renewable electricity is the most discussed alternative for sustainable 
hydrogen production. Water can also be split into hydrogen and oxygen using solar energy. Water 
electrolysis is the most developed technology for making hydrogen from water, with many commer-
cial systems available for small and large-scale applications. Water electrolysis is already responsible 
for around 4 % of the world's hydrogen production. Among water electrolysis technologies, alkaline 
electrolysis is the most established and mature, while PEM is often considered as the most flexible 
and most suitable technology for dynamic operation associated with intermittent energy sources. 
SOEL technology is still under development but quickly approaching commercialisation. AEM 
technology is also at earlier stages of development: they are produced, but still at very small scale. 
Longer-term water splitting technologies include thermochemical, photo-electrochemical, and photo-
biological water splitting. These processes are currently in various early stages of research but may 
offer long-term potential for sustainable hydrogen production with low environmental impact.  
 
Hydrogen production from biomass might be attractive in cases where biomass is locally abundant. 
Regarding biomass, the pyrolysis and gasification pathways have the highest technology readiness 
levels and production yields. In addition, studies have been conducted to use microorganisms that 
allow the biological conversion of biomass to hydrogen, using sunlight or organic matter as an energy 
source. Biological biomass processes are in the research and development stage, with pilot 
demonstrations being conducted, but in the long term have the potential for sustainable, low-carbon 
hydrogen production. The key advantage of these processes is the mild conditions used. The main 
limitations are the slow conversion rate and the low H2 yields. Thus, much R&D remains before 
biological processes can be considered attractive from a commercial perspective. In addition, 
hydrogen production through a well-established anaerobic digestion process combined with CO2 
reforming of raw biogas has recently gained growing interest. However, commercial hydrogen 
production from raw biogas through CO2 reforming would require further research efforts to develop 
catalysts with strong resistance to sintering and carbon deposition. 
   
Although significant progress has been made in developing alternative hydrogen production systems, 
further technical development and cost reductions are needed to compete with traditional large-
scale reforming technologies. However, for smaller-scale hydrogen production in decentralized 
plants, alternative technologies may be cost-competitive. 
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Table 3.  Technology summary table 

Process Inputs Reaction 
conditions 

Maturity Advantages Disadvantages H2 yield  
 

Steam 
reforming 

CH4 + H2O 
+ heat 

800–950°C,  
3–25 bar 

TRL 9/ 
Commercial 

Most developed technology, 
existing industrial design, no 
expensive oxygen source 
required 
 

High CO2 emissions (if 
natural gas is used), high 
operating temperature and 
high energy need, need 
for catalysts regeneration 
 

0.29–0.35  
kg H2/kg 
feedstock 

Partial 
oxidation 

CH4 + O2 700–1000°C 
(catalytic),  
1300–1500 °C 
(thermal) 
30-80 bar 
 

TRL 9/ 
Commercial 

Proven technology, existing 
industrial design 

High cost of oxygen, 
difficult process control, 
risk for local overheating 
(exothermic reaction) and 
catalyst deactivation 

0.25–0.31  
kg H2/kg 
feedstock 

Autothermal 
reforming 

CH4 + H2O 
+ O2 

850–1500°C,  
100 bar 
 

TRL 9/ 
Commercial 

Existing industrial design, 
improved energy efficiency 
compared to SMR, improved 
reactor temperature control 
compared to POX  
 

Limited commercial 
experience, air/oxygen 
requirement 

0.25–0.31 
kg H2/kg 
feedstock 

Methane 
pyrolysis 

CH4 + heat 700–800°C 
(catalytic), 
atmospheric 
pressure 

TRL 7/ 
Pilot plant 

Carbon is recovered in solid 
form (low emissions), one-
step process (no need for 
WGS or CO2 separation 
steps) 
 

Large-scale hydrogen 
production is still an early 
stage, high operating 
temperature, need for 
catalysts regeneration 

0.24 
kg H2/kg 
feedstock 

Biomass 
pyrolysis 

Biomass + 
heat 

500–800 °C 
1–5 bar 

TRL 7/     
Pilot plant 

CO2 neutral, existing 
industrial design, forest 
residue and industrial waste 
recycling, versatile 
conversion of biomass (gas, 
bio-oil, biochar), simple 
process 
 

Tar formation, varying H2 
content due to seasonal 
availability and feedstock 
impurities, need for 
catalysts regeneration, 
need was feedstock 
pretreatment 
 

0.1 
kg H2/kg 
feedstock 
 

Biomass 
gasification 

Biomass + 
H2O     + 
heat 

700–1200 °C 
1–5 bar 

TRL 7/  
Pilot plant 

CO2 neutral, existing 
industrial design, forest 
residue and industrial waste 
recycling, high biomass 
conversion efficiency, cheap 
feedstock 
 

H2 variation due to 
biomass composition 
variations, tar formation 
leading to catalyst 
deactivation,  
need for catalysts 
regeneration, need for 
feedstock pretreatment 
 

0.04–0.14 
kg H2/kg 
feedstock 

SCWG Biomass + 
H2O 

600–700 °C, 
250–400 bar 

TRL 4-5/ 
Lab/pilot 
scale 

CO2 neutral, suitable on 
biomass with very high 
moisture content, no costly 
drying process needed, 
cheap feedstock, one-step 
process, low tar formation 
 

High pressure, high 
energy consumption and 
high capital costs, lack of 
knowledge of operation 
with different biomass 
feedstocks, corrosion 
 

0.1–11 wt% 

Dark 
fermentation 
 

Biomass 30–60 °C, 
atmospheric 
pressure 

TRL 5/ 
Pilot scale 

CO2 neutral, various suitable 
carbon sources, contributes 
to waste recycling, mild 
operating conditions, simple 
reactor technology 
 

Low H2 yield and 
production rate, need 
large reactor volume, large 
amounts of by-products 
(wastewater treatment 
needed), need for 
feedstock pretreatment 
 

0.004–0.044 
kg H2/kg 
feedstock 
 

Photo 
fermentation 

Biomass + 
sunlight 

30–35 °C, 
atmospheric 
pressure 

TRL 4/  
Under 
research 

CO2 neutral, various suitable 
carbon sources, contributes 
to waste recycling, mild 
operating conditions 

Low H2 yield and 
production rate, high 
energy demand for 
enzymes, low solar energy 
conversion efficiency, high 
surface area requirement, 
need to control the 
bacteria, need for 
feedstock pretreatment 

0.009–0.049 kg 
H2/kg feedstock 
 



38 / 49 

       

Process Inputs Reaction 
conditions 

Maturity Advantages Disadvantages H2 yield  
 

Anaerobic 
digestion 
(AD)  
+  
Biogas dry 
reforming 
(DBF) 

Biomass AD:  
35–45°C, 
ambient 
pressure 
 
DBF:  
800–1000°C,  
ambient 
pressure 

AD:  
TRL 9 
 
DBF:  
under 
research 

CO2 negative, both CH4 and 
CO2 are available from a 
single source, various 
suitable carbon sources, 
contributes to waste 
recycling 

High energy consumption, 
variability associated with 
biomass composition and 
availability, adjustment of 
CH4/CO2 ratio in feed may 
be needed, coking of 
catalyst, need for catalyst 
regeneration, possibility of 
catalyst poisoning due H2S 
and other trace 
substances in biogas 
 

e.g. for cow 
manure 0.0013  
kg H2/kg 
feedstock 

Alkaline 
electrolysis 

H2O + 
electricity 
 

60–90 °C,  
10–30 bar 

TRL 9 No pollution with renewable 
sources, proven technology, 
abundant feedstock, O2 is 
the only byproduct, highly 
scalable, large stack size, 
long-term stability, non-
noble materials 
 

Corrosion susceptible 
electrolyte, low current 
densities, limited load 
range 

Stack:  
0.63–0.71  
kWh H2/kWh el. 
System:  
0.51–0.60  
kWh H2/kWh el. 
 
 

PEM 
electrolysis 

H2O + 
electricity 
 

50–80 °C,  
20–50 bar 

TRL 8–9 No pollution with renewable 
sources, abundant 
feedstock, O2 is the only 
byproduct, high current 
density, compact design, 
high H2 purity, quick 
response, high dynamic 
operation, low maintenance 
 

High cost of components, 
high-cost catalysts (hard 
to replace noble catalysts), 
acidic environment, less 
durable, medium system 
size 

Stack:  
0.60–0.68  
kWh H2/kWh el. 
System:  
0.46–0.60  
kWh H2/kWh el. 
 

Solid oxide 
electrolysis 

H2O + 
electricity 
+ heat 
 

700–900 °C,  
1–15 bar 

TRL 6–7 No pollution with renewable 
sources, abundant 
feedstock, O2 is the only 
byproduct, high energy 
efficiency, non-noble 
materials, possibility to 
utilize waste heat streams 
 

Bulky system design, low 
durability (brittle 
ceramics), sealing issues, 
small available production 
scale 

Stack:  
0.9–1.0  
kWh H2/kWh el. 
System:  
0.70–0.89  
kWh H2/kWh el. 
 

Water 
thermolysis 
(sulphur–
iodine cycle) 

H2O + 
heat 

800–1000°C TRL 4–5 Use of thermal energy from 
various sources including 
solar, low environmental 
impacts, no need for 
catalysts, no need for 
downstream H2–O2 
separation, high thermal 
efficiency 
 

Large inventories of highly 
corrosive materials, large 
reactor sizes, high 
temperature requirement 
for H2SO4 decomposition, 
complex reaction kinetics 

Efficiency  
30–50 % 
(240–400 MJ 
heat is needed 
to produce 1 kg 
of H2) 

Photo-
electrolysis 

H2O + 
sunlight 

20–60 °C TRL 2–5 Emission-free, O2 is the only 
by-product, abundant 
feedstock, low operating 
temperature and pressure, 
high scalability 

Low conversion efficiency, 
vast land area and large 
amounts of construction 
materials required, 
corrosion and device 
durability problems 
 

Solar-to-H2 
efficiency  
4–16 % 

Bio-
photolysis 

H2O + 
sunlight + 
microalgae 

Ambient 
temperature 
and pressure 

TRL 1 Environmentally friendly, 
operation under mild 
conditions, inexpensive and 
widely available reactant 

O2 sensitivity, low H2 
yields, large reactor 
volume, large surface area 
to collect maximum light, 
low maturity 

Solar-to-H2 
efficiency  
1 %  
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Abbreviations 

 
AEL alkaline electrolysis 

AEM anion exchange membrane electrolysis 

ATR autothermal reforming 

CCS carbon capture and storage 

CCUS carbon capture and utilization or storage 

CPOX catalytic partial oxidation 

DFB dual fluidized bed 

KOH potassium hydroxide 

PEM proton exchange membrane electrolysis 

PFSA perfluorosulfonic acid 

POX partial oxidation 

PSA pressure swing adsorption 

SCWG supercritical water gasification 

SMR steam methane reforming 

SOEL solid oxide electrolysis 

TRL technology readiness level 

WGSR water-gas shift reactor 

YSZ yttria-stabilized zirconia 

  



40 / 49 

References 

Abdalla, A.M., Hossain, S., Nisfindy, O.B., Azad, A.T., Dawood, M., Azad, A.K. (2018). Hydrogen 
production, storage, transportation and key challenges with applications: A review. Energy 
Conversion and Management,165, 602–627. https://doi.org/10.1016/j.enconman.2018.03.088 

Abdin, Z., Zafaranloo, A., Rafiee, A., Mérida, W., Lipiński, W., Khalilpour, K.R. (2020). Hydrogen as 
an energy vector. Renewable and Sustainable Energy Reviews, 120, 109620. 
https://doi.org/10.1016/j.rser.2019.109620 

Adams, P., Bridgwater, T., Lea-Langton, A., Ross, A., Watson, I. (2018). Biomass Conversion 
Technologies. In: P. Thornley, P. Adams (Eds.), Greenhouse Gas Balances of Bioenergy Systems 
(pp. 107–139). Academic Press. ISBN 9780081010365 

Air Liquide (2020). Air Liquide to continue operating HyBalance after the low-carbon hydrogen 
production facility has successfully completed its pilot phase. 30 November 2020. Retrieved August 
2, 2023, from: https://hydrogennews.airliquide.com/air-liquide-continue-operating-hybalance-
after-low-carbon-hydrogen-production-facility-has 

Alchemr (2023). Technology. Retrieved 4 August, 2023, from: https://alchemr.com/technology/ 

Alvarez-Galvan, C., Melian, M., Ruiz-Matas, L., Eslava, J.L., Navarro, R.M., Ahmadi, M., et al. 
(2019) Partial Oxidation of Methane to Syngas Over Nickel-Based Catalysts: Influence of Support 
Type, Addition of Rhodium, and Preparation Method. Front. Chem. 7:104. 
https://doi.org/10.3389/fchem.2019.00104 

Antonini, C., Treyer, K., Streb, A., van der Spek, M., Bauer, C., Mazzotti, M. (2020). Hydrogen 
production from natural gas and biomethane with carbon capture and storage – A techno-
environmental analysis. Sustainable Energy Fuels, 4, 2967–2986. 
https://doi.org/10.1039/D0SE00222D 

Anwar, S., Khan, F., Zhang, Y., Djire, A. (2021). Recent development in electrocatalysts for 
hydrogen production through water electrolysis. International Journal of Hydrogen Energy, 46(63), 
32284–32317. https://doi.org/10.1016/j.ijhydene.2021.06.191 

Arregi, A., Amutio, M., Lopez, G., Bilbao, J., Olazar, M. (2018). Evaluation of thermochemical 
routes for hydrogen production from biomass: A review. Energy Conversion and Management, 
165, 696–719. https://doi.org/10.1016/j.enconman.2018.03.089 

Aslam, A., Bahadar, A., Liaquat, R., Muddasar, M. (2023). Recent advances in biological hydrogen 
production from algal biomass: A comprehensive review. Fuel, 350, 128816. 
https://doi.org/10.1016/j.fuel.2023.128816 

Assabumrungrat, S., Laosiripojana, N. (2009). Fuels – Hydrogen production. Autothermal 
Reforming. In: J. Garche (Ed.), Encyclopedia of Electrochemical Power Sources (pp. 238–248). 
Elsevier. ISBN 9780444527455. https://doi.org/10.1016/B978-044452745-5.00296-3 

AuroraHydrogen (2021). What is Turquoise Hydrogen? Aurora Hydrogen Inc. 
https://aurorahydrogen.com/f/what-is-turquoise-hydrogen 

https://doi.org/10.1016/j.enconman.2018.03.088
https://doi.org/10.1016/j.rser.2019.109620
https://hydrogennews.airliquide.com/air-liquide-continue-operating-hybalance-after-low-carbon-hydrogen-production-facility-has
https://hydrogennews.airliquide.com/air-liquide-continue-operating-hybalance-after-low-carbon-hydrogen-production-facility-has
https://alchemr.com/technology/
https://doi.org/10.3389/fchem.2019.00104
https://doi.org/10.1039/D0SE00222D
https://doi.org/10.1016/j.ijhydene.2021.06.191
https://doi.org/10.1016/j.enconman.2018.03.089
https://doi.org/10.1016/j.fuel.2023.128816
https://doi.org/10.1016/B978-044452745-5.00296-3
https://aurorahydrogen.com/f/what-is-turquoise-hydrogen


41 / 49 

Aziz, M., Darmawan, A., Juangsa, F.B. (2021). Hydrogen production from biomasses and wastes: A 
technological review. International Journal of Hydrogen Energy, 46(68), 33756–33781. 
https://doi.org/10.1016/j.ijhydene.2021.07.189 

Balaji, R.K., Rajan, K.P., Ragula, U.B.R. (2020). Modeling & optimization of renewable hydrogen 
production from biomass via anaerobic digestion & dry reformation. International Journal of 
Hydrogen Energy, 45(36), 18226–18240. https://doi.org/10.1016/j.ijhydene.2019.08.209 

Bastidas-Oyanedel, J.R., Bonk, F., Thomsen, M.H., & Schmidt, J.E. (2015). Dark fermentation 
biorefinery in the present and future (bio)chemical industry. Reviews in Environmental Science and 
Biotechnology, 14(3), 473–498. https://doi.org/10.1007/S11157-015-9369-3 

Baeyens, J., Zhang, H., Nie, J., Appels, L., Dewil, R. et al. (2020). Reviewing the potential of bio-
hydrogen production by fermentation. Renewable and Sustainable Energy Reviews, 131, 110023. 
https://doi.org/10.1016/j.rser.2020.110023 

Binder, M., Kraussler, M., Kuba, M., Luisser, M. (2018). Hydrogen from biomass gasification. IEA 
Bioenergy: Task 33: December 2018. https://www.ieabioenergy.com/wp-
content/uploads/2019/01/Wasserstoffstudie_IEA-final.pdf 

Boretti, A. (2022). Which thermochemical water-splitting cycle is more suitable for high-temperature 
concentrated solar energy? International Journal of Hydrogen Energy, 47(47), 20462–20474. 
https://doi.org/10.1016/j.ijhydene.2022.04.159 

Brauns, J.; Turek, T. (2020). Alkaline Water Electrolysis Powered by Renewable Energy: A Review. 
Processes, 8, 248. https://doi.org/10.3390/pr8020248 

Brett, D.J.L., Agante, E., Brandon, N.P., Brightman, E., Brown, R.J.C., Manage, M., Staffell, I. 
(2012). The role of the fuel in the operation, performance and degradation of fuel cells. In: J.A. 
Kilner, S.J. Skinner, S.J.C. Irvine, P.P. Edwards (Eds.), Functional Materials for Sustainable Energy 
Applications (pp. 249–278). Woodhead Publishing. ISBN 978-0-85709-059-1. 
https://doi.org/10.1533/9780857096371.3.247 

Broadleaf (2021). The colour of hydrogen. https://broadleaf.com.au/resource-material/the-colour-
of-hydrogen/ 

Brynolf, S., Taljegard, M., Grahn, M., Hansson, J. (2018). Electrofuels for the transport sector: A 
review of production costs. Renewable and Sustainable Energy Reviews, 81, Part 2, 1887–1905. 
https://doi.org/10.1016/j.rser.2017.05.288 

Bundhoo, M.A.Z., Mohee, R., Hassan, M.A. (2015). Effects of pre-treatment technologies on dark 
fermentative biohydrogen production: A review. Journal of Environmental Management, 157, 20–
48. https://doi.org/10.1016/j.jenvman.2015.04.006 

Buttler, A.; Spliethoff, H. (2018). Current status of water electrolysis for energy storage, grid 
balancing and sector coupling via power-to-gas and power-to-liquids: A review. Renewable and 
Sustainable Energy Reviews, 82(3), 2440–2454. https://doi.org/10.1016/j.rser.2017.09.003 

Caloric (2023). Caloric GmbH Carbon Monoxide Generation Plants and Production Technologies. 
Available online: https://www.caloric.com/en/product/carbon-monoxide-generation-
plants/ (accessed on 2 June 2023).  

https://doi.org/10.1016/j.ijhydene.2021.07.189
https://doi.org/10.1016/j.ijhydene.2019.08.209
https://doi.org/10.1007/S11157-015-9369-3
https://doi.org/10.1016/j.rser.2020.110023
https://www.ieabioenergy.com/wp-content/uploads/2019/01/Wasserstoffstudie_IEA-final.pdf
https://www.ieabioenergy.com/wp-content/uploads/2019/01/Wasserstoffstudie_IEA-final.pdf
https://doi.org/10.1016/j.ijhydene.2022.04.159
https://doi.org/10.3390/pr8020248
https://doi.org/10.1533/9780857096371.3.247
https://broadleaf.com.au/resource-material/the-colour-of-hydrogen/
https://broadleaf.com.au/resource-material/the-colour-of-hydrogen/
https://doi.org/10.1016/j.rser.2017.05.288
https://doi.org/10.1016/j.jenvman.2015.04.006
https://doi.org/10.1016/j.rser.2017.09.003
https://www.caloric.com/en/product/carbon-monoxide-generation-plants/
https://www.caloric.com/en/product/carbon-monoxide-generation-plants/


42 / 49 

van Cappellen, L., Croezen, H., Rooijers, F. (2018). Feasibility study into blue hydrogen. Technical, 
economic & sustainability analysis. CE Delft, July 2018. https://cedelft.eu/wp-
content/uploads/sites/2/2021/04/CE_Delft_9901_Feasibility_study_into_blue_hydrogen_DEF_bak.p
df 

Castello, D. (2013). Supercritical Water Gasification of Biomass. Doctoral thesis in Environmental 
Engineering, Department of Civil, Environmental and Mechanical Engineering, University of Trento. 
http://eprints-phd.biblio.unitn.it/965/1/Thesis_deposit.pdf 

CCUS SET-Plan (2020). Key enablers and hurdles impacting CCUS deployment with an assessment 
of current activities to address these issues. November 2020. https://www.ccus-setplan.eu/wp-
content/uploads/2021/03/CCUS_SET-Plan_Key-enablers-and-hurdles-for-CCUS-
deployment_11.2020.pdf 

Chen, S., Huang, D., Xu, P., Xue, W., Lei, L., Cheng, M. et al. (2020). Semiconductor-based 
photocatalysts for photocatalytic and photoelectrochemical water splitting: will we stop with 
photocorrosion? J. Mater. Chem. A, 8, 2286–2322. https://doi.org/10.1039/C9TA12799B 

Corella, J., Aznar, M.P., Caballero, M.A., Molina, G., Toledo, J.M. (2008). 140gH2/kg biomass d.a.f. 
by a CO-shift reactor downstream from a FB biomass gasifier and a catalytic steam reformer. 
International Journal of Hydrogen Energy, 33(7),1820–1826. 
https://doi.org/10.1016/j.ijhydene.2008.02.003 

Correa, C.R., Kruse, A. (2018). Supercritical water gasification of biomass for hydrogen production 
– Review. The Journal of Supercritical Fluids, 133(2), 573–590. 
https://doi.org/10.1016/j.supflu.2017.09.019 

Couto, N., Rouboa, A., Silva, V., Monteiro, E., Bouziane, K. (2013). Influence of the Biomass 
Gasification Processes on the Final Composition of Syngas. Energy Procedia, 36, 596–606. 
https://doi.org/10.1016/j.egypro.2013.07.068 
 
Dincer, I., Acar, C. (2015). Review and evaluation of hydrogen production methods for better 
sustainability. International Journal of Hydrogen Energy, 40(34), 11094–11111. 
https://doi.org/10.1016/j.ijhydene.2014.12.035 

Dincer, I., & Acar, C. (2017). Innovation in hydrogen production. International Journal of 
Hydrogen Energy, 42, 22, 14843–14864. https://doi.org/10.1016/j.ijhydene.2017.04.107 

Dzulkarnain, E.L.N., Audu, J.O., Wan Dagang, W.R.Z., Abdul-Wahab, M.F. (2022). Microbiomes of 
biohydrogen production from dark fermentation of industrial wastes: current trends, advanced 
tools and future outlook. Bioresour. Bioprocess. 9, 16. https://doi.org/10.1186/s40643-022-00504-
8 

EC (2023). Hydrogen. European Commission. https://energy.ec.europa.eu/topics/energy-systems-
integration/hydrogen_en#renewable-hydrogen 

EERE (2023). Sustainable transportation. Hydrogen & Fuel Cells. Hydrogen Production. Hydrogen 
production processes. Office of Energy Efficiency & Renewable Energy. 
https://www.energy.gov/eere/fuelcells/hydrogen-production-processes 

https://cedelft.eu/wp-content/uploads/sites/2/2021/04/CE_Delft_9901_Feasibility_study_into_blue_hydrogen_DEF_bak.pdf
https://cedelft.eu/wp-content/uploads/sites/2/2021/04/CE_Delft_9901_Feasibility_study_into_blue_hydrogen_DEF_bak.pdf
https://cedelft.eu/wp-content/uploads/sites/2/2021/04/CE_Delft_9901_Feasibility_study_into_blue_hydrogen_DEF_bak.pdf
http://eprints-phd.biblio.unitn.it/965/1/Thesis_deposit.pdf
https://www.ccus-setplan.eu/wp-content/uploads/2021/03/CCUS_SET-Plan_Key-enablers-and-hurdles-for-CCUS-deployment_11.2020.pdf
https://www.ccus-setplan.eu/wp-content/uploads/2021/03/CCUS_SET-Plan_Key-enablers-and-hurdles-for-CCUS-deployment_11.2020.pdf
https://www.ccus-setplan.eu/wp-content/uploads/2021/03/CCUS_SET-Plan_Key-enablers-and-hurdles-for-CCUS-deployment_11.2020.pdf
https://doi.org/10.1039/C9TA12799B
https://doi.org/10.1016/j.ijhydene.2008.02.003
https://doi.org/10.1016/j.supflu.2017.09.019
https://doi.org/10.1016/j.egypro.2013.07.068
https://doi.org/10.1016/j.ijhydene.2014.12.035
https://doi.org/10.1016/j.ijhydene.2017.04.107
https://doi.org/10.1186/s40643-022-00504-8
https://doi.org/10.1186/s40643-022-00504-8
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en#renewable-hydrogen
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en#renewable-hydrogen
https://www.energy.gov/eere/fuelcells/hydrogen-production-processes


43 / 49 

Enapter (2023). Development of megawatt-scale AEM Electrolysers. Retrieved 4 August, 2023, from: 

https://www.enapter.com/application/development-of-megawatt-scale-aem-electrolysers#48058 

ETIP (2021). Renewable Hydrogen Production from Biomass. ETIP Bioenergy. European 
Technology and Innovation Platform. 
https://www.etipbioenergy.eu/images/Renewable_Hydrogen_Production_from_Biomass.pdf 

Everfuel (2023). Everfuel is leading the flagship project, HySynergy, in establishing a 20 MW PtX 
facility. Retrieved August 1, 2023, from: https://www.everfuel.com/projects/hysynergy/ 

Fraile, D., Altmann, M., Barth, F., Pschorr-Schoberer, E., Albrecht, U. (2016). Study on hydrogen 
from renewable resources in the EU – Final report, Publications Office, 
2016. https://data.europa.eu/doi/10.2843/28276 

GA (1997). Hydrogen production by supercritical water gasification of biomass. Technical progress 
report 3264901 N/C, December 1997. General Atomics. 
https://digital.library.unt.edu/ark:/67531/metadc709867/m2/1/high_res_d/674646.pdf 

Giovannini, S. (2020). 50 shades of (grey and blue and green) hydrogen. EnergyCities. November 
13, 2020. https://energy-cities.eu/50-shades-of-grey-and-blue-and-green-hydrogen/ 

de Groot, M.T., Kraakman, J., Barros, R.L.G. (2022). Optimal operating parameters for advanced 
alkaline water electrolysis. International Journal of Hydrogen Energy, 47(82), 34773–34783. 
https://doi.org/10.1016/j.ijhydene.2022.08.075 

Hajizadeh, A., Mohamadi-Baghmolaei, M., Saady, N.M.C., Zendehboudi, S. (2022). Hydrogen 
production from biomass through integration of anaerobic digestion and biogas dry reforming. 
Applied Energy, 309, 118442. https://doi.org/10.1016/j.apenergy.2021.118442 

Hitam, C.N.C., Jalil, A.A. (2020). A review on biohydrogen production through photo-fermentation 
of lignocellulosic biomass. Biomass Conv. Bioref. https://doi.org/10.1007/s13399-020-01140-y 

Holladay, J.D., Hu, J., King, D.L., Wang, Y. (2009). An overview of hydrogen production 
technologies. Catalysis Today, 139, 244–260. https://doi.org/10.1016/j.cattod.2008.08.039 

Hosseini, S.E. & Wahid, M.A. (2016). Hydrogen production from renewable and sustainable energy 
resources: Promising green energy carrier for clean development. Renewable and Sustainable 
Energy Reviews, 57, 850–866. https://doi.org/10.1016/j.rser.2015.12.112  

Hua, D., Huang, J., Fabbri, E., Rafique, M., Song, B. (2023). Development of Anion Exchange 
Membrane Water Electrolysis and the Associated Challenges: A Review. ChemElectroChem, 10, 
e202200999. https://doi.org/10.1002/celc.202200999 

Hybrit (2023). Fossil-free steel – a joint opportunity! Retrieved 1 August, 2023, from:  
https://www.hybritdevelopment.se/en/ 

Hycamite (2021). Articles. Slow down climate change with zero-emission hydrogen from methane. 
Hycamite TCD Technologies Oy, 15.4.2021. https://hycamite.com/articles/slow-down-climate-
change-with-zero-emission-hydrogen-from-methane 

 

https://www.enapter.com/application/development-of-megawatt-scale-aem-electrolysers#48058
https://www.etipbioenergy.eu/images/Renewable_Hydrogen_Production_from_Biomass.pdf
https://www.everfuel.com/projects/hysynergy/
https://data.europa.eu/doi/10.2843/28276
https://digital.library.unt.edu/ark:/67531/metadc709867/m2/1/high_res_d/674646.pdf
https://energy-cities.eu/50-shades-of-grey-and-blue-and-green-hydrogen/
https://doi.org/10.1016/j.ijhydene.2022.08.075
https://doi.org/10.1016/j.apenergy.2021.118442
https://doi.org/10.1007/s13399-020-01140-y
https://doi.org/10.1016/j.cattod.2008.08.039
https://doi.org/10.1016/j.rser.2015.12.112
https://doi.org/10.1002/celc.202200999
https://www.hybritdevelopment.se/en/
https://hycamite.com/articles/slow-down-climate-change-with-zero-emission-hydrogen-from-methane
https://hycamite.com/articles/slow-down-climate-change-with-zero-emission-hydrogen-from-methane


44 / 49 

Hydrogen Insight (2022). Cheaper hydrogen? US start-up demonstrates iridium-free PEM stack 
that will 'nearly halve' cost of electrolysers. 12 December 2022. Retrieved August 1, 2023, from: 
https://www.hydrogeninsight.com/innovation/cheaper-hydrogen-us-start-up-demonstrates-iridium-
free-pem-stack-that-will-nearly-halve-cost-of-electrolysers/2-1-1371240 

Hydrogen Insight (2023). Simpler regulatory ride? Plug Power plans three green hydrogen plants 
in Finland totalling 2.2GW. 31 May 2023. Retrieved August 2, 2023, from: 
https://www.hydrogeninsight.com/production/simpler-regulatory-ride-plug-power-plans-three-
green-hydrogen-plants-in-finland-totalling-2-2gw/2-1-1458517 

IEA (2015). Technology Roadmap. Hydrogen and Fuel Cells. International Energy Agency. 
https://iea.blob.core.windows.net/assets/e669e0b6-148c-4d5c-816b-
a7661301fa96/TechnologyRoadmapHydrogenandFuelCells.pdf 

IEA (2019). Future of hydrogen. International Energy Agency. 
https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-
7ca48e357561/The_Future_of_Hydrogen.pdf 

IRENA (2020). Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5⁰C Climate 
Goal. International Renewable Energy Agency, Abu Dhabi. ISBN: 978-92-9260-295-6. 
https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction 

Izquierdo, U., Barrio, V.L., Requies, J., Cambra, J.F., Güemez, M.P., Arias, P.L. (2013). Tri-
reforming: A new biogas process for synthesis gas and hydrogen production. International Journal 
of Hydrogen Energy, 38(18), 7623–7631. https://doi.org/10.1016/j.ijhydene.2012.09.107 

Kalai, D.Y., Stangeland, K., Jin, Y., Tucho, W.M., Yu, Z. (2018). Biogas dry reforming for syngas 
production on La promoted hydrotalcite-derived Ni catalysts. International Journal of Hydrogen 
Energy, 43(42), 19438–19450. https://doi.org/10.1016/j.ijhydene.2018.08.181 

Karaca, A.E., Qureshy, A.M., Dincer, I. (2023). An overview and critical assessment of 
thermochemical hydrogen production methods. Journal of Cleaner Production, 385,135706. 
https://doi.org/10.1016/j.jclepro.2022.135706 

Karacan, C., Lohmann-Richters, F.P., Keeley, G.P., Scheepers, F., Shviro, M. et al. (2022). 
Challenges and important considerations when benchmarking single-cell alkaline electrolyzers. 
International Journal of Hydrogen Energy, 47(7), 4294-4303. 
https://doi.org/10.1016/j.ijhydene.2021.11.068 

Karlbrink, M. (2015). An Evaluation of the Performance of the GoBiGas Gasification Process. 
Master’s Thesis within the Sustainable Energy Systems programme, Department of Energy and 
Environment, Chalmers University of Technology, Gothenburg, Sweden. 
https://publications.lib.chalmers.se/records/fulltext/221991/221991.pdf 

Kopp, M., Coleman, D., Stiller, C., Scheffer, K., Aichinger, J., Scheppat, B. (2017). Energiepark Mainz: 
Technical and economic analysis of the worldwide largest Power-to-Gas plant with PEM electrolysis. 
International Journal of Hydrogen Energy, 42(19), 13311–13320.  
https://doi.org/10.1016/j.ijhydene.2016.12.145 

Kumar, S.S., Himabindu, V. (2019). Hydrogen production by PEM water electrolysis – A review. 
Materials Science for Energy Technologies, 2(3), 442–454. 
https://doi.org/10.1016/j.mset.2019.03.002 

https://www.hydrogeninsight.com/innovation/cheaper-hydrogen-us-start-up-demonstrates-iridium-free-pem-stack-that-will-nearly-halve-cost-of-electrolysers/2-1-1371240
https://www.hydrogeninsight.com/innovation/cheaper-hydrogen-us-start-up-demonstrates-iridium-free-pem-stack-that-will-nearly-halve-cost-of-electrolysers/2-1-1371240
https://www.hydrogeninsight.com/production/simpler-regulatory-ride-plug-power-plans-three-green-hydrogen-plants-in-finland-totalling-2-2gw/2-1-1458517
https://www.hydrogeninsight.com/production/simpler-regulatory-ride-plug-power-plans-three-green-hydrogen-plants-in-finland-totalling-2-2gw/2-1-1458517
https://iea.blob.core.windows.net/assets/e669e0b6-148c-4d5c-816b-a7661301fa96/TechnologyRoadmapHydrogenandFuelCells.pdf
https://iea.blob.core.windows.net/assets/e669e0b6-148c-4d5c-816b-a7661301fa96/TechnologyRoadmapHydrogenandFuelCells.pdf
https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf
https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf
https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction
https://doi.org/10.1016/j.ijhydene.2012.09.107
https://doi.org/10.1016/j.ijhydene.2018.08.181
https://doi.org/10.1016/j.jclepro.2022.135706
https://doi.org/10.1016/j.ijhydene.2021.11.068
https://publications.lib.chalmers.se/records/fulltext/221991/221991.pdf
https://doi.org/10.1016/j.ijhydene.2016.12.145
https://doi.org/10.1016/j.mset.2019.03.002


45 / 49 

Laurikko, J., Ihonen, J., Kiviaho, J., Himanen, O., Weiss, R., Saarinen, V., Kärki, J., Hurskainen, J. 
(2020). National hydrogen roadmap for Finland. Business Finland, Helsinki. ISBN 978-952-457-
657-4. https://www.businessfinland.fi/4abb35/globalassets/finnish-customers/02-build-your-
network/bioeconomy--cleantech/alykas-energia/bf_national_hydrogen_roadmap_2020.pdf 

Lepage, T., Kammoun, M., Schmetz, Q., Richel, A. (2021). Biomass-to-hydrogen: A review of main 
routes production, processes evaluation and techno-economical assessment. Biomass and 
Bioenergy, 144,105920. https://doi.org/10.1016/j.biombioe.2020.105920 

Li, X., Sun, X., Song, Q., Yang, Z., Wang, H., Duan, Y. (2022). A critical review on integrated 
system design of solar thermochemical water-splitting cycle for hydrogen production. International 
Journal of Hydrogen Energy, 47(79), 33619–33642. 
https://doi.org/10.1016/j.ijhydene.2022.07.249 

Linde (2023). Linde Engineering. Technologies that Do More with Less. Available 
online: https://www.linde-engineering.com/en/about-linde-engineering/success-
stories/technologies-more-with-less.html (accessed on 2 June 2023). 

Lopez, G., Santamaria, L., Lemonidou, A., Zhang, S., Wu, C. et al. (2020). Hydrogen generation 
from biomass by pyrolysis. Nat Rev Methods Primers, 2(20). https://doi.org/10.1038/s43586-022-
00097-8 

Łukajtis, R., Hołowacz, I., Kucharska, K., Glinka, M., Rybarczyk, P., et al. (2018). Hydrogen 
production from biomass using dark fermentation. Renewable and Sustainable Energy Reviews, 
91, 665–694. https://doi.org/10.1016/j.rser.2018.04.043 
 
Lüke, L., Zschocke, A. (2020), Alkaline Water Electrolysis: Efficient Bridge to CO2-Emission-Free 
Economy. Chemie Ingenieur Technik, 92, 70–73. https://doi.org/10.1002/cite.201900110 

Makaryan, I.A., Salgansky, E.A., Arutyunov, V.S., Sedov, I.V. (2023). Non-Catalytic Partial 
Oxidation of Hydrocarbon Gases to Syngas and Hydrogen: A Systematic Review. Energies, 16, 
2916. https://doi.org/10.3390/en16062916 

Martino, M., Ruocco, C., Meloni, E., Pullumbi, P., Palma, V. (2021). Main Hydrogen Production 
Processes: An Overview. Catalysts, 11, 547. https://doi.org/10.3390/catal11050547 

Mauthner, K; Malkamäki, M. (2022). Thermo-catalytic hydrocarbon decomposition technologies for 
hydrogen production. DVGW Deutscher Verein des Gas- und Wasserfaches e. V., October 2022. 
https://hydrogeneurope.eu/wp-content/uploads/2022/10/ewp_kompakt_pyrolyse_english_web.pdf 

de Medeiros, F.G.M., Lopes, F.W.B., Rego de Vasconcelos, B. (2022). Prospects and Technical 
Challenges in Hydrogen Production through Dry Reforming of Methane. Catalysts, 12, 363. 
https://doi.org/10.3390/catal12040363 

Megía, P.J., Vizcaíno, A.J., Calles, J.A., Carrero, A. (2021). Hydrogen Production Technologies: 
From Fossil Fuels toward Renewable Sources. A Mini Review. Energy & Fuels, 35(20), 16403–
16415. https://doi.org/10.1021/acs.energyfuels.1c02501 

Melitos, G., Voulkopoulos, X., Zabaniotou, A. (2021). Waste to Sustainable Biohydrogen Production 
Via Photo-Fermentation and Biophotolysis − A Systematic Review. Renew. Energy Environ. 
Sustain., 6, 45. https://doi.org/10.1051/rees/2021047 

https://www.businessfinland.fi/4abb35/globalassets/finnish-customers/02-build-your-network/bioeconomy--cleantech/alykas-energia/bf_national_hydrogen_roadmap_2020.pdf
https://www.businessfinland.fi/4abb35/globalassets/finnish-customers/02-build-your-network/bioeconomy--cleantech/alykas-energia/bf_national_hydrogen_roadmap_2020.pdf
https://doi.org/10.1016/j.biombioe.2020.105920
https://doi.org/10.1016/j.ijhydene.2022.07.249
https://www.linde-engineering.com/en/about-linde-engineering/success-stories/technologies-more-with-less.html
https://www.linde-engineering.com/en/about-linde-engineering/success-stories/technologies-more-with-less.html
https://doi.org/10.1038/s43586-022-00097-8
https://doi.org/10.1038/s43586-022-00097-8
https://doi.org/10.1016/j.rser.2018.04.043
https://doi.org/10.1002/cite.201900110
https://doi.org/10.3390/en16062916
https://doi.org/10.3390/catal11050547
https://hydrogeneurope.eu/wp-content/uploads/2022/10/ewp_kompakt_pyrolyse_english_web.pdf
https://doi.org/10.3390/catal12040363
https://doi.org/10.1021/acs.energyfuels.1c02501
https://doi.org/10.1051/rees/2021047


46 / 49 

Mortensen, P. M., & Dybkjær, I. (2015). Industrial scale experience on steam reforming of CO2-
rich gas. Petrovietnam Journal, 10, 56 - 61. 
https://tapchidaukhi.com/index.php/TCDK/article/view/849  
 
Motola, V., Scarlat, N., Hurtig, O., Buffi, M., Georgakaki, A., et al. (2022). Clean Energy 
Technology Observatory: Bioenergy in the European Union – 2022 Status Report on Technology 
Development, Trends, Value Chains and Markets. Publications Office of the European Union, 
Luxembourg. JRC130730. https://publications.jrc.ec.europa.eu/repository/handle/JRC130730 
Myöhänen, K., Palonen, J., Hyppänen, T. (2018). Modelling of indirect steam gasification in 
circulating fluidized bed reactors. Fuel Processing Technology, 171, 10–19. 
https://doi.org/10.1016/j.fuproc.2017.11.006 

Nikolaidis, P., Poullikas, A., 2017. A comparative overview of hydrogen production processes. 
Renewable and Sustainable Energy Reviews, 67, 597–611. 
https://doi.org/10.1016/j.rser.2016.09.044 

NREL (2007). Photobiological Production of Hydrogen. National Renewable Energy Laboratory. 
https://www.nrel.gov/docs/fy08osti/42285.pdf 

OIES (2022). Cost-competitive green hydrogen: how to lower the cost of electrolysers? The Oxford 
Institute for Energy Studies. OIES Paper: EL 47. January 2022.  
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-
hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf 

Oni, A.O., Anaya, K., Giwa, T., Di Lullo, G, Kumar, A. (2022). Comparative assessment of blue 
hydrogen from steam methane reforming, autothermal reforming, and natural gas decomposition 
technologies for natural gas-producing regions. Energy Conversion and Management, 254, 115245. 
https://doi.org/10.1016/j.enconman.2022.115245 

Pandey, B.; Prajapati, Y.K.; Sheth, P.N. (2019). Recent progress in thermochemical techniques to 
produce hydrogen gas from biomass: A state of the art review. International Journal of Hydrogen 
Energy, 44(47), 25384–25415. https://doi.org/10.1016/j.ijhydene.2019.08.031 

Parthasarathy, P., Narayanan, K.S. (2014). Hydrogen production from steam gasification of 
biomass: Influence of process parameters on hydrogen yield – A review. Renewable Energy, 66, 
570–579. https://doi.org/10.1016/j.renene.2013.12.025 

Pilon, L., Berberoğlu, H. (2014). Photobiological Hydrogen Production. In Sherif, S.S., Goswami, 
D.Y., Stefanakos, E.K., Steinfeld, A. (Eds.), Handbook of Hydrogen Energy (pp. 369–418). CRC 
Press. ISBN 9780429147401 

Pinsky, R., Sabharwall, P., Hartvigsen, J., O’Brien, J. (2020). Comparative review of hydrogen 
production technologies for nuclear hybrid energy systems. Progress in Nuclear Energy, 123, 
103317. https://doi.org/10.1016/j.pnucene.2020.103317 

Ringsgwandl, L.M., Schaffert, J., Brücken, N., Albus, R., Görner, K. (2022). Current Legislative 
Framework for Green Hydrogen Production by Electrolysis Plants in Germany. Energies, 
15(5):1786. https://doi.org/10.3390/en15051786 

 

https://tapchidaukhi.com/index.php/TCDK/article/view/849
https://publications.jrc.ec.europa.eu/repository/handle/JRC130730
https://doi.org/10.1016/j.fuproc.2017.11.006
https://doi.org/10.1016/j.rser.2016.09.044
https://www.nrel.gov/docs/fy08osti/42285.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2022/01/Cost-competitive-green-hydrogen-how-to-lower-the-cost-of-electrolysers-EL47.pdf
https://doi.org/10.1016/j.enconman.2022.115245
https://doi.org/10.1016/j.ijhydene.2019.08.031
https://doi.org/10.1016/j.renene.2013.12.025
https://doi.org/10.1016/j.pnucene.2020.103317
https://doi.org/10.3390/en15051786


47 / 49 

Risbud, M., Kaur, G., Dhawale, D.S., Zhu, H., Haque, N., Giddey, S. (2023). Electrolyzer 
technologies for hydrogen economy. Ed(s): Scipioni, A., Manzardo, A., Ren, J. Hydrogen Economy 
(2nd Edition), Academic Press, pp. 459-485, ISBN 9780323995146. https://doi.org/10.1016/B978-
0-323-99514-6.00003-0 

Rodríguez, J.; Amores, E. (2020). CFD Modeling and Experimental Validation of an Alkaline Water 
Electrolysis Cell for Hydrogen Production. Processes 2020, 8, 1634. 
https://doi.org/10.3390/pr8121634 

Sánchez-Bastardo, N., Schlögl, R., Ruland, H. (2021). Methane Pyrolysis for Zero-Emission 
Hydrogen Production: A Potential Bridge Technology from Fossil Fuels to a Renewable and 
Sustainable Hydrogen Economy. Industrial & Engineering Chemistry Research, 60 (32), 11855–
11881. https://doi.org/10.1021/acs.iecr.1c01679 

Santamaria, L.; Lopez, G.; Fernandez, E.; Cortazar, M., Arregi, A. et al. (2021). Progress on 
Catalyst Development for the Steam Reforming of Biomass and Waste Plastics Pyrolysis Volatiles: 
A Review. Energy Fuels, 35(21), 17051–17084. https://doi.org/10.1021/acs.energyfuels.1c01666 

Schneider, S., Bajohr, S., Graf, F. and Kolb, T. (2020). State of the Art of Hydrogen Production via 
Pyrolysis of Natural Gas. ChemBioEng Reviews, 7, 150–
158. https://doi.org/10.1002/cben.202000014  

Schreiber, A., Peschel, A., Hentschel, B., Zapp, P. (2020) Life Cycle Assessment of Power-to-
Syngas: Comparing High Temperature Co-Electrolysis and Steam Methane Reforming. Front. 
Energy Res. 8, 533850. https://doi.org/10.3389/fenrg.2020.533850 

Show, K-Y., Yan, Y., Ling, M., Ye, G., Li, T., Lee, D-J. (2018). Hydrogen production from algal 
biomass – Advances, challenges and prospects. Bioresource Technology, 257, 290– 300. 
https://doi.org/10.1016/j.biortech.2018.02.105 

SinoVoltaics (2023). Solar cells. Photoelectrochemical Cell. https://sinovoltaics.com/learning-
center/solar-cells/photoelectrochemical-cell/ 

Soleimani, S., Lehner, M. (2022). Tri-Reforming of Methane: Thermodynamics, Operating 
Conditions, Reactor Technology and Efficiency Evaluation—A Review. Energies, 15, 7159. 
https://doi.org/10.3390/en15197159 
 
Sood, S., Prakash, O., Boukerdja, M., Dieulot, J.-Y., Ould-Bouamama, B., Bressel, M., Gehin, A.-L. 
(2020). Generic Dynamical Model of PEM Electrolyser under Intermittent Sources. Energies, 13, 
6556. https://doi.org/10.3390/en13246556 

Sunfire (2023). Project “MultiPLHY”: world’s largest high-temperature electrolyzer from Sunfire 
successfully installed. April 11, 2023. Retrieved August, 3, from:  
https://www.sunfire.de/en/news/detail/renewable-hydrogen-project-multiplhy-worlds-largest-high-
temperature-electrolyzer-from-sunfire-successfully-installed 

Szul, M., Głód, K., Iluk, T. (2021). Influence of pressure and CO2 in fluidized bed gasification of 
waste biomasses. Biomass Conv. Bioref., 11, 69–81. https://doi.org/10.1007/s13399-020-00840-9 
 
 

https://doi.org/10.1016/B978-0-323-99514-6.00003-0
https://doi.org/10.1016/B978-0-323-99514-6.00003-0
https://doi.org/10.3390/pr8121634
https://doi.org/10.1021/acs.iecr.1c01679
https://doi.org/10.1021/acs.energyfuels.1c01666
https://doi.org/10.1002/cben.202000014
https://doi.org/10.3389/fenrg.2020.533850
https://doi.org/10.1016/j.biortech.2018.02.105
https://sinovoltaics.com/learning-center/solar-cells/photoelectrochemical-cell/
https://sinovoltaics.com/learning-center/solar-cells/photoelectrochemical-cell/
https://doi.org/10.3390/en15197159
https://doi.org/10.3390/en13246556
https://www.sunfire.de/en/news/detail/renewable-hydrogen-project-multiplhy-worlds-largest-high-temperature-electrolyzer-from-sunfire-successfully-installed
https://www.sunfire.de/en/news/detail/renewable-hydrogen-project-multiplhy-worlds-largest-high-temperature-electrolyzer-from-sunfire-successfully-installed
https://doi.org/10.1007/s13399-020-00840-9


48 / 49 

Tenhumberg, N.; Büker, K. (2020). Ecological and Economic Evaluation of Hydrogen Production by 

Different Water Electrolysis Technologies. Chemie IngenieurTechnik, 92(10), 1586–1595.   

https://doi.org/10.1002/cite.202000090 

Topsoe (2023). Topsoe celebrates milestone in construction of world’s first industrial scale SOEC 
electrolyzer facility. May 1, 2023. Retrieved August 3, 2023, from: https://www.topsoe.com/press-
releases/topsoe-celebrates-milestone-in-construction-of-worlds-first-industrial-scale-soec-
electrolyzer-facility 

Torre, F. (2022). CIC EnergiGUNE. Media Center. Thermochemical water splitting cycles: a 
promising technology to turn sunlight and waste heat into green hydrogen. 4th October, 2022. 
https://cicenergigune.com/en/blog/twsc-thermochemical-water-splitting-cycles-promising-
technology-turn-sunlight-and-waste-heat-green-hydrogen 

Ursua, A., Gandia, L.M., Sanchis, P. (2012). Hydrogen Production From Water Electrolysis: Current 
Status and Future Trends. Proceedings of the IEEE, 100(2), 410–426, Feb. 2012. 
https://doi.org/10.1109/JPROC.2011.2156750 

Vincent, I., Bessarabov, B. (2018). Low cost hydrogen production by anion exchange membrane 
electrolysis: A review. Renewable and Sustainable Energy Reviews, 81, Part 2, 1690-1704. 
https://doi.org/10.1016/j.rser.2017.05.258 

Walden, J. (2022). Blue Hydrogen Production – Technology Review. 
https://www.nstauthority.co.uk/media/8605/blue-hydrogen-technology-review.pdf 

Wang, T., Cao, X., Jiao, L. (2022). PEM water electrolysis for hydrogen production: fundamentals, 
advances, and prospects. Carb Neutrality, 1, 21. https://doi.org/10.1007/s43979-022-00022-8 

Yodwong, B., Guilbert, D., Phattanasak, M., Kaewmanee, W., Hinaje, M., Vitale, G. (2020). AC-DC 
Converters for Electrolyzer Applications: State of the Art and Future Challenges. Electronics, 9(6), 
912. https://doi.org/10.3390/electronics9060912 

Zhang, Q., Zhu, S., Zhang, Z., Zhang, H., Xia, C. (2021). Enhancement strategies for photo-
fermentative biohydrogen production: A review. Bioresource Technology, 340, 125601. 
https://doi.org/10.1016/j.biortech.2021.125601 

Zhao, X., Joseph, B., Kuhn, J., Ozcan, S. (2020). Biogas Reforming to Syngas: A Review. iScience, 

23(5), 101082. https://doi.org/10.1016/j.isci.2020.101082 

 

  

https://doi.org/10.1002/cite.202000090
https://www.topsoe.com/press-releases/topsoe-celebrates-milestone-in-construction-of-worlds-first-industrial-scale-soec-electrolyzer-facility
https://www.topsoe.com/press-releases/topsoe-celebrates-milestone-in-construction-of-worlds-first-industrial-scale-soec-electrolyzer-facility
https://www.topsoe.com/press-releases/topsoe-celebrates-milestone-in-construction-of-worlds-first-industrial-scale-soec-electrolyzer-facility
https://cicenergigune.com/en/blog/twsc-thermochemical-water-splitting-cycles-promising-technology-turn-sunlight-and-waste-heat-green-hydrogen
https://cicenergigune.com/en/blog/twsc-thermochemical-water-splitting-cycles-promising-technology-turn-sunlight-and-waste-heat-green-hydrogen
https://doi.org/10.1109/JPROC.2011.2156750
https://doi.org/10.1016/j.rser.2017.05.258
https://www.nstauthority.co.uk/media/8605/blue-hydrogen-technology-review.pdf
https://doi.org/10.1007/s43979-022-00022-8
https://doi.org/10.3390/electronics9060912
https://doi.org/10.1016/j.biortech.2021.125601
https://doi.org/10.1016/j.isci.2020.101082


 

 

  

 

 


